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Abstract

Cardiovascular disease (CVD) is the leading cause of morbidity and mortality worldwide, with 

~80% of CVD-related deaths occurring in low- and middle-income countries. Growing evidence 

suggests that chronic arsenic exposure may contribute to CVD through its effect on endothelial 

function in adults. However, few studies have examined the influence of arsenic exposure on 

cardiovascular health in children and adolescents. To examine arsenic’s relation to preclinical 

markers of endothelial dysfunction, we enrolled 200 adolescent children (ages 15–19 years; 

median 17) of adult participants in the Health Effects of Arsenic Longitudinal Study (HEALS), 

in Araihazar, Bangladesh. Participants’ arsenic exposure was determined by recall of lifetime well 

usage for drinking water. As part of HEALS, wells were color-coded to indicate arsenic level 

(<10 μg/L, 10–50 μg/L, >50 μg/L). Endothelial function was measured by recording fingertip 

arterial pulsatile volume change and reactive hyperemia index (RHI) score, an independent CVD 

risk factor, was calculated from these measurements. In linear regression models adjusted for 

participant’s sex, age, education, maternal education, land ownership and body weight, individuals 
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who reported always drinking water from wells with >50 μg/L arsenic had a 11.75% lower level 

of RHI (95% CI: −21.26, −1.09, p=0.03), as compared to participants who drank exclusively from 

wells with ≤50 μg/L arsenic. Sex-stratified analyses suggest that these associations were stronger 

in female participants. As compared to individuals who drank exclusively from wells with ≤50 

μg/L arsenic, the use of wells with >50 μg/L arsenic was associated with 14.36% lower RHI (95% 

CI: −25.69, −1.29, p=0.03) in females, as compared to 5.35% lower RHI (95% CI: −22.28, 15.37, 

p=0.58) in males for the same comparison. Our results suggest that chronic arsenic exposure may 

be related to endothelial dysfunction in adolescents, especially among females. Further work is 

needed to confirm these findings and examine whether these changes may increase risk of later 

adverse cardiovascular health events.

Introduction

The World Health Organization estimates that more than 200 million people may be 

chronically exposed to inorganic arsenic (As) contaminated groundwater, exceeding the 

WHO standard of 10μg/L, with areas of concern documented worldwide, including 

Bangladesh, Chile, Taiwan, and the United States.1–3 Arsenic contamination of drinking 

water in these areas results largely from natural geological deposits and anthropogenic 

sources.1, 2, 4 Among highly exposed populations, arsenic has been linked to significant 

health effects including skin and internal cancers, diabetes, adverse pregnancy outcomes, 

immune suppression and neurological effects.2, 5 Chronic arsenic exposure, across a range 

of exposure levels, has also been implicated in the development of cardiovascular disease 

(CVD). As CVD remains the leading cause of death worldwide, and continues to rise, with 

nearly 80% of CVD deaths occurring in low- and middle-income countries, understanding 

the contribution of environmental factors, such as arsenic, to the development of CVD 

is critical.6 In 2013, a National Research Council committee on arsenic toxicity stated 

in their report that “CVD may be the most important non-cancer disease risk posed 

by environmental arsenic exposure”.7 Indeed, there is a growing body of evidence that 

arsenic exposure can significantly impact risk of CVD, including studies that have reported 

associations between arsenic exposure and CVD mortality, peripheral vascular disease, 

ischemic heart disease, and hypertension.8–18 While evidence of arsenic’s effects on clinical 

CVD outcomes has been limited to adults, studies among children have reported arsenic-

related subclinical cardiovascular effects, including increased blood pressure, carotid intima 

media thickness, oxidative stress and echocardiographic parameters.19–22

Arsenic is thought to promote CVD pathogenesis through several mechanisms, including 

increased inflammation, endothelial damage and vascular lesion development.23–25 Animal 

models echo these findings and have linked arsenic exposure to endothelial dysfunction, 

vascular remodeling, and increased angiogenesis.26–29 Adverse effects of arsenic in vascular 

smooth muscle and endothelial cells have been observed at doses much lower than 

are required to induce cancer26, 30, suggesting that endothelial cells may be a more 

sensitive target for arsenic. The endothelium is a key regulator of vascular homeostasis, 

and in adults, endothelial dysfunction is an independent risk factor for CVD and 

early detectable stage of cardiovascular pathogenesis among adults, often preceding the 

