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Abstract

Background: Dysregulation of systolic, diastolic blood pressure (SBP, DBP), and pulse pressure 

(PP) in children may predict elevated blood pressure (BP) in adulthood. Toxicant exposure is 

widely studied as a risk factor for high BP in adults, but not in children. We assessed the joint 

associations between lead (Pb), mercury (Hg), arsenic (As), and cadmium (Cd) exposure and SBP, 

DBP, and PP among 8–17 year-old participants (n = 1642) of the 2009–2016 National Health and 

Nutrition Examination Survey (NHANES).

Methods: Participants with at least two BP measures were included. Urinary As and Cd were 

adjusted for urinary creatinine concentrations. Blood Pb, Hg, and urinary As, Cd were natural log-

transformed. Bayesian Kernel Machine Regression (BKMR) analyses were conducted to assess 

the associations between the toxicant mixture and BP measures. Multivariable regression models 

assessed the associations between individual toxicants, and the four toxicants simultaneously with 

each of the outcomes. Interactions with sodium intake were tested.

Results: Exposure to all toxicants was low, with median (5%, 95%) level: Pb, 0.57 (0.26, 1.60) 

μg/dL; Hg, 0.37 (0.19, 2.12) μg/L; As, 5.61 (1.37, 33.2) μg/g creatinine, Cd, 0.06 (0.03, 0.23) μg/g 

creatinine. Toxicant mixture showed a statistically significant, inverse association with DBP, but 

not other BP measures. Linear regressions revealed no association between toxicants, individually 
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or together, and BP measures. No evidence of interaction of sodium intake with any of the 

toxicants was observed.

Conclusions: In a nationally representative sample of 8–17 year-olds, we found suggestive 

inverse association of the mixture of low-level Pb, Hg, As, and Cd, with DBP. Longitudinal studies 

with multiple toxicants are needed to understand the interactive effects of toxicants on children’s 

BP.
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1. Introduction

Elevated blood pressure (BP) is a known risk factor for multiple cardiovascular diseases. As 

systolic, diastolic blood pressure, and pulse pressure (SBP, DBP, PP) increase in adults, the 

risk of death from stroke and heart disease also increases (Rao 2016). Previous studies have 

shown that PP is highly predictive of cardiovascular disease risk in adults (Mosley et al., 

2007). A high PP, i.e., a large difference between SBP and DBP indicates hardening of the 

arteries or systolic hypertension (Benetoset al., 1998). Hypertension in adults appears to 

have its origins in childhood. Systolic and, to a lesser extent diastolic, BP track over time, 

although the tracking is stronger in older and obese children (Chen and Wang 2008; Kagura 

et al., 2015; Leyvraz et al., 2018). A number of studies have examined secular trends in 

mean BP and the prevalence of elevated BP in U.S. children and adolescents, all differing on 

the period of follow-up and the ages of children included (Din-Dzietham et al., 2007; Rosner 

et al., 2013; Xi et al., 2016; Yang et al., 2016). Based on the 2011–2012 National Health and 

Nutrition Examination Survey (NHANES), the prevalence of elevated BP among 10–19 year 

old participants was 1.7% in the U.S.; elevated BP was defined as BP ≥ referent sex-specific, 

age-specific and height-specific 95th percentile (National Heart 2004; Xi et al., 2016). 1.

Toxicant exposure is increasingly investigated as a risk factor for elevated BP because of the 

abundant opportunities of exposure through multiple sources, including commonly 

consumed foods as well as water. For example, for toxicants like cadmium (Cd), arsenic 

(As), lead (Pb) and mercury (Hg), several foods are well characterized as exposure sources 

particularly when water toxicant levels are low. Seafood, rice, and rice-based foods are 

known determinants of urinary arsenic concentrations in the U.S. population (Gilbert-

Diamond et al., 2011; Navas-Acien et al., 2011; Signes-Pastor et al., 2016; Signes-Pastor et 

al., 2018). Other studies based on NHANES data have shown that consumption of breads 

and cereals, fruit juices, and certain leafy green vegetables are associated with blood or 

urinary levels of lead, cadmium, and mercury in different age groups (Kim et al., 2019; 

Desai et al., 2020; Wells et al., 2020).

Studies on toxicant exposure and BP among adults have yielded mixed findings. For 

example, among Native American participants of the Strong Heart Study, high baseline 

levels of urinary Cd were associated with faster rates of increase in BP over ten years 

(Oliver-Williams et al., 2018). On the other hand, a Belgian study found no associations 

between either urinary or blood Cd levels and BP (Staessenet al., 2000). Studies conducted 
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in Southeast Asia have indicated a positive correlation between blood Cd levels and both 

systolic and diastolic BP (Chen et al., 2013; Chen et al., 2015). Arsenic exposure from 

drinking water was associated with hypertension among adults in Chile and Taiwan, but no 

association was observed between urinary As and BP among participants of the 2003–2008 

NHANES cycles (Chen et al., 1995; Jones et al., 2011; Hall et al., 2017). Low bone and 

blood Pb levels were associated with elevated BP in studies in Sweden and the U.S. (Hu et 

al., 1996; Nash et al., 2003; Muntner et al., 2005; Gambelunghe et al., 2016). Among 

participants of the 2003–2006 NHANES, urinary Hg was associated with lower BP, but 

blood Hg showed little to no association with hypertension (Park et al., 2013). Fewer studies 

focus on toxicant exposures and BP among children and adolescents. The handful of studies 

that have been conducted, seem to indicate that blood levels of both Pb and Cd and urinary 

concentrations of As may be associated with higher BP in adolescents, while the 

associations between Hg and BP remain inconsistent (Osorio-Yáñez et al., 2015; Ahn et al., 

2018; Chen et al., 2019; Gallego-Vinas et al., 2019; Yao et al., 2020).

