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BACKGROUND: In utero exposure to heavy