development of atherosclerosis.31, 32 Endothelial dysfunction is often characterized by 
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abnormal vasoreactivity, which has been related to increased cardiovascular risk and may 

be attributable to damage to the endothelium, reduced availability of nitric oxide or 

an imbalance in endothelium-related relaxing and contracting factors.32 While arsenic’s 

effects on endothelial cells and vascular function have been investigated using endothelial-

related biomarkers in several studies among adults23–25, 33, as well as children20, 34, to 

our knowledge, only one prior study has investigated arsenic’s relationship to functional 

measure of endothelial responsiveness.35 Functional measurements, including flow-mediated 

dilation and pulse amplitude tonometry, which allow for calculation of a reactive hyperemia 

index score, are a direct measure of vascular responsiveness and the dynamic biology of 

the endothelium, and therefore may be more sensitive than biomarker measurements.32 In 

younger populations of children and adolescents, such measures may represent an important 

early indicator of adverse vascular changes.36, 37

We hypothesized that arsenic exposure would be associated with adverse changes in 

endothelial function in adolescence. In this study, we examined the association between 

lifetime well water arsenic levels and reactive hyperemia index, measured non-invasively by 

fingertip pulse amplitude tonometry, in 200 Bangladeshi adolescents.

Methods

Study population

Between January and December 2019, we enrolled 200 adolescents (ages 15–19 years; 

median: 17 years), identified as children of female adult participants in the Health Effects 

of Arsenic Longitudinal Study (HEALS), an established population-based study in rural 

Bangladesh (Araihazar) with varying levels and patterns of arsenic exposure.38 These 

adolescents were invited to participate through random selection of 430 individuals from 

a pool of 900 adolescents between the ages of 14–19 years who were previously identified 

as eligible by village health workers as part of bi-annual HEALS follow-up visits, which 

documented the number of children and recent pregnancies among HEALS participants. 

Based on mothers’ well arsenic level, we previously defined four groups with varying 

levels and patterns of exposure to arsenic among these adolescents: 1) consistently low; 2) 

consistently moderate; 3) consistently high; and 4) high from conception through roughly 

age one, then much lower.38 Of the 430 individuals contacted, 370 agreed to participate 

in an initial screening questionnaire, and 310 completed it. Of these, 200 were enrolled 

and underwent a clinical evaluation, laboratory-based assays, and provided additional 

information by questionnaire surveys. Thus, the current analysis includes 200 adolescents 

with past well use history, endothelial function measurements, and complete covariate data. 

No evidence of selection bias was observed, as distributions of demographics and arsenic 

exposure in the 430 randomly selected participants were similar to those in the final sample 

of 200 (data not shown). The research protocol was approved by the University of Southern 

California Institutional Review Board (HS-16–00462) and the Bangladesh Medical Research 

Council (BMRC/NREC/2016–2019/930).
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Water Arsenic Measurement and Exposure Assignment

Participant’s water arsenic exposure was determined by recall of lifetime well usage. Wells 

in the study area are color coded to indicate their arsenic level (blue <10 μg/L, green 

10–50 μg/L, or red >50 μg/L arsenic).39 Participants were asked to recall the color of their 

current well and any past wells used, including number of years drinking from each well. 

Participants’ mothers were invited to visit the healthcare center with their children during 

the assessment and approximately 80% of participants attended their clinical evaluation with 

their mother. When a participant’s mother was present, she was asked to assist with well 

recall questions, as recalling wells from early life may be difficult if a family has not lived 

in the same residence and/or changed residences in early childhood. Therefore, the majority 

of participants either drank from the same well their entire lives (n=137) and/or had their 

mother present to assist with recall. If well color could not be recalled for a time period, 

most proximally recalled well color was assigned for the unknown period. For example, if 

current well color could not be recalled, current well was assigned the most recently recalled 

well color. Of the 200 participants, 18% (n=36) participants could not recall current well.

Lifetime exposure levels were estimated by grouping individuals by reported well usage. 

