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Abstract

Inorganic arsenic is a known human carcinogen and is routinely detected in US community 

water systems (CWSs). Inequalities in CWS arsenic exist across broad sociodemographic 

subgroups. Our objective was to evaluate the county-level association between socioeconomic 

vulnerability and CWS arsenic concentrations across the US. We evaluated previously developed, 

population-weighted CWS arsenic concentrations (2006–2011) and three socioeconomic domains 

(the proportion of adults with a high school diploma, median household income, and the 

Centers for Disease Control and Prevention’s overall socioeconomic vulnerability score) for 2,604 

conterminous US counties. We used spatial lag models and evaluated the adjusted geometric 

mean ratio (GMR) of CWS arsenic concentrations per higher socioeconomic domain score 

corresponding to the interquartile range, and also evaluated flexible quadratic spline models. We 

also stratified by region and by United States Department of Agriculture Rural-Urban Continuum 

Codes to assess potential effect measure modification by region and rurality. Associations 

between socioeconomic vulnerability and CWS arsenic were modified by region and rurality 

and specific to socioeconomic domain. The fully adjusted GMR (95% CIs) of CWS arsenic 

per interquartile range higher proportion of adults with a high school education was 0.83 (0.71, 

0.98) in the Southwest (corresponding to 17% lower arsenic with higher education), 0.82 (0.71, 

0.94) in the Eastern Midwest (18% lower), and 0.65 (0.31, 1.36) in New England (35% lower). 

Associations between median household income and CWS arsenic were largely null. Higher 

overall socioeconomic vulnerability was significantly associated with lower CWS arsenic, but 

only in counties in the Central Midwest and those with total populations less than 20,000. 

Findings may reflect regional/local differences in both socioeconomic/socio-cultural context and 

public drinking water regulatory efforts. Across the US, individual domains of socioeconomic 

vulnerability (especially educational attainment) are more strongly associated with inequalities in 

CWS arsenic than the complex overall socioeconomic vulnerability index.
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INTRODUCTION

Inorganic arsenic is a known human carcinogen associated with numerous adverse health 

outcomes including respiratory disease, adverse birth outcomes, metabolic disease and 

diabetes.1–7 Even at low- to moderate levels of exposure common in the US population, 

inorganic arsenic is associated with incident and fatal cardiovascular disease.8,9 In general 

US populations, the majority of inorganic arsenic exposure occurs through diet (especially 

rice and rice products) and drinking water.10 Public water systems, including community 

water systems (CWSs) which serve the same populations year-round, are regulated by the 

US Environmental Protection Agency. Over 90% of US residents receive at least some 

water from CWSs.11 The current maximum contaminant level (MCL) for arsenic is 10 

μg/L (the US EPA sets the maximum contaminant goal level to 0 μg/L for arsenic and 

other known carcinogens). Arsenic is frequently detected in CWSs (approximately 45% of 

CWS monitoring records), and MCL violations are more common than violations for most 

other regulated contaminants.12 Modeling studies suggest that drinking water is the most 

significant source of inorganic arsenic exposure when water concentrations are above the 

MCL, although large epidemiologic studies robustly quantifying relative exposure sources 

across diverse US populations are currently lacking.13

There are major regional and sociodemographic inequalities in CWS arsenic concentrations 

across the US. The factors likely driving inequalities in drinking water contaminant 

exposures are complex and interrelated, but include differences in the natural environment 

(e.g. geochemistry, climate), inequalities in the built environment (e.g. infrastructure and 

planning, land-use patterns), and sociopolitical forces (e.g. structural racism, classism, 

regulatory policy).14 Previous work at the CWS-level found higher arsenic concentrations 

for CWSs located in the Central Midwest and Southwest, for CWSs serving tribal 

communities, Rural American Indian populations, and Semi-Urban Hispanic populations, 

and CWSs serving incarcerated populations in the Southwest.15,16 In one nationwide study 

at the county-level, higher proportions of Hispanic/Latino and American Indian/Alaskan 

Native residents were associated with higher CWS arsenic concentrations, independent 

of educational attainment, household income, and overall socioeconomic vulnerability.17 