Increasingly, studies have begun to examine the effects of multiple exposures, or mixtures, 

on health outcomes. Even at low levels, toxicants may produce important effects on health 

outcomes or pathophysiological processes when they occur as a mixture (Kortenkamp et al., 

2007). There is currently little understanding of how exposure to multiple toxicants may be 

related to BP in children and adolescents. A study of the relationship between Pb, Cd, and 

Hg exposures and BP among 8–17 year-old participants of the 2007–2016 NHANES cycles 

revealed an inverse association between urinary Cd concentrations and both SBP and DBP, 

and an inverse association between Hg exposure and SBP, based on multivariable linear and 

logistic regressions (Yao et al., 2020). The objective of our analysis was to further 

investigate the association between low-level toxicant exposure and BP among 8–17 year-

old participants of the 2009–2016 NHANES cycles by focusing on four toxicants (Pb, Hg, 

As, and Cd) and carrying out Bayesian Kernel Machine Regression (BKMR) analysis to 

specifically treat the exposures as a mixture. Our study also includes parallel analysis using 

multivariable regression methods, and assessing effect modification by sodium intake, a 

known risk factor for high BP, thereby adding substantially to the previous knowledge base.

2. Methods

2.1. Study design and population

NHANES is a nationally representative, cross-sectional survey conducted by the National 

Center for Health Statistics (NCHS) for monitoring the health and nutritional status of non-

institutionalized individuals in the U.S. The NCHS uses a stratified, multistage probability 

sampling method to achieve nationally representative samples for each year, and the 

collected data from questionnaires and laboratory tests are released every two years. 

Detailed descriptions of the sampling method and data collection are available on the 

NHANES website (CDC 2009). All procedures that are part of the NHANES have been 

approved by the National Center for Health Statistics Research Ethics Review Board.

Our study sample consisted of 8–17 year-olds participating in the 2009–2016 NHANES 

cycles. Of the 6770 participants meeting the criteria for age and survey cycles, those with 

missing values of blood Pb and Hg levels, urinary As and Cd levels, those who did not have 
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at least two valid measures of BP taken on the right arm, and those with missing data on age, 

sex, body mass index (BMI), and sodium intake were excluded, resulting in a complete-case 

sample of 1642 participants. Previous studies have shown considerable inter-arm variability 

in BP measures (Cassidy and Jones 2001; Lane et al., 2002), whereas a few others have 

shown no such variability among healthy individuals (Hashimoto et al., 1984; Eguchi et al., 

2007). In face of such inconsistent results and the fact that the populations studied in these 

studies are varied, we followed the recommendations of the American Academy of 

Pediatrics’ Clinical Practice Guidelines for BP screening and measurement in children and 

adolescents that state that BP measures should be taken on the right arm (Flynn et al., 2017). 

Therefore, we excluded participants with BP measures on the left arm and those with no 

information on the arm of measurement.

2.2. Blood Pb and Hg, and Urinary As and Cd concentrations

Venous whole blood samples were collected by phlebotomists, and were processed at the 

National Center for Environmental Health. Blood concentrations of Pb and Hg were 

measured using inductively coupled plasma mass spectrometry (CDC 2016). The limits of 

detection (LOD) for Pb were 0.25 μg/dL (2009–2012), and 0.07 μg/dL (2013–2016); LOD 

for Hg were 0.33 μg/L (2009–2010), 0.16 μg/L (2011–2012), and 0.28 μg/L (2013–2016). 

Values below the LOD were imputed as the LOD divided by the square root of two. There 

were 0.8%, and 31.1% measures below LOD for Pb, and Hg, respectively.

Concentrations of As and Cd were analyzed in spot urine samples that the participants 

collected at the time of their appointment in the NHANES mobile examination center; 

details of the urine collection process are available in the NHANES laboratory manuals 

(National Health and Nutrition Examination Survey, 2009a,b,c, National Health and 

Nutrition Examination Survey, 2011a,b,c, National Health and Nutrition Examination 

Survey, 2013a,b,c, National Health and Nutrition Examination Survey, 2016a,b). Spot urine 

samples were analyzed for total As concentrations using inductively coupled-plasma 

dynamic reaction cell-mass spectrometry (Date and Gray 1989; Tanner and Baranov 1999). 

The LODs for total urinary As were 0.74 μg/L (2009–2010), 1.25 μg/L (2011–2012), and 

0.26 μg/L (2013–2016). Urinary Cd concentrations were also assessed from spot urine 

samples using inductively coupled plasma mass spectrometry (Date and Gray 1989). The 

LOD for urinary Cd were 0.042 μg/L (2009–2010), 0.056 μg/L (2011–2012), and 0.036 μg/L 

(2013–2016). Values below the LOD were imputed as the LOD divided by the square root of 

two. There were 1.2%, and 37.0% measures below LOD for As, and Cd, respectively. 

Urinary As and Cd concentrations were adjusted for urinary creatinine concentrations to 

account for the participants’ urinary dilution.