Individuals who reported either always drinking from blue wells (<10 μg/L) or a 

combination of blue and green wells (10–50 μg/L) were considered to have lower exposure 

and were assigned as the reference group for analyses. Individuals who reported always 

drinking from green wells (10–50 μg/L) or ever drank from a red well (>50 μg/L) were 

considered to have moderate exposure. Individuals who drank exclusively from red wells 

(>50 μg/L arsenic) were considered to have the highest lifetime exposure. The majority of 

participants were able to provide complete information about lifetime well use (n=135). Of 

the 65 (32.5%) participants who had some missingness in their recall of lifetime well use, 

the average gap in recall was 4.9 years, with the majority of participants (n=40) having 

5 or less years of unknown well color. To validate participant well recall and exposure 

assignments, we linked maternal baseline well arsenic information, measured as part of the 

parent HEALS study protocol. Of the 200 participants in our study, 79 had maternal water 

arsenic information obtained within ~2 years of their birth, which was subsequently matched 

to participants first reported well color (Table S1).

Assessment of covariates

Individual sociodemographic and household characteristics were obtained from a self-

reported questionnaire obtained upon enrollment. Variables included years of formal 

education, current school attendance, current smoking status, and smokers within the home. 

Adolescents’ characteristics, including age and sex were also recorded at the time of the 

exam. Maternal characteristics, including education and land ownership, evaluated as part 

of prior assessments of HEALS participants were linked to adolescent participants. At the 

study clinic, the participant’s height, weight and blood pressure were measured. Participants 

were asked to rest for 5 minutes prior to blood pressure measurement, which consisted 

of two measurements obtained in succession at 1-minute intervals with an automatic 

oscillometric device (Omron Healthcare GmbH, Hamburg, Germany). The two readings 

were averaged to provide mean systolic and average diastolic blood pressure measurements.
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In-person assessment and endothelial function measurement

Endothelial function was measured by recording fingertip arterial pulsatile volume change 

using Endo-PAT2000 (Itamar Medical). Participants were asked to refrain from eating 

or drinking anything except water in the three hours prior to testing. Participants were 

given at least 20 minutes prior to testing to acclimate to the inside temperature, while 

being prepared for EndoPAT testing. The clinic room was kept dark and quiet to reduce 

environmental stimuli during testing and participants were asked to rest in a supine position 

and remain quiet for the duration of the testing. Briefly, the computer-interfaced Endo-

PAT2000 automated instrument was attached to the participant through two fingertip probes, 

which detect arterial pulsatile blood-volume changes in the microvasculature, while the 

participant is at rest. The measurement includes an initial 6-minute baseline reading pre- 

occlusion, a 5-minute cuff-mediated occlusion of the brachial artery in the non-dominant 

arm, followed by 6 minutes of post-occlusion reading to determine the patient’s reactive 

hyperemia index (RHI) score (i.e. the change in vascular tone post-occlusion), which is 

calculated on a continuous scale, using the non-occluded arm as a control signal. RHI and 

ln-RHI were calculated by the Itamar proprietary software. Lower values of RHI and ln-RHI 

are indicative of reduced endothelial function and have been correlated with endothelial 

dysfunction as measured by brachial ultrasound assessment of flow mediated dilation.40–42 

Lower RHI has also been associated with traditional cardiovascular risk factors in the 

Framingham Heart Study.43

Statistical analysis

All analyses were performed using SAS version 9.4 (SAS Institute Inc, Cary, NC). Complete 

exposure and RHI data were available for all 200 participants. Descriptive characteristics 

were calculated for all sociodemographic and individual characteristic variables. Mean and 

standard deviation were calculated for continuous variables and distribution (N, %) for 

categorical variables. We examined distributions of reactive hyperemia index (RHI). Given 

the skewed distribution of RHI, natural-log transformed reactive hyperemia index (lnRHI) 

was selected as our primary outcome variable and analyzed continuously.

First, we examined univariate associations of sociodemographic and individual characteristic 

variables with ln-RHI using linear regression models (Table S2). From these analyses, we 

selected potential confounding variables to include in adjusted linear regression models. 

Final models were adjusted for participant sex, age, education level and weight at the 

time of RHI measurement. To further adjust for socioeconomic factors, we additionally 

included maternal education and land ownership. We also tested the effect of including other 

covariates in models and additional adjustment for other potential confounders (e.g. SBP, 

any smoker at home) generated similar results (data not shown). To aid interpretation of our 

results, effect estimates of RHI and associated confidence intervals were back-transformed 

by exponentiating and subtracted by 1, and then multiplied by 100 for easier interpretation 

of the results as percent differences in RHI. P-values for individual groups are shown and 

p-trend values were calculated using dummy variables representing levels of current or 

lifetime exposure.
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Given that less is known about possible differences in endothelial function by sex, sex-

specific associations with lnRHI were evaluated for both lifetime well usage and current 

well usage. Stratified models were used to examine the strata-specific estimates and 95% 

confidence intervals. We also conducted sensitivity analyses to explore the influence of the 

well categorization method and assignment of unknown values on the observed associations. 