Similarly, at the Census block level in California, higher CWS arsenic concentrations were 

associated with higher proportions of Latinx residents but not with a higher proportion 

of residents who rent their homes (i.e. tenancy).18 However, no nationwide studies have 

yet specifically evaluated the association between community socioeconomic vulnerability 

and CWS arsenic concentrations independent of racial/ethnic composition. Identifying 

specific domains of community sociodemographic characteristics associated with higher 

public water contaminant concentrations (e.g., racial/ethnic composition, socioeconomic 

vulnerability, language, rurality, etc.) can identify specific mechanisms underlying exposure 

disparities and can inform public health interventions and regulatory actions to eliminate 

exposure disparities.14

Our objective was to evaluate the county-level association between three domains of 

community socioeconomic vulnerability (the proportion of adults with a high school 

diploma, median household income, and overall socioeconomic vulnerability score) and 

CWS arsenic concentrations across the conterminous US in geospatial models. We predicted 
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that higher socioeconomic vulnerability (i.e. lower proportions of high school educational 

attainment, lower median household income, and higher socioeconomic vulnerability scores) 

would be associated with higher CWS arsenic concentrations. We also predicted that region 

and rurality would modify this association because both socio-cultural systems impacting 

socioeconomic vulnerability and public drinking water arsenic concentrations differ across 

regions and by rurality, but we had no a priori predictions about subgroup-specific 

associations.15,19 Our analysis focused on regulated CWSs only (not unregulated domestic 

wells), and we were unable to evaluate the association nationwide at finer geographic 

resolutions (e.g., Census block) because there are currently no nationwide estimates of CWS 

arsenic concentrations available at these alternative spatial resolutions.

MATERIALS AND METHODS

Dependent variable: County-level CWS arsenic concentrations

We used previously developed county-level, population-weighted CWS arsenic 

concentrations (2006–2011) which have been described in detail.15 Briefly, CWS arsenic 

concentrations were derived from the most recent nationwide, publicly available routine 

compliance monitoring records collected by the US EPA for the Third Six Year Review. 

Compliance monitoring records contained in the Third Six Year Review database represent 

over 95% of public water systems and over 92% of US residents reliant on public water 

systems nationwide.20,21 Mean arsenic concentrations at the county-level were developed 

considering the frequency of EPA’s compliance monitoring requirements. These county-

level estimates reflect treated water distributed to consumers, and were calculated by 

weighing the average concentration for each CWS within the county by the size of the 

population served by each CWS. 2006–2011 CWS arsenic estimates were available for 

a total of 2,639 counties. County-level CWS arsenic concentrations were only estimated 

for counties when at least 50% of the population reliant on public drinking water was 

represented by available CWS arsenic records in the Third Six Year Review. No compliance 

monitoring records were submitted for the Third Six Year Review for CWSs from Colorado, 

Delaware, Georgia, Mississippi, and tribal CWSs from EPA regions 2, 6, 7, and 10.

Independent variables: measures of socioeconomic vulnerability

The Centers for Disease Control and Prevention/Agency for Toxic Substances and Disease 

Registry (CDC/ATSDR) publishes five county-level ranked indices of social vulnerability, 

including indices for socioeconomic vulnerability, household composition and diversity 

vulnerability, minority status and language vulnerability, and housing type and transportation 

vulnerability, and a sum total social vulnerability score (derived by ranking the sum of the 

rankings of the other four indices).22 We used the county-level socioeconomic vulnerability 

index published in 2014 as we were primarily interested in domains of vulnerability 

captured by the socioeconomic status index. The socioeconomic status vulnerability index 

is derived from 2010–2014 US Census American Community Survey estimates of median 

household income and the percent of adults who are unemployed, living below the poverty 

line, and without a high school diploma (higher scores indicate higher socioeconomic 

vulnerability). We did not assess the sum social vulnerability index because one component 

includes aspects of racial/ethnic composition (the minority status and language index), 
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which we have evaluated separately and intended to control for in this analysis.17 We also 

downloaded the proportion of adults with a high school diploma (derived from the US 

Census American Community Survey) and median household income (derived from the 

Small Area Income and Poverty Estimates and National Center for Education Statistics 

data) prepared by the University of Wisconsin Population Health Institute and Robert 

Wood Johnson Foundation for the 2013 County Health Rankings Database in order to 

consider these individual components of the overall socioeconomic vulnerability index 

separately.23,24

Additional county-level covariates

We selected county-level variables reflecting the time period overlapping with the county-

level CWS arsenic concentration estimates (2006–2011) and socioeconomic vulnerability 

variables (2010–2014). We derived the following county-level variables from the 2010 

decennial US Census: total population, population density (population per square mile), 

and racial/ethnic composition (including the total number and proportion of residents 

who identified as American Indian or Alaskan Native (hereafter referred to as American 