2.3. Blood pressure

All NHANES participants ≥8 years of age were eligible for BP measures in the mobile 

examination centers. Participants were excluded from BP measures if they had any of the 

following conditions on either arm: rashes, gauze dressings, casts, edema, paralysis, tubes, 

open sores or wounds, withered arms, arteriovenous shunts, radical mastectomy, or if the BP 

cuff did not fit on the arm. Participants were asked to rest in a seated position for 5 min, after 

which three consecutive (30 s apart) readings were obtained using a sphygmomanometer; 
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BP readings were measured as millimeters of mercury (mmHg). Detailed procedures of BP 

measurement techniques are available in the NHANES procedure manuals (National Health 

and Nutrition Examination Survey, 2009a,b,c, National Health and Nutrition Examination 

Survey, 2011a,b,c, National Health and Nutrition Examination Survey, 2013a,b,c, National 

Health and Nutrition Examination Survey 2015). Pulse pressure was calculated as the 

difference between SBP and DBP. The current analysis includes participants with at least 

two valid BP measures to account for inter personal variability, and because fewer 

participants had three measures available.

2.4. Covariates

Demographic details of the participants, such as age at enrollment, sex, and race were 

provided by an adult proxy in an interview. For the present analysis, race was categorized as 

Non-Hispanic White, Non-Hispanic Black, Hispanic, and other. Socioeconomic status was 

assessed in terms of poverty to income ratio, and the education of the head of household. 

Poverty to income ratio was categorized as ≤150%, >150%, or missing. Education of the 

household head was categorized as <9th grade, 9–11th grade, high school graduate, some 

college, college or above, or missing. The separate category for missing education data was 

created to maximize the sample size. Weight and standing height were measured in the 

mobile examination center; BMI was calculated as weight (kilograms) divided by the square 

of height (meters) (National Health and Nutrition Examination Survey, 2009a,b,c, National 

Health and Nutrition Examination Survey, 2011a,b,c, National Health and Nutrition 

Examination Survey, 2013a,b,c, National Health and Nutrition Examination Survey, 

2016a,b). Total energy intake was assessed as kilocalories (kcal) consumed/day based on the 

first of two 24-h dietary recalls. Fewer participants had completed two 24-h dietary recalls, 

therefore, data from the first recall was used. Further, the single day recall in NHANES is 

conducted in a manner to represent the usual average dietary intake in the population 

(Ahluwalia et al., 2016). Covariates were chosen based on a directed acyclic graph. Sodium 

intake was treated as an effect modifier because it is a known risk factor for high BP among 

children and adolescents (Leyvrazet al., 2018). Sodium intake was also assessed based on 

the first 24-h dietary recall using the US Department of Agriculture’s Food and Nutrient 

Database for Dietary Studies, and was expressed as mg intake/day.

2.5. Statistical analyses

All analyses were conducted in the complete-case sample of 1642 participants. Descriptive 

statistics included calculating medians (5th, 95th percentile) and frequencies (%) of 

sociodemographic and anthropometric characteristics, blood and urinary toxicant 

concentrations, and BP measures in the study sample as well as among participants who 

were excluded from the main analyses (n = 5128). Descriptive analyses were first conducted 

by each survey cycle to understand potential differences in variables by cycle. Because the 

exposures and outcomes of interest were consistent across all four cycles, data were 

combined for further analysis.

Blood and urinary toxicant concentrations were natural log-transformed to approximate a 

normal distribution. Bayesian Kernel Machine Regression (BKMR) models were used to 

explore the potentially nonlinear, non-additive association of the toxicant mixture with BP 
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measures. The BKMR is an advanced statistical method emerging in environmental 

epidemiologic research to handle the complex relationships for high-dimensional vectors of 

interrelated environmental mixtures with health outcomes (Bobbet al., 2015; Bobb et al., 

2018). Briefly, the BKMR model is given by: Yi = h(zi1, …, ziM) + xiβ + εi, where Yi 

denotes one of the centered BP measures for individual i (i = 1, …, n), ziM is the mth 

centered, log-transformed toxicant, h() denotes the unknown exposure-response function to 

be estimated, β represents the effect of the covariates vector xi, and the residuals εi ~ N(0, 
δ2) are assumed to be independent and identically normally distributed with a common 

variance. Under the Gaussian kernel machine representation, the exposure-response 

functions h() are fitted to measure the similarity between individuals’ exposure profiles (zi) 

regarding their health effects (h(zi)) so that two individuals with similar exposure profiles are 

closer.

Separate BKMR models were conducted for each of the three BP measures of interest: SBP, 

DBP, and PP. From the model fitting with 10,000 iterations, summary statistics with 

confidence intervals were calculated to quantify the overall toxicant mixture effect on each 

BP measure, as well as each toxicant’s single effect on BP while fixing all other toxicants at 

a certain level (e.g., quartiles). As previously recommended (Bobb et al., 2018), BP 

measures were compared at different levels of a single toxicant or the toxicant mixture to 

avoid misleading comparisons in face of non-linear relationships (e.g., a U-shaped 

relationship). In particular, BP measures were compared at the following levels of a single 

toxicant or the toxicant mixtures: quartile 3 vs. quartile 1, 50th vs. 20th percentile, and 80th 

vs. 20th percentile. To examine potential interactive effects of the toxicants on BP measures, 

the relationship of each toxicant with BP measures was plotted at different quartiles of a 

second toxicant while fixing the remaining toxicants at their median. Also, each single 

toxicant’s effect on the BP measures was compared at different quartiles of the remaining 

toxicants.