First, we examined the influence of unknown well color on the observed effects by 

analyzing “unknown current well” separately, rather than assigning the last recalled well 

color to individuals with an unknown current well. We also explored whether further 

separating individuals who were considered to have moderate exposure (either always 

drinking from green wells (<10 μg/L) or ever drank from a red well (>50 μg/L)) into 

two categories would influence observed associations. We examined the impact of imputing 

lifetime well usage for those who could not recall past well usage for 10 or more years (n=7) 

by excluding these individuals. Lastly, we explored whether we were able to observe similar 

associations among individuals who reported drinking from the same well over their entire 

lifetime (n=137), in an effort to reduce potential error introduced by inability to recall early 

life wells.

Results

Table 1 shows characteristics of the participants, both for the overall study population and 

categorized by lifetime well arsenic exposure. Slightly more than half of participants were 

male (53%) and on average, participants were 17.4 (SD: 0.9) years of age. The majority 

(70.5%) were currently attending school and more than a third (38.5%) had a higher 

secondary education or greater. Only 2% reported currently smoking, but half (50.5%) 

reported living with a smoker. On average, participants were 159.0 (SD: 9.5) cm tall and 

weighed 50.3 (SD: 9.0) kg. Mean systolic blood pressure was 111.1 (SD: 11.5) mmHg, with 

a wide range across participants (86.5–146.5 mmHg). Mean diastolic blood pressure was 

68.2 (SD: 7.0) and ranged from 50.0–86.0 mmHg. Mean RHI determined by EndoPAT was 

1.52 (SD: 0.43) and ranged from 0.78–3.28. Current well color varied among participants, 

with 15% reported currently using a blue well (<10 μg/L), 30.5% reported currently using 

a green well (10–50 μg/L) and more than a third (36.5%) reported using a red well (>50 

μg/L). The remaining 18% could not recall the color of their current well. For 79 (39.5%) 

of the participants in our study, we were able to match participants first reported well color 

to information on their mother’s well arsenic level obtained within ~2 years of their birth 

(Table S1). Overall, mean levels of measured maternal well arsenic was lowest (28.5 μg/L; 

SD: 28.4) among participants who reported using a blue well (<10 μg/L) as their first well, 

and greatest (74.3 μg/L; SD: 76.7) among those who reported using a red well (>50 μg/L) as 

their first well.

First, we assessed the association between lifetime well arsenic level and percent difference 

in endothelial function, shown in Table 2. In linear regression models adjusted for 

participant sex, age, education and weight at the time of RHI measurement and maternal 

education and land ownership, individuals who reported always using wells with >50 μg/L 

arsenic had a lower level of RHI by 11.75% (95% CI: −21,26, −1.09, p=0.03), as compared 

to participants who drank exclusively from wells with ≤50 μg/L arsenic (i.e. always blue or 

blue and green). Individuals with moderate exposures (i.e. always green or ever red) also had 
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a lower level of RHI by 7.69% (95% CI: −17.30, 3.25, p=0.16), as compared to participants 

who drank exclusively from wells with ≤50 μg/L arsenic (i.e. always blue or blue and green), 

but did not reach statistical significance. Comparison across categories of increasing lifetime 

well arsenic exposure was statistically significant (p-trend= 0.03).

We then assessed the association between current well arsenic level and percent difference in 

endothelial function, shown in Table 3. In linear regression models adjusted for participant 

sex, age, education and weight at the time of RHI measurement and maternal education 

and land ownership, we observed lower levels of RHI in individuals who reported currently 

using wells with >50 μg/L arsenic (−7.32%, 95% CI: −16.18, 2.43, p=0.14), and in those 

who reported currently using wells with 10–50 μg/L arsenic (−3.82%, 95% CI: −13.30, 

6.66, p=0.45), as compared to participants who currently drank from wells with <10 μg/L. 

However, these differences did not reach statistical significance, nor did the overall trend 

(p-trend=0.13).