Indian/Alaskan Native), non-Hispanic Asian, Native Hawaiian or Other Pacific Islander, 

Hispanic/Latino of any race, non-Hispanic Black or African American (hereafter referred 

to as non-Hispanic Black), and non-Hispanic White).25 We estimated the percent of public 

drinking water supplied by groundwater sources (versus surface water) from estimates of 

total groundwater and surface water withdrawn for public drinking water calculated by 

the US Geological Survey for 2010, as previously described.17,26,27 To assess potential 

effect measure modification by rurality, we also downloaded the United States Department 

of Agriculture’s Rural Urban Continuum Codes for 2013.28 Counties are categorized as 

metropolitan or non-metropolitan, and are further assigned to one of nine rural-urban 

categories (three metropolitan and six non-metropolitan categories) reflecting population 

size (but not density), degree of urbanization, labor force commuting, and adjacency to a 

metropolitan area. Finally, we assigned counties to US regions using categories previously 

developed based on similar water arsenic patterns (states included in each region are listed 

in the table footnote for Table 2): Central Midwest, Eastern Midwest, Mid-Atlantic, New 

England, Pacific Northwest, Southeast, and Southwest.15

Exclusion criteria

We restricted our analysis to conterminous US counties/county equivalents because counties 

in Alaska and Hawaii have few neighboring counties and unique geologic contexts 

impacting groundwater arsenic concentrations. A total of 2,639 conterminous US counties 

had CWS arsenic concentration estimates available. We further excluded 34 counties 

missing the percentage of public water sourced from groundwater sources, and 1 county 

missing population density for a final sample size of 2,604 counties.

Statistical analysis: County characteristics by socioeconomic vulnerability

We first described differences in county sociodemographic characteristics across tertiles 

of overall socioeconomic vulnerability. Across tertiles of the CDC/ATSDR’s overall 

socioeconomic vulnerability score, we compared mean CWS arsenic concentration 

estimates, total population and population density, percentage of public water sourced 
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from groundwater, the proportion of adults with a high school diploma, median household 

income, the percent of residents living in rural areas, the percent of counties classified 

as metropolitan, and racial/ethnic composition (the percent of residents belonging to each 

Census-defined racial/ethnic group).

Statistical analysis: Geometric mean ratios of CWS arsenic by socioeconomic vulnerability

Because prior studies identified significant spatial autocorrelation in county-level CWS 

arsenic concentrations, we evaluated the county-level association between domains of 

socioeconomic vulnerability (proportion of adults with a high school diploma, median 

household income, and CDC/ATSDR overall socioeconomic vulnerability score) and mean 

CWS arsenic concentration in spatial regression models.17 We used a simple contiguity 

first order queen weighting matrix with binary values identifying neighbors (i= 1) and non-

neighbors (i= 0), and used spatial lag models with an autoregressive correlation structure 

using the lagsarlm function from the “spatialreg” package in R.29,30 Lagrange Multiplier 

diagnostic tests via the lm.LMtest function in the R package “spatialreg” indicated both 

significant spatial lag and spatial error terms, and we proceeded with spatial lag models 

because model estimates were larger.

To quantify the association between county-level socioeconomic vulnerability and CWS 

arsenic concentrations, spatial lag models evaluated the geometric mean ratio (GMR) and 

95% confidence intervals (CI) of county-level CWS arsenic concentrations per a higher 

socioeconomic vulnerability metric corresponding the interquartile range (IQR). The IQR 

was 0.15 for the proportion of adults with a high school diploma, $11,552 for median 

household income, and 0.5 for the CDC/ATSDR’s overall socioeconomic vulnerability index 

(vulnerability index scores ranged from 0–1). Model 1 adjusted for the percentage of public 

water drawn from groundwater sources and population density. Model 2 further adjusted for 

county racial/ethnic composition (the proportion of residents who are non-Hispanic Black, 

American Indian/Native Alaskan, non-Hispanic Asian, non-Hispanic White, and Hispanic/

Latino). To evaluate potential effect measure modification, we repeated our nationwide 

analyses stratified by region and by metropolitan versus non-metropolitan counties. We 

also evaluated these associations via flexible quadratic spline models with knots at the 

10th and 90th percentile of the socioeconomic vulnerability distribution (e.g., a flexible 

function of space). Alternative models with knots at the 50th and 75th percentiles yielded 

similar findings. We also further assessed flexible splines for models stratified by the nine 

Rural-Urban Continuum Codes to assess if rurality (as defined by population size, degree 

of urbanization, labor force commuting patterns, and adjacency to metro areas) further 

modified the association between overall socioeconomic vulnerability and CWS arsenic 

concentrations.