Ordinary least squares (OLS) linear regression analyses were also conducted to assess the 

associations between natural log-transformed blood and urinary toxicant concentrations and 

SBP, DBP, and PP. As a first step, univariate associations of each toxicant and each outcome 

variable were assessed. Next, covariates (age, sex, race, BMI, total energy intake, NHANES 

cycle, education of household head, and income to poverty ratio) were added to each model. 

Subsequently, a covariate-adjusted multiple-toxicant model (blood Pb, Hg, urinary As, Cd) 

was constructed to assess the association between all four toxicants simultaneously and the 

endpoints of interest. Interactions by sodium intake were assessed by creating interaction 

terms between each natural log-transformed toxicant exposure variable and a dichotomous 

sodium intake variable indicating adequate sodium intake for specific age groups. The cut 

points reflected the dietary guidelines of Tolerable Upper Intake Levels of 2200 mg/day of 

sodium for 8–13-year-olds, and 2300 mg/day for 14–17-year-olds (Dietary Guidelines 

Advisory Committee 2015). Separate interactions by sex were also assessed in exploratory 

analyses. All interactions were assessed at an alpha level of 0.05, and were adjusted for the 

same covariates as the main models.

As sensitivity analyses, the linear regression analyses were repeated by excluding 

participants with urine samples that are considered very dilute (urinary creatinine 
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concentrations <30 mg/dL; n = 107) or very concentrated (urinary creatinine concentrations 

>300 mg/dL; n = 41) according to the World Health Organization guidelines for studies of 

adults with occupational exposures (World Health Organization 1996). However, urinary 

creatinine concentrations are influenced by several factors such as BMI, muscle mass, 

dietary intakes, and guidelines meant for occupational studies that primarily include adults 

may not be directly applicable for studies in children and adolescents. Therefore, 

participants with creatinine values < 30 mg/dL or >300 mg/dL were not excluded from the 

main analyses.

All data management, descriptive analyses, and linear regression analyses were conducted in 

SAS version 9.4. The BKMR analyses were conducted with the bkmr package in R 4.0.

3. Results

Supplemental Figure 1 shows the process of arriving at the complete-case sample of 1642 

participants. Table 1 presents the sociodemographic and anthropometric characteristics, 

along with biomarkers of toxicant exposure and BP measures in the study sample (n = 1642) 

as well as among participants in the 8–17-year-old age group that were excluded from the 

study (n = 5128). The median (5th, 95th percentile) age of the study participants was 152 

(102, 200) months, with approximately equal distribution of both sexes. The median (5th, 

95th percentile) levels of blood Pb and Hg, and urinary As and Cd were 0.57 (0.26, 1.60) 

ug/dL, 0.37 (0.19, 2.12) ug/L, 5.61 (1.37, 33.2) ug/g creatinine, and 0.06 (0.03, 0.23) ug/g 

creatinine, respectively. The sociodemographic, anthropometric, and biochemical measures 

of the study participants were comparable to those among participants who were excluded 

from the study sample.

All toxicants showed a weak to moderate correlation with each other (0.11≤ r ≤ 0.44). Figs. 

1 and 2 present the results obtained from the BKMR models for SBP and DBP, respectively. 

As shown in Fig. 1A, As, Cd, and Pb were inversely, whereas Hg was positively correlated 

with SBP. When the association of each metal with SBP was modeled while holding all 

other metals at the median, Cd was inversely and statistically associated with SBP (Fig. 1B). 

Additionally, models of the association between Cd and SBP while fixing the other toxicants 

at either the 25th, 50th and 75th percentile revealed no effect modification of the Cd – SBP 

relationship by other toxicants (Fig. 1C). Similarly, there was no indication of effect 

modification in the association between As, Pb, or Hg and SBP by other metals. As a 

mixture, the toxicants were inversely associated with SBP, but the association was not 

statistically significant (Fig. 1D).

All toxicants were weakly but inversely correlated with DBP (Fig. 2A). Fig. 2B presents the 

relationships between individually modeled toxicants and DBP when the remaining metals 

are fixed at the median. Arsenic and Pb were not associated whereas Cd was inversely 

associated with DBP. A cubic curve was observed for the association between Hg and DBP, 

where DBP was lower at the upper quartile of Hg compared to the lower quartile when other 

toxicants were fixed at their respective medians. The 95% confidence interval at the highest 

levels of blood Hg was very wide, indicating very imprecise estimates; no meaningful 

conclusion can be drawn about how increasing levels of blood Hg relate to DBP. The 
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association between each of the metals and DBP did not differ when compared at the 25th, 

50th, and 75th percentile of the other metals, indicating a lack of interactive effects among 

the toxicants (Fig. 2C). As a mixture, the toxicants were linearly, inversely, and statistically 

associated with DBP in the range between 10th and 80th percentile of the mixture levels 

(Fig. 2D). There were no associations between any single toxicant or the toxicant mixture 

and PP (Supplemental Figure 2).

Table 2 presents the results of the OLS regressions assessing the associations between 

toxicant exposure and each measure of BP. No associations were observed in covariate-

adjusted single toxicant models, or covariate-adjusted multiple-toxicant models. Results 

from the sensitivity analyses involving the exclusion of participants with urinary creatinine 

concentrations <30 mg/dL or >300 mg/dL (Supplemental table 1) were consistent with the 

main findings.