We also investigated sex-specific differences in associations between lifetime well arsenic 

level and percent difference in endothelial function, shown in Table 4. We observed greater 

reduction in RHI across arsenic exposure categories among female participants. Female 

participants who reported always using wells with >50 μg/L arsenic had a 14.36% lower 

RHI (95% CI: −25.69, −1.29, p=0.03), as compared to 5.35% lower RHI (95% CI: −22.28, 

15.37, p=0.58) in males for the same comparison. Female participants with moderate 

exposures (i.e. always green or ever red) also had a lower level of RHI by 10.33% (95% 

CI: −21.96, 3.01, p=0.12), as compared to participants who drank exclusively from wells 

with ≤50 μg/L arsenic (i.e. always blue or blue and green), but did not reach statistical 

significance. Comparison across categories of increasing lifetime well arsenic exposure 

among female participants was statistically significant (p-trend= 0.04). However, we did 

not observe an interaction for sex and lifetime well exposure (p-interaction= 0.57). Similar 

trends were observed in sex-stratified analyses of current well color and RHI, but these 

results did not reach statistical significance (Table S3).

In a series of sensitivity analyses, we explored the influence of our well categorization 

scheme on the observed associations. First we examined the influence of assigning the last 

recalled well color to individuals with an unknown current well on the effect estimates. 

We observed similar estimates among those in the highest exposure category (>50 μg/L 

arsenic) with an 8.61% lower RHI (95% CI: −18.13, 2.20, p=0.13). Those with unknown 

current well also had a 7.69% lower RHI (95% CI: −18.94, 4.08, p=0.20). However, none of 

these estimates reached statistical significance (Table S4). We then examined the influence 

of those who were missing 10 or more years of well color recall by excluding these 7 

individuals. Exclusion of those with more than 10 years of missingness in well recall did 

not greatly influence our results and similar estimates were observed (Table S5). We then 

explored whether further separating individuals who were considered to have moderate 

exposure (either always drinking from green wells (<10 μg/L) or ever drank from a red 

well (>50 μg/L)) into two categories would influence observed associations and found that 

the overall trends remained similar (Table S6). Individuals who reported always drinking 

from a green well (10–50 μg/L arsenic) had a lower level of RHI by 10.41% (95% CI: 

−20.55, 2.02, p=0.10), as compared to participants who drank exclusively from wells 
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with ≤50 μg/L arsenic (i.e. always blue or blue and green), but did not reach statistical 

significance. Individuals who reported ever using red wells with >50 μg/L arsenic had a 

lower level of RHI by −5.82% (95% CI: −16.47, 6.18, p=0.32), as compared to participants 

who drank exclusively from wells with ≤50 μg/L arsenic (i.e. always blue or blue and 

green), but this trend was not statistically significant. Estimates among individuals with who 

drank exclusively from wells with >50 μg/L arsenic remained unchanged and statistically 

significant (p=0.03). When these separate categories of exposure were used in stratified 

models, the effects among female participants remained very similar (Table S7). When we 

restricted our analyses to only participants who reported that they drank from a single well 

for their entire lifetime, in order to reduce potential error introduced by inability to recall 

early life wells, we observed similar reductions in RHI among those who always drank from 

green or red wells, as compared to those who always drank from blue wells (Table S8). 

However, these results did not reach statistical significance.

Discussion

In our analysis of 200 Bangladeshi adolescents between the ages of 14–19 years old, 

we observed an inverse relationship between lifetime reported well arsenic concentration 

and endothelial function, as measured by RHI. Overall, individuals who reported drinking 

exclusively from wells with levels of arsenic >50 μg/L had significantly reduced endothelial 

function, as indicated by lower RHI, compared to individuals who drank exclusively 

from wells with ≤50 μg/L arsenic. Similar, albeit non-statistically significant trends, were 

observed for indivudals with moderate levels of lifetime arsenic exposure as well. Sex-

stratified analyses suggested that these associations were stronger in female participants, 

with statistically significant reductions in RHI for female, but not male, participants who 

reported drinking exclusively from wells with levels of arsenic >50 μg/L, when compared 

to those who drank exclusively from wells with ≤50 μg/L. Overall, lower RHI scores 

were associated with greater well arsenic exposure, particularly among those who reported 

lifetime consumption of water from red wells, indicating levels of arsenic >50 μg/L.