We conducted several additional sensitivity analyses. First, we repeated our main analyses 

using county-level 95th percentile CWS arsenic concentrations (rather than mean arsenic 

concentrations), which reflect the most highly exposed populations. Second, we also 

repeated our main analyses (nationwide, stratified by metropolitan versus non-metropolitan 

counties, and stratified by region) comparing GMRs across tertiles of CDC/ATSDR overall 
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socioeconomic vulnerability score (setting tertile 1 as the reference) to evaluate the potential 

dose-response relationship.

RESULTS

County-level domains of socioeconomic vulnerability and CWS arsenic concentrations are 

mapped in Figure 1. County-level CWS arsenic concentrations are generally highest in the 

southwest, west, and Great Plains regions of the US. The proportion of adults with a high 

school diploma and median household income appeared to follow similar spatial patterns, 

with higher income and high school educational attainment near large urban centers and 

cities. Counties with the highest CDC/ATSDR overall socioeconomic vulnerability scores 

were generally located in the southern, western, and Appalachian regions of the US.

Table 1 presents county characteristics overall and stratified by tertile of CDC/ATSDR 

overall socioeconomic vulnerability score. Compared to counties in the first and 

second tertile of overall socioeconomic vulnerability, counties in the highest tertile of 

overall socioeconomic vulnerability (scores above 0.64) had lower mean CWS arsenic 

concentrations, smaller mean population size and smaller population density, lower 

percentages of public water sourced from groundwater sources, and higher percentages 

of non-Hispanic Black residents, American Indian/Alaskan Native residents, and Hispanic/

Latino residents, although these differences did not appear to be significant.

Table 2 presents nationwide and stratified (by region and metropolitan versus non-

metropolitan counties) spatial lag model GMRs (95% CIs) of mean CWS arsenic per 

higher socioeconomic vulnerability domain corresponding to the interquartile range. In 

nationwide analyses evaluating the association between high school educational attainment 

and CWS arsenic concentrations, the fully adjusted GMR (95% CI) of CWS arsenic 

per 0.15 higher proportion of adults with a high school diploma was 1.00 (0.96, 1.04). 

The association remained null in analyses stratified by non-metropolitan counties versus 

metropolitan counties, but was modified by region. A higher proportion of adults with a 

high school diploma was associated with lower CWS arsenic concentrations in the Eastern 

Midwest (0.82, 95% CI 0.71, 0.94, corresponding to a 18% decrease) and Southwest (0.83, 

95% CI 0.71, 0.98, corresponding to a 17% decrease). Fully adjusted, flexible quadratic 

spline models for the nationwide and region-specific associations between high school 

educational attainment and CWS arsenic concentrations are displayed in Figure 2. A higher 

proportion of adults with a high school diploma was also significantly associated with 

lower CWS arsenic concentrations in fully adjusted, flexible quadratic spline models for 

the Eastern Midwest and the Southwest regions (Figure 2). Associations were also inverse 

but not significant in New England. In the Central Midwest, the proportion of adults 

with a high school diploma was positively but not significantly associated with higher 

CWS arsenic concentrations (Table 2, Figure 2). In analyses evaluating the association 

between median household income and CWS arsenic concentrations, associations were null 

in nationwide analyses, among metropolitan counties, and in all region-specific analyses, 

although median household income was positively and significantly associated with CWS 

arsenic concentrations among non-metropolitan counties (GMR 1.09, 95% CI 1.03, 1.15, 

corresponding to a 9% increase Table 2).
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In nationwide analyses considering the CDC/ATSDR’s overall socioeconomic vulnerability 

score, the fully adjusted GMR (95% CI) of CWS arsenic per 0.5 unit higher overall 

socioeconomic vulnerability score was 0.93 (0.88, 0.98), corresponding to a 7% decrease 

(Table 2). Among non-metropolitan counties, the fully adjusted GMR per 0.5 unit increase 

in social vulnerability score was 0.85 (0.79, 0.92) (similar to findings for median household 

income). Associations were similar but not significant in metropolitan counties (GMR 0.95, 