Table 3 presents the results of the interactions of sodium intake with each toxicant. Of the 

892 participants between the ages of 8–13 years, 230 had sodium intake below the Tolerable 

Upper Intake Levels of 2200 mg/day; 211 of the 750 participants in the 14–17-year age 

range had intake below the Tolerable Upper Intake Levels of 2300 mg/day. No statistically 

significant interactions were observed. Supplemental table 2 presents the results of 

interactions of sex with the toxicant exposures. Higher levels of natural log-transformed 

blood Pb were associated with higher SBP and PP, but lower DBP among girls. Other 

toxicants did not show any evidence of interactions with sex.

4. Discussion

In a representative sample of 1642 participants between 8 and 17 years of age from the 

NHANES 2009–2016 cycles, we found no associations between low-level exposure to Pb, 

Hg, As, and Cd individually, and measures of BP, i.e., SBP, DBP, or PP. However, we found 

that the toxicant mixture consisting of low-level urinary As, urinary Cd, blood Pb, and blood 

Hg showed a statistically significant, inverse association with DBP.

There are few studies that examine the combined effects of multiple toxicants on BP or 

hypertension in humans, children or adults; therefore, it is difficult to place our findings in 

the context of published literature. Although one study has previously analyzed the 

associations between Pb, Hg, and Cd exposure and BP in children from the 2007–2016 

NHANES (Yao et al., 2020), several aspects differentiate our study. For example, we 

included urinary As and investigated potential effect modification by sodium intake and sex. 

Furthermore, with the use of more advanced analytical methods, our study is the first to 

examine the mixture effect of toxicants on three measures of BP in children. Given the low 

level of exposure and the low prevalence of elevated BP in this population-based study, 

further studies are warranted to replicate our findings.

It is important to consider the mechanistic basis for the observed association between the 

toxicant mixture and DBP. Oxidative stress is hypothesized to play a role in the pathogenesis 

of cardiovascular diseases, also influencing blood pressure (Yasunari et al., 2002). Oxidative 

stress is a well-studied endpoint in relation to blood Pb and urinary As levels among 
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children, but it is relatively understudied as a mechanistic endpoint of Cd and Hg exposure 

(Xu et al., 2008; Cuypers et al., 2010; Grotto et al., 2010; Hinhumpatch et al., 2013; Roy and 

Kordas 2016; Kordas et al., 2018). While most primary pediatric hypertension is determined 

by genetic predisposition (Oh and Hong 2019), elevated BP in children has been associated 

with environmental factors such as intrauterine exposure to maternal diabetes (Wright et al., 

2009), smoking (Oken et al., 2005), and postnatal formula feeding (Aris et al., 2019). As an 

environmental insult, exposure to Hg has been less studied in association with BP in children 

and adolescents. Due to its high affinity for sulfhydryl groups, Hg could induce oxidative 

stress by suppressing sulfur-containing antioxidants (Valko et al., 2005) and reduce the 

activity of metalloenzymes (Houston 2011). A result of this process could be the induction 

of vascular and renal dysfunction and increased risk of hypertension and other 

cardiovascular diseases. It is possible that these adverse effects of a toxicant mixture are 

exacerbated in children because of the sensitivity of organ systems to insults during 

development (McMillen and Robinson 2005).

Studies in young and adult animal models have implicated the nephrotoxicity of Pb in its 

association with hypertension (Victery 1988). Among human adults, biopsy and renal 

function studies have indicated that Pb-induced neuropathy is a chronic tubulointerstitial 

disease that presents with hyperuricemia, gout, and hypertension (Batuman 1993). We found 

no association between blood levels of Pb and BP in either the BKMR or OLS regression 

models. The blood Pb concentrations in our study population were low (median: 0.57 μg/dL; 

5th, 95th percentile: 0.26, 1.60), well below the current actionable level of 5 μg/dL (Schnur 

and John 2014). Previously, among adult participants of NHANES 1988–1994, a positive 

association was observed between blood Pb levels and SBP among African American 

participants, but not White adults (Vupputuri et al., 2003). African American men had a 

mean (SE) Pb level of 5.4 (0.2) μg/dL, African American women: 3.4 (0.1) μg/dL, White 

men: 4.4 (0.1) μg/dL, White women: 3.0 (0.1) μg/dL (Vupputuri et al., 2003); all these levels 

were higher than in the present study of children. Other studies, also among adults, showed a 

positive association between blood Pb levels and both SBP and DBP; the mean (SD) blood 

Pb levels in both these studies were 4.6 (2.6) μg/dL (Schwartz et al., 2000; Glenn et al., 

2003). Few studies on blood Pb and BP exist among children, one showing a positive 

association between blood Pb levels and BP (Jhaveri et al., 1979), and others showing no 

associations (Selbst et al., 1993; Factor-Litvak et al., 1996). However, these were all 

conducted among participants with high blood Pb levels (>20 μg/dL), thereby precluding 

direct comparisons with our study (Jhaveriet al., 1979; Selbst et al., 1993; Factor-Litvak et 

al., 1996).

The evidence for the association between blood Hg levels and BP has been inconsistent. A 

study among the Nunavik Inuit adults in Canada showed a positive association between 

blood Hg levels and SBP, but another study among adults and teenagers in French Polynesia 

found no associations (Valera, Dewailly et al. 2009, 2011). The mean (95% CI) blood Hg 

levels were 10.0 μg/L (9.1, 10.8) in the Canadian study, and 8.1 (7.2, 9.1) μg/L among 

teenagers in French Polynesia (Valera, Dewailly et al. 2009, 2011). Further, among 16–49 

year-old women participating in NHANES 1999–2000, no association was seen between 

blood Hg levels [mean (range): 1.8 (0.1, 21.4) μg/L] and BP (Vupputuriet al., 2005). To our 

knowledge, no studies on blood Hg levels and BP have been exclusively conducted among 
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children. Yet, consistent with findings from the studies of low-level Hg exposure in adults, 

we found no associations between blood Hg levels and BP in OLS regression models. On 

the other hand, BKMR analyses revealed an association of Hg with DBP that was non-linear, 

although it was not statistically significant after adjusting for other toxicants. Additional 

studies with a wide range of Hg exposure levels, as well as its interaction with other 

toxicants, are needed to better understand the relationship between Hg and BP in children.