Experimental studies have shown that arsenic exposure can alter endothelial function44–47, 

but few epidemiologic studies have directly evaluated this association. Several studies 

have observed largely consistent associations between arsenic exposure and biomarkers of 

inflammation and endothelial function. For example, evidence from a small study among 

adults living in an As-endemic area of inner Mongolia suggested that chronic arsenic 

exposure was related to reduced nitric oxide production by endothelial cells, potentially 

indicative of lower vascular responsiveness.48 Prior work from Araihazar, Bangladesh 

among adults found associations of water arsenic and urinary arsenic with greater levels of 

soluble circulating markers of endothelial function and inflammation, including intercellular 

adhesion molecule-1 (ICAM-1) and vascular adhesion molecule-1 (VCAM-1), at baseline, 

as well as increased levels over time.23, 24 Similar trends have been observed among 

individuals living in New Hampshire (NH) USA, who are primarily to exposed to low 

to moderate levels of arsenic via private unregulated wells. One study of NH adults observed 

that toenail arsenic levels were associated higher VCAM-1, and urinary arsenic levels were 

related to urinary oxidative stress marker 15-F2t-isoprostane. Another study from NH that 

focused on pregnant women and their infants found that maternal urinary arsenic during 
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pregnancy was associated with higher levels of maternal plasma VCAM-1 in pregnancy, 

as well as higher levels of ICAM-1 and VCAM-1 in newborn cord blood.34 However, 

to our knowledge, only one other study has examined arsenic exposure in relation to a 

functional measure of endothelial function. In recent work from the Multi-Ethnic Study 

of Atherosclerosis, investigators examined rice intake as a proxy for arsenic exposure in 

over 5000 adults.35 Although researchers observed positive associations of rice intake with 

biomarkers of inflammation and endothelial function, including E-selectin and ICAM-1, 

they did not observe any association with endothelial function, as measured by brachial 

flow-mediation dilation, nor other subclinical measures of CVD. It is possible the observed 

lack of association with subclinical markers of CVD may be due in part to the method of 

arsenic exposure characterization. While rice intake may be a primary source of arsenic 

exposure in the MESA population, content of arsenic in rice varies greatly by the sources 

of the rice which is not captured in food-frequency questionnaires, potentially leading to 

substantial measurement error.35, 49 Overall, several studies have identified associations 

between arsenic exposure and biomarkers of potential endothelial dysfunction and further 

work is needed to understand the relationship of arsenic to functional measures of vascular 

responsiveness.

We also observed sex-specific differences in RHI suggesting that chronic exposure to higher 

levels of well water arsenic may be related to greater reductions in RHI in females, as 

compared to males. Among these adolescents, statistically significant reductions in RHI 

were observed for female, but not male, participants who reported drinking exclusively from 

wells with levels of arsenic >50 μg/L, as compared to those who drank exclusively from 

wells with ≤50 μg/L arsenic. While limited, prior epidemiological studies of cardiovascular 

outcomes also have observed stronger effects among women.50, 51 In Spain, cardiovascular 

disease and coronary heart disease mortality rates were somewhat higher among women 

exposed to low-to-moderate levels of arsenic via drinking water.50 Among arsenic-exposed 

adults in Inner Mongolia, chronic arsenic exposure was associated with QT interval 

prolongation, with greater effects observed among female participants.51 While the role 

of sex hormones in cardiovascular health is complex and may be influenced by a number of 

factors, females are often considered to be less susceptible to adverse cardiovascular effects, 

due to the generally cardioprotective nature of estrogen prior to menopause and prior studies 

have suggested that estrogen may modulate vasomotor tone and endothelial function.52, 53 

However, it is possible that arsenic exposure may disrupt estrogen-receptor signaling, as 

suggested by some experimental studies.54, 55 One study found that among mice exposed 

to inorganic arsenic, female mice exhibited significant ischemia-reperfusion injury in the 

heart, while male mice did not, suggesting that females may be more susceptible to the 

endocrine disrupting effects of arsenic, particularly in relation to cardiovascular health 

effects.56 However, additional research is needed to elucidate the role of arsenic exposure in 

endocrine disruption and the implications for sex-related differences in cardiovascular health 

outcomes.