95% CI 0.87, 1.03). In analyses stratified by region, the fully adjusted GMR of CWS 

arsenic per 0.5 unit higher overall socioeconomic vulnerability score was 0.74 (0.64, 0.85) 

in the Central Midwest, and 1.60 (1.00, 2.57) in New England (Table 2). Associations 

between socioeconomic vulnerability and CWS arsenic were positive but not significant in 

the Mid-Atlantic (1.11, 95% CI 0.88, 1.41), Pacific Northwest (1.06, 95% CI 0.79, 1.43), 

and Southwest (1.17, 95% CI 0.94, 1.47), and close to the null in the Eastern Midwest and 

Southeast. Adjustment for racial ethnic composition attenuated effect estimates in the Pacific 

Northwest and strengthened effect estimates in the Central Midwest (Model 1 versus Model 

2).

Fully adjusted, flexible quadratic spline models for the nationwide and region-specific 

associations between overall socioeconomic vulnerability and CWS arsenic concentrations 

are displayed in Figure 3. Associations were inverse, significant, and relatively linear 

in nationwide analysis and in the Central Midwest. Associations were positive but not 

statistically significant in New England, the Pacific Northwest, the Southeast, and the 

Southwest. In analyses stratified by metropolitan versus non-metropolitan counties, the 

association between socioeconomic vulnerability and CWS arsenic was inverse for both 

metropolitan and non-metropolitan counties, but appeared linear and was significant for 

non-metropolitan counties only (Supplemental Figure 1). Wider confidence intervals for 

metropolitan counties may reflect the smaller sample size. In sensitivity analyses further 

stratified by USDA Rural Urban Continuum Codes, associations were only inverse and 

significant for non-metropolitan counties with populations less than 20,000, regardless of 

adjacency to a metropolitan area (Supplemental Figure 2).

Findings were largely similar when evaluating 95th percentile CWS arsenic concentrations, 

with significant inverse associations in the Central Midwest, significant positive associations 

in New England, and positive but non-significant associations in the Mid-Atlantic and 

Southwest (Supplemental Table 1). In sensitivity analyses assessing associations across 

tertiles of CDC/ATSDR overall socioeconomic vulnerability index, findings were similar to 

those in the main analyses assessing an increase corresponding to the interquartile range 

(Supplemental Table 2).

DISCUSSION

In this county-level analysis of the association between socioeconomic vulnerability and 

regulated CWS arsenic concentrations, associations were modified by region, driven by 

individual components of the overall socioeconomic vulnerability index, and differed for 

counties with populations less than 20,000 residents. Independent of county racial/ethnic 

composition, higher proportions of residents with high school diplomas was associated with 

lower CWS arsenic concentrations in the Southwest, New England, and Eastern Midwest, 
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highlighting environmental justice concerns for communities in these regions with low 

high school educational attainment. Given that associations were modified by region and 

specific to educational attainment, nationwide associations and those considering the overall 

socioeconomic vulnerability score are not appropriate measures of the association between 

socioeconomic vulnerability and CWS arsenic. Interpretations should be made considering 

region, population size, and specific domains of socioeconomic vulnerability.

Socioeconomic status is a complex construct with various definitions, including, for 

example, “the relative position… on a hierarchical social structure, based on access 

or control over wealth, prestige, and power,” and “the capacity to create or consume 

goods.”31,32 The CDC/ATSDR’s socioeconomic vulnerability index was specifically 

developed to reflect community level income, poverty, employment, and education in the 

context of resilience to disasters and disaster management (e.g., high income households 

are more likely to have insurance policies, financial investments, and stable employment 

to mitigate household losses).33 In the context of drinking water disparities, these specific 

domains of socioeconomic status (income, poverty, employment, and education) are likely 

associated with both the sociopolitical and built environment at the household, community, 

and regional levels.14,19

The current study adds to a growing body of evidence identifying inequalities in regulated 

CWS arsenic concentrations across US populations, by racial/ethnic composition, region, 

broad sociodemographic characteristics, and now socioeconomic vulnerability and education 

levels.15–18,27 Prior studies on US drinking water metal concentrations by community 

socioeconomic vulnerability are sparse. One prior study in California found no significant 

association between home ownership and regulated public water arsenic concentrations.18

Although higher overall socioeconomic vulnerability was associated with lower CWS 

arsenic concentrations in both metropolitan and non-metropolitan counties in nationwide 

analyses, these associations were only significant for counties with populations less than 

20,000, regardless of adjacency to metropolitan counties. Moreover, specific associations 

with both median household income and the proportion of adults with a high school diploma 

were null for both metropolitan and non-metropolitan counties. Therefore, other components 

of the overall socioeconomic vulnerability index not evaluated in this analysis (i.e., the 

percent of adults who are unemployed and living below the poverty line) are likely driving 

the observed nationwide association between higher socioeconomic vulnerability and lower 

CWS arsenic concentrations.