The potential association between Cd exposure and increased BP is hypothesized to act via 

the vascular effects of Cd (Gallagher and Meliker 2010). Cadmium is thought to inhibit 

endothelial nitric oxide synthase protein in the blood vessels, thus leading to a suppression 

of acetylcholine-induced vascular relaxation, and eventually hypertension (Yoopanet al., 

2008). A systematic review and meta-analysis has suggested a positive association between 

blood Cd and BP among women; a definitive conclusion, however, cannot be drawn because 

of the lack of large population-based studies among non-smokers (Gallagher and Meliker 

2010). In the current study with 8–17 year-old children, we found no associations between 

urinary Cd and BP in OLS regression models. However, the BKMR analysis revealed an 

inverse association of Cd with both SBP and DBP, even after adjusting for other toxicants. 

Nevertheless, our findings were limited by the fact that ~37% of urinary Cd measures were 

<LOD. Our findings on Cd exposure and BP need to be confirmed in populations with a 

wider exposure distribution.

Evidence on the relationship between As exposure and BP among children and adolescents 

largely comes from geographical areas that are characterized by high levels of groundwater 

As. For instance, concurrent urinary As concentrations [mean (SD): 158 (207) μg/g 

creatinine)] were associated with higher SBP among Bangladeshi adolescents between the 

ages 14–17 years (Chen et al., 2019). In another study in Bangladesh, an increase of 1 mg/L 

of urinary As concentrations at 18 months of age was associated with 8.2 mmHg (95% CI: 

1.37, 15.1) increase in SBP measured at the age of 4.5 years (Hawkesworthet al., 2013). In 

this study, the median (25%, 75%) urinary As concentrations were 33.9 (18.2, 77.4) μg/L 

(Hawkesworthet al., 2013). Similar results were seen among 3–8 year-old Mexican children; 

total urinary As concentrations [mean (range): 59.0 (5.71, 370) ng/ml] were positively 

associated with both SBP and DBP (Osorio-Ýañez et al., 2015). Urinary As concentrations 

among participants in our study were substantially lower, median (5th, 95th Percentile) = 

5.61 (1.37, 33.2) μg/g creatinine. Our OLS models showed no asociations of As with BP 

measures, perhaps because the exposure levels were so low.

We observed no statistically significant interactions between sodium intake and biomarkers 

of any of the toxicants on study endpoints. Sodium intake was positively associated with BP 

in children and adolescents in observational as well as experimental studies (Leyvrazet al., 

2018). Yet no other studies have assessed interactions between this risk factor and low-level 

toxicant exposure in association with BP in children. Therefore, there is a need to further 

understand the biological relationships between sodium intake and toxicant exposure among 

children and adolescents, and to confirm our findings.

Our study findings need to be interpreted in light of certain limitations. First, our analyses 

are based on cross-sectional data, which do not allow for causal associations to be 
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established between exposures and outcomes. Second, we did not include smoking or 

physical activity as covariates in our statistical models, where both these variables could be 

associated with BP and heavy metal exposure. The decision to exclude these covariates was 

made to maximize statistical power through maintaining a robust sample size. Although our 

findings may be explained by the absence of these potential confounders, the likelihood of 

this is low, given that these variables showed a weak correlation with the exposures and 

outcomes (all correlation coefficients <0.2). Third, our study participants had low-level 

toxicant exposure, which limits the generalizability of our findings to populations with 

similar exposure profiles. Fourth, we made multiple comparisons in both the linear 

regression models and the BKMR models, increasing the possibility of false positive 

findings. Fifth, the study relied on BP assessment at a single time point. Finally, although 

blood markers of Pb and Hg are widely used to assess exposure, they reflect an exposure 

window of the preceding 2–3 months (Weil et al., 2005; Centers for Disease Control and 

Prevention 2017), whereas urinary As reflects an exposure window of the preceding few 

days (NRC 1999). Changes in BP usually occur as a result of chronic processes, therefore, 

the utility of blood markers of Pb and Hg, and urinary As in relation to BP is limited. On the 

other hand, to the extent that low or very low-level exposures are likely to track over time in 

children, the biomarker levels found in our study may be reflective of the children’s 

exposure history.

The strengths of our study include the use of a large, nationally representative sample from 

four NHANES cycles. Further, we included four toxicants, and assessed their joint 

associations with BP. We also assessed interactions by sodium intake. The study sample 

included children with at least 2 BP readings, which reduced the effect of intra-individual 

variability and measurement error on the observed associations. Our study is among the few 

assessing the associations between exposure to multiple toxicants at low concentrations and 

BP in a wide range of ages during childhood and adolescence. Understanding risk factors for 

BP dysregulation in early life holds public health significance and could be used in the 

development of interventions.