While clinical manifestations of CVD do not often appear until adulthood, early indicators 

of these pathogenic processes can be measured in childhood.57 For instance, atherosclerosis 

is a process with a long asymptomatic period that is detectable in children, though often 

overlooked.58 Given the strong associations observed for arsenic exposure and CVD in adult 

Farzan et al. Page 9

Environ Res. Author manuscript; available in PMC 2023 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



populations, a growing number of studies have begun to look toward younger populations 

to understand how arsenic may influence cardiovascular health in early life. To date, a 

handful of studies have observed associations between arsenic exposure and cardiovascular-

related outcomes in children and adolescents.19–22 Among 1,887 children in Bangladesh, 

in utero exposure to arsenic was associated with elevated BP at 4.5 years of age.19 In 

two cross-sectional studies of children in Mexico, urinary arsenic was associated with 

increases in several cardiovascular risk factors, including carotid intima-media thickness 

(cIMT), asymmetric dimethylarginine levels, blood pressure, left ventricular mass and 

ejection fraction.20, 21 A recent analysis of a group of 726 14–17 year old adolescents 

whose mothers were participants in the HEALS (separate from the individuals assessed in 

the current study), found that current arsenic exposure and early childhood arsenic exposure 

were associated with higher blood pressure and effects may be heightened among those 

with higher BMI.22 We did not find an association of arsenic with blood pressure in the 

current study and blood pressure was only marginally correlated with RHI. Further, we did 

not observe any effect modification by BMI, therefore these differences in findings may be 

due in part to the method of exposure assessment and that well color recall is a less precise 

measure of arsenic exposure than urinary biomarkers of arsenic exposure used in prior 

studies. While these studies explored various cardiovascular-related outcomes, the overall 

evidence presented by prior studies and the current study suggests arsenic exposure in early 

life and childhood may be related to risk factors in childhood and adolescence that have been 

associated with adverse cardiovascular health outcomes in later life.

To our knowledge, ours is among the first to investigate a functional measure of 

vascular responsiveness in relation to arsenic exposure in adolescents. Our study has 

several strengths. The characterization of a functional measure of endothelial dysfunction 

during adolescence, a critical lifestage for long-term cardiovascular health, is a primary 

strength of this study. We utilized the non-invasive Endo-PAT 2000, which provides an 

objective measurement of RHI with a user-independent device that can be used with 

minimal training and is advantageous to conventional ultrasound-based techniques for 

assessing endothelial function, such as flow-mediated dilation, which traditionally are 

highly operator-dependent.59 Prior studies have successfully used the Endo-PAT 2000 to 

examine endothelial function in adolescent and pediatric populations60–66, including a 

large prospective study of children’s health.67 Further, EndoPAT-measured RHI has been 

previously used in the context of environmental exposures and RHI has been related to other 

cardiovascular-related pollutants, including air pollutants and metals.68–72 Another strength 

of this study is that given the local infrastructure and well color coding in our study area, we 

were able to obtain information to estimate individual lifetime well water arsenic exposure, 

allowing for a comprehensive assessment of past and current exposures. Our study also 

has some limitations. At the time of this study, we lacked information on biomarkers of 

arsenic exposure, such as urinary or toenail arsenic. Individual characterization of exposure 

biomarkers could provide a fuller picture of both exposure, as well as the potential role 

of arsenic metabolism on endothelial function. Further, we relied on participants and their 

mothers to recall past drinking well colors, as well as length of time drinking from each 

well, in order to estimate lifetime arsenic exposure. It is possible that errors in recall 

may have influenced our observed associations. However, we would predict more accurate 
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recall among those with little to no variation in well color over time (approximately 69% 

of our sample reported using the same well over their lifetime), potentially leading to 

more accurate recall among those who drank only from a single well over their lifetime. 

This may have differentially influenced our ability to characterize exposures among those 

who drank from numerous wells over their lifetime, although the highest number of wells 

recorded over any participant’s lifetime was three. Lastly, we cannot rule out the possibility 

of confounding due to unmeasured variables, such as dietary and lifestyle factors, such 

as level of physical activity, and co-exposures to other environmental pollutants, including 

air pollution and environmental tobacco smoke. For example, although we investigated the 

role of smoking in the home, we did not collect information about frequency of exposures 

or of the potential for environmental tobacco smoke outside the home, which could have 

influenced our results.

CVD accounts for one-third of total worldwide mortality, or ~17 million deaths yearly, 

and is expected to rise to >23 million by 2030.73 Therefore, even small increases in CVD 

morbidity and mortality due to arsenic exposure would have a widespread public health 

impact. Our current understanding of the effects of arsenic exposure on CVD is largely 

limited to studies of adult populations and studies of early life effects among children and 

adolescents are lacking. Given that RHI may indicate an earlier stage of cardiovascular 

pathogenesis in adolescents, work including measures of endothelial function could help 

to identify apparently healthy adolescents who may be at higher risk of later life CVD, 

providing important intervention opportunities.
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