These nationwide findings for non-metropolitan counties and those with populations 

less than 20,000 might be explained by differences in drinking water infrastructure 

and unregulated domestic well use in rural areas. While the county-level measures of 

socioeconomic vulnerability evaluated in the current study reflect the overall county 

population, residents of lower socioeconomic status (with lower household incomes, 

or those without a high school diploma) might be more often served by unregulated 

domestic wells in non-metropolitan areas compared to metropolitan areas.26 Although 

characteristics of the population reliant on public drinking water systems may be most 

relevant to the association between community socioeconomic vulnerability and CWS 
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arsenic concentrations, the measures of community socioeconomic vulnerability used in 

our analysis did not differentiate between community members using unregulated domestic 

wells versus regulated CWSs, and these findings may therefore be confounded by the 

proportion and sociodemographic characteristics of community members using unregulated 

domestic wells (i.e., even in rural or sparsely population counties with overall high 

socioeconomic vulnerability, only the highest income residents may be served by CWSs).

Across several complementary analyses, higher socioeconomic vulnerability (especially 

lower high school diploma attainment) was associated with higher CWS arsenic 

concentrations in the Eastern Midwest, Southwest, and New England, while higher 

socioeconomic vulnerability appeared to be associated with lower CWS arsenic 

concentrations in the Central Midwest. Taken together, our findings indicate that the 

differing relationship between domains of socioeconomic vulnerability and CWS arsenic 

concentrations across US regions potentially reflects regional/local differences in both 

socioeconomic context (e.g. distribution of household income and educational attainment, 

relevance of high school level educational attainment for social and political capitol, etc.) 

and drinking water infrastructure (e.g. prevalence of unregulated domestic wells, state level 

financial and technical support for regulated CWSs, etc.), as we predicted. The observed 

effect measure modification by region may also reflect differences across states and tribal 

agencies in enforcement of both monitoring and health-related violations, monitoring 

requirements and policies, and the availability of financial and technical aid to support 

CWSs to lower contaminant concentrations (typically achieved through either switching 

or mixing source water, or installing/improving treatment systems). These considerations 

underscore the importance of further assessing these associations at finer geographic 

resolutions (e.g., Census tract, zip code) within specific states and regions of the US, 

especially those that share the same CWS regulatory oversight and provide similar financial 

and technical support to reduce water contaminant levels (e.g., states, tribal authorities). 

Regardless, our findings raise environmental justice concerns for socioeconomically 

vulnerable communities in the Eastern Midwest, Southwest, and New England regions, 

especially communities with a high percentage of adults without high school diplomas.

Our analysis has several limitations. We were unable to assess the association at finer 

geographic resolutions (e.g., Census tract) because nationwide estimates of CWS arsenic 

concentrations at these resolutions are not yet available. This knowledge gap persists 

because only some states make public water system distribution boundary maps publicly 

available. The region and rurality-specific associations with domains of socioeconomic 

vulnerability observed here at the county-level may differ from those that could be 

estimated at the Census tract- or zip code-level in future analyses. Our county-level 

analysis was also limited by a small sample size, especially for stratified analyses. 

Further, although our current analysis attempted to isolate the association between 

socioeconomic vulnerability and CWS arsenic concentrations independent of racial/ethnic 

composition, future analyses should consider interactions between these two community 

sociodemographic characteristics, which interact with each other and with other domains 

of marginalization and social vulnerability (e.g., linguistic isolation, racial segregation, age 

structure, occupation, etc.). Although this study only assessed public drinking water arsenic 

concentrations, prior indicate that soil metal concentrations are elevated in some low-income 
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communities and communities of color, especially in the southern US.34 Future studies 

should assess whether community socioeconomic vulnerability is associated with arsenic 

exposure from multiple sources (e.g. drinking water, air pollution, soil, etc.). Although social 

vulnerability may also be related to poor drinking water quality in other countries, findings 

from this analysis are only relevant to the US. Future studies can assess differences and 

similarities in the association between social vulnerability and water arsenic concentrations 

across the globe. Further work should also assess the associations between estimated CWS 

arsenic concentrations and related health outcomes across diverse US populations.