5. Conclusion

In a nationally representative sample of 8–17 year-old NHANES 2009–2016 participants, 

we found a suggestive inverse association of low-level exposure to the mixture of Pb, Hg, 

As, and Cd, with DBP, but not with SBP or PP. Longitudinal studies with multiple toxicants 

are needed to understand not only the potential interactive effects of toxicants but also 

possible windows of susceptibility during childhood for developing elevated BP.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Funding sources

Supported in part by Interdisciplinary Training in Cancer Epidemiology: T32CA113951 (Amy Shaver), American 
Heart Association pre-doctoral fellowship (Zhongzheng Niu, Grant number: 20PRE35120245), and the Community 
of Excellence in Global Health Equity, University at Buffalo (Seth Frndak & Gauri Desai).

Desai et al. Page 11

Environ Res. Author manuscript; available in PMC 2021 June 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Abbreviations:

BKMR Bayesian Kernel Machine Regression

BP Blood pressure

BMI Body mass index

DBP Diastolic blood pressure

LOD Limit of detection

NHANES National Health and Nutrition Examination Survey

OLS Ordinary least squares

PP Pulse pressure

SBP Systolic blood pressure
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Fig. 1. 
Association of toxicants with SBP estimated by Bayesian Kernel Machine Regression 

(BKMR) among 1642 children aged 8–17 years from NHANES 2009–2016. Model adjusted 

for age, sex, race, BMI, total energy intake, NHANES cycle, education of household head, 

and income to poverty ratio. (A) Pearson correlation matrix for SBP and toxicants. (B) 

Univariate exposure-response function and 95% confidence bands for each toxicant with the 

other toxicants fixed at the median. (C) Single toxicant effect on SBP comparing the upper 

quartile to the lower quartile level of a particular toxicant while fixing the other toxicants at 

the 25th, 50th, and 75th percentile. (D) Toxicant mixture effect on SBP, comparing various 

percentiles of the mixture to the median (50th percentile).
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Fig. 2. 
Association of toxicants with DBP estimated by Bayesian Kernel Machine Regression 

(BKMR) among 1642 children aged 8–17 years from NHANES 2009–2016. Model adjusted 

for age, sex, race, BMI, total energy intake, NHANES cycle, education of household head, 

and income to poverty ratio. (A) Pearson correlation matrix for DBP and toxicants. (B) 

Univariate exposure-response function and 95% confidence bands for each toxicant with the 

other toxicants fixed at the median. (C) Single toxicant effect on DBP comparing the upper 

quartile to the lower quartile level of a particular toxicant while fixing the other toxicants at 

the 25th, 50th, and 75th percentile. (D) Toxicant mixture effect on DBP, comparing various 

percentiles of the mixture to the median (50th percentile). “U” indicates urinary toxicants, 

“B” indicates blood toxicants; SD: standard deviation.
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Table 1

Sociodemographic, anthropometric, and biochemical characteristics of 8–17 year-old 2009–2016 NHANES 

participants who were included in (n = 1642) vs. excluded (n = 5, 128) from the analyses.

Participant Characteristics Included in Study Sample 
(n = 1642)

Variable-
specific sample 
size among 
those excluded 
from the study

Total excluded from Study 
Sample (n = 5128)

Age, months, median (5th, 95th Percentile) 152 (102, 200) 5128 143 (100, 198)

Sex, n (%)

Males 818 (49.8) 5128 2621 (51.1)

Females 824 (50.2) 2507 (48.9)

Race, n (%)

Non-Hispanic White 435 (26.5) 5128 1429 (27.9)

Non-Hispanic Black 379 (23.1) 1263 (24.6)

Hispanic 599 (36.5) 1727 (33.7)

Other 229 (13.9) 709 (13.8)

Poverty to Income Ratio, n (%) 5128

≤150% 749 (45.6) 2322 (45.3)

>150% 780 (47.5) 2399 (46.8)

Missing 113 (6.9) 407 (7.9)

Education of Household Head, n (%) 172 (10.5)

Less Than 9th Grade 279 (17.0) 5128 582 (11.4)

9–11th Grade 332 (20.2) 732 (14.3)

High School Graduate 458 (27.9) 1115 (21.7)

Some College 354 (21.5) 1443 (28.1)

College or above 47 (2.90) 1090 (21.3)

Missing 166 (3.2)

Body Mass Index (kg/m2), median (5th, 95th Percentile) 20.4 (15.1, 33.6) 5083 20.1 (14.8, 32.2)

Blood Pb (μg/dL), median (5th, 95th Percentile) 0.57 (0.26, 1.60) 5128 0.44 (0.05, 1.57)

Blood Hg (μg/L), median (5th, 95th Percentile) 0.37 (0.19, 2.12) 5128 0.23 (0.11, 1.52)

Urinary As (μg/g creatinine), median (5th, 95th 
Percentile)

5.61 (1.37, 33.2) 4910 0.39 (0.08, 7.09)

Urinary Cd (μg/g creatinine), median (5th, 95th 
Percentile)

0.06 (0.03, 0.23) 4910 0.03 (0.01, 0.13)

Urinary creatinine (mg/dL), median (5th, 95th 
Percentile)

107 (26.0, 260) 4910 111 (27.0, 264)

Systolic Blood Pressure (mmHg), median (5th, 95th 
Percentile)

105 (89.3, 122) 4707 104 (89.3, 121)

Diastolic Blood Pressure (mmHg), median (5th, 95th 
Percentile)

56.7 (38.0, 73.3) 4693 560. (28.0, 72.7)

Pulse Pressure (mmHg), median (5th, 95th Percentile) 47.3 (28.7, 71.0) 4693 48.7 (30.0, 79.3)

Units: μg/dL: Micrograms per deciliter, μg/L: Micrograms per liter, mmHg: Millimeters of mercury.

Chemical Symbols, alphabetical: As: Arsenic, Cd: Cadmium, Hg: Mercury, Pb: Lead.
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Table 2

OLS
1
 linear regression results showing the associations between toxicant exposure and systolic, diastolic, and 

pulse pressure among study participants (n = 1642).

SBP, mmHg β (95% CI) DBP, mmHg β (95% CI) PP, mmHg β (95% CI)

Univariate Single Toxicant Models

Log Blood Pb (μg/dL) −1.48 (−2.31, −0.65) −1.64 (−2.56, −0.73) − 0.17 (−0.94, 1.27)

Log Blood Hg (μg/L) 0.06 (−0.54, 0.66) − 0.26 (−0.92, 0.40) 0.32 (−0.47, 1.11)

Log Urinary As (μg/g creatinine) −1.65 (−2.23, −1.07) −0.91 (−1.55, −0.26) − 0.75 (−1.52, 0.03)

Log Urinary Cd (μg/g creatinine) −1.82 (−2.55, −1.09) −0.97 (−1.78−0.16) − 0.85 (−1.82, 0.12)

Covariate-Adjusted Single Toxicant Models
a

Log Blood Pb (μg/dL) − 0.27 (−1.07, 0.53) − 0.06 (−1.05, 0.93) − 0.21 (−1.39, 0.98)

Log Blood Hg (μg/L) 0.005 (−0.53, 0.54) − 0.59 (−1.25, 0.07) 0.59 (−0.19, 1.38)

Log Urinary As (μg/g creatinine) − 0.32 (−0.84, 0.21) − 0.20 (−0.86, 0.45) − 0.11 (−0.89, 0.67)

Log Urinary Cd (μg/g creatinine) − 0.59 (−1.25, 0.08) − 0.76 (−1.58, 0.06) 0.17 (−0.81, 1.15)

Covariate-Adjusted Multiple-Toxicant Models
b

Log Blood Pb (μg/dL) − 0.23 (−1.05, 0.58) 0.11 (−0.89, 1.11) − 0.34 (−1.54, 0.86)

Log Blood Hg (μg/L) 0.20 (−0.40, 0.80) − 0.63 (−1.37, 0.11) 0.83 (−0.05, 1.72)

Log Urinary As (μg/g creatinine) − 0.33 (−0.92, 0.27) 0.15 (−0.58, 0.88) − 0.48 (−1.35, 0.40)

Log Urinary Cd (μg/g creatinine) − 0.53 (−1.20, 0.14) − 0.74 (−1.57, 0.09) 0.21 (−0.78, 1.21)

1
Ordinary least squares.

Units: μg/dL – Micrograms per deciliter; μg/g – Micrograms per gram, μg/L – Micrograms per liter, mmHg: Millimeters of mercury.

Chemical Symbols and Abbreviations, alphabetical: As – Arsenic; Cd – Cadmium; DBP – Diastolic blood pressure, Hg – Mercury; Pb – Lead; PP 
– Pulse pressure, SBP – Systolic blood pressure.

Bolded values indicate statistical significance at an alpha level of 0.05. “Log” refers to natural log-transformation Urinary As and Cd were adjusted 
for urinary creatinine prior to natural log-transformation.

a
Adjusted for age, sex, race, BMI, total energy intake, NHANES cycle, education of household head, and income to poverty ratio. Each metal 

predicts blood pressure outcome separately.

b
Adjusted for the same covariates; all metals are included together in the same model.
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Table 3

Interaction between sodium intake
a
 and toxicant exposure among study participants (n= 1642).

SBP, mmHg β (95% CI) DBP, mmHg β (95% CI) PP, mmHg β (95% CI)

Covariate Adjusted Single Toxicant Models with Interaction terms
b

Log Blood Pb
a
 Na intake −0.84 (−2.48, 0.81) 1.69 (−0.34, 3.72) 1.68 (−0.48, 3.84)

Log Blood Hg
a
 Na intake 0.01 (−1.16, 1.19) 0.24 (−1.21, 1.69) −0.23 (−1.96, 1.51)

Log Urinary As
a
 Na intake

−0.38 (−1.54, 1.00 (−0.43, −1.38 (−3.10,

0.78) 2.43) 0.33)

Log Urinary Cd
a
 Na intake −1.21 (−2.65, 0.23) 0.39 (−1.39, 2.17) −1.60 (−3.73, 0.53)

Units: mmHg: Millimeters of mercury.

Chemical Symbols and Abbreviations, alphabetical: As – Arsenic; Cd – Cadmium; DBP – Diastolic blood pressure, Hg – Mercury; Na – Sodium; 
Pb – Lead; PP – Pulse pressure; SBP – Systolic blood pressure.

Bolded values indicate statistical significance at an alpha level of 0.05. “Log” refers to natural log-transformation Urinary As and Cd were adjusted 
for urinary creatinine prior to natural log-transformation.

a
Sodium intake dichotomized as ≤2200 mg/day, n = 230 vs. >2200 mg/day, n = 662 for participants between 8 and 13 years of age, and as ≤2300 

mg/day, n = 211 vs. >2300 mg/day, n = 539 for participants between 14 and 17 years of age.

b
Adjusted for age, sex, race, BMI, total energy intake, NHANES cycle, education of household head, and income to poverty ratio. Each metal 

predicts blood pressure outcome separately.
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