CONCLUSIONS

Our findings indicate that educational attainment, but not complex summary vulnerability 

indices, are more relevant for explaining inequalities in regulated CWS arsenic 

concentrations in the US. Moreover, associations between educational attainment and 

regulated CWS arsenic concentrations differed by region. Lower high school diploma 

attainment was associated with higher CWS arsenic concentrations in the Eastern Midwest, 

Southwest, and New England, while higher socioeconomic vulnerability – but not 

educational attainment - appeared to be associated with lower CWS arsenic concentrations 

in the Central Midwest.
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HIGHLIGHTS

1. We evaluated the association between socioeconomic status and public water 

arsenic

2. Lower high school diploma attainment was associated with higher public 

water arsenic concentrations

3. Significant associations were specific to the Southwest and Eastern Midwest

4. Complex indices of socioeconomic status are not relevant for inequalities in 

US public water arsenic
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Figure 1. Distribution of and county-level community water system (CWS) arsenic 
concentrations (2006–2011, Panel A), proportion of adults with a high school diploma (Panel 
B), median household income (Panel C), and CDC/ATSDR’s overall socioeconomic status 
vulnerability index (Panel D) across the conterminous US for N=2,604 counties included in the 
present analysis.
Counties shown in white were not included in the present analysis because CWS arsenic 

concentrations were not available for these counties. CDC/ATSDR = Centers for Disease 

Control and Prevention (CDC) and Agency for Toxic Substances and Disease Registry 

(ATSDR).
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Figure 2. Geometric mean ratios (95% CI) of community water system (CWS) arsenic 
concentrations per higher percent of adults with a high school diploma, based on spatial 
lag quadratic spline models with knots at the 10th and 90th percentiles of the socioeconomic 
vulnerability score distribution.
Lines represent the geometric mean and green shaded areas surrounding the lines represent 

95% confidence intervals. Shaded gray bars represent the county-level distribution of 

socioeconomic status vulnerability scores and are shown as “% of Counties” in the right 

y-axis. Models adjust for the percentage of public water drawn from groundwater sources, 

population density, median household income, and county racial/ethnic composition (the 
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proportion of residents who are non-Hispanic Black, American Indian/Native Alaskan, 

non-Hispanic Asian, non-Hispanic White, and Hispanic/Latino). The reference was set to 

the 5th percentile of the distribution of the percent of adults with a high school diploma. 

Models considering spline knots at other percentiles (50th, 75th) yielded similar findings. 

Spatial neighbors were identified via a simple queen contiguity matrix for neighbors (i=1) 

versus non-neighbors (i=0).
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Figure 3. Geometric mean ratios (95% CI) of community water system (CWS) arsenic 
concentrations per higher CDC/ATSDR overall socioeconomic vulnerability score, based on 
spatial lag quadratic spline models with knots at the 10th and 90th percentiles of the 
socioeconomic vulnerability score distribution.
CDC/ATSDR = Centers for Disease Control and Prevention (CDC) and Agency for Toxic 

Substances and Disease Registry (ATSDR). Lines represent the geometric mean and blue 

shaded areas surrounding the lines represent 95% confidence intervals. Shaded gray bars 

represent the county-level distribution of socioeconomic status vulnerability scores and 

are shown as “% of Counties” in the right y-axis. Models adjust for the percentage of 
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public water drawn from groundwater sources, population density, and county racial/ethnic 

composition (the proportion of residents who are non-Hispanic Black, American Indian/

Native Alaskan, non-Hispanic Asian, non-Hispanic White, and Hispanic/Latino). Models 

considering spline knots at other percentiles (50th, 75th) yielded similar findings. Spatial 

neighbors were identified via a simple queen contiguity matrix for neighbors (i=1) versus 

non-neighbors (i=0).
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Table 2.

Geometric mean ratio (GMR) and 95% CI of mean community water system (CWS) arsenic (2006–2011per 

increase in measures of socioeconomic vulnerability corresponding to the interquartile range (proportion of 

adults with a high school diploma, median household income, and CDC/ATSDR’s overall socioeconomic 

vulnerability score), nationwide and stratified by region and metropolitan vs non-metropolitan counties (N= 

2,604 counties.

Proportion of adults with a high 
school diploma Median household income

Overall socioeconomic 
vulnerability score

Unit of change (nationwide IQR) 0.15 $11,552 0.5

Nationwide (N= 2,604) 

Model 1 1.02 (0.98, 1.06) 1.01 (0.99, 1.04) 0.95 (0.91, 0.99)

Model 2 1.00 (0.96, 1.04) 1.01 (0.98, 1.04) 0.93 (0.88, 0.98)

Metropolitan versus non-metropolitan counties 

Non-metropolitan counties (N= 1,634)

Model 1 1.03 (0.97, 1.09) 1.09 (1.04, 1.15) 0.88 (0.83, 0.93)

Model 2 1.01 (0.95, 1.07) 1.09 (1.03, 1.15) 0.85 (0.79, 0.92)

Metropolitan counties (N= 970)

Model 1 1.02 (0.95, 1.09) 1.01 (0.97, 1.05) 0.97 (0.90, 1.04)

Model 2 1.00 (0.92, 1.07) 0.99 (0.95, 1.04) 0.95 (0.87, 1.03)

By region 

Central Midwest (N= 401)

Model 1 1.05 (0.94, 1.18) 0.97 (0.88, 1.06) 0.85 (0.75, 0.95)

Model 2 1.13 (0.99, 1.29) 0.98 (0.89, 1.08) 0.74 (0.64, 0.85)

Eastern Midwest (N= 555)

Model 1 0.80 (0.70, 0.91) 1.06 (0.98, 1.15) 1.03 (0.92, 1.17)

Model 2 0.82 (0.71, 0.94) 1.07 (0.98, 1.17) 0.99 (0.86, 1.13)

Mid-Atlantic (N=157)

Model 1 1.04 (0.85, 1.26) 0.99 (0.92, 1.06) 1.09 (0.89, 1.34)

Model 2 0.95 (0.76, 1.18) 1.02 (0.94, 1.12) 1.11 (0.88, 1.41)

New England (N= 53)

Model 1 0.65 (0.34, 1.26) 0.93 (0.72, 1.19) 1.61 (1.09, 2.39)

Model 2 0.65 (0.31, 1.36) 0.97 (0.74, 1.28) 1.60 (1.00, 2.57)

Pacific Northwest (N= 198)

Model 1 1.05 (0.90, 1.23) 0.95 (0.81, 1.11) 1.18 (0.94, 1.46)

Model 2 1.10 (0.94, 1.30) 0.96 (0.81, 1.13) 1.06 (0.79, 1.43)

Southeast (N= 849)

Model 1 0.99 (0.94, 1.03) 1.01 (0.98, 1.04) 0.95 (0.91, 1.01)

Model 2 0.98 (0.93, 1.02) 0.99 (0.96, 1.03) 0.98 (0.92, 1.04)

Southwest (N=390)

Model 1 0.84 (0.73, 0.97) 0.98 (0.89, 1.06) 1.17 (0.98, 1.39)

Model 2 0.83 (0.71, 0.98) 1.00 (0.90, 1.11) 1.17 (0.94, 1.47)
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CDC/ATSDR = Centers for Disease Control and Prevention (CDC) and Agency for Toxic Substances and Disease Registry (ATSDR). IQR = 
interquartile range. Spatial autocorrelation was modeled in Lagrange models with autoregressive correlation structure. Model 1 adjusts for the 
percentage of public water drawn from groundwater sources and population density. Model 2 further adjusts for county racial/ethnic composition 
(the proportion of residents who are non-Hispanic Black, American Indian/Native Alaskan, non-Hispanic Asian, non-Hispanic White, and 
Hispanic/Latino. Findings were also similar when models were further adjusted for either metropolitan versus non-metropolitan county status or 
county Rural-Urban Continuum Code. States included in each region are as follows: Central Midwest (North Dakota, South Dakota, Nebraska, 
Kansas, and Missouri), Eastern Midwest (Wisconsin, Illinois, Indiana, Michigan, Ohio, Minnesota, and Iowa), Mid-Atlantic (Pennsylvania, 
Maryland, District of Columbia, Delaware, New York, New Jersey, Connecticut, and Rhode Island), New England (Massachusetts, Vermont, New 
Hampshire, and Maine), Pacific Northwest (Washington, Oregon, Montana, Wyoming, and Idaho), Southeast (Oklahoma, Arizona, Louisiana, 
Mississippi, Alabama, Florida, Georgia, Tennessee, Kentucky, South Carolina, North Carolina, Virginia, and West Virginia), and Southwest 
(California, Nevada, Utah, Colorado, Arizona, New Mexico, and Texas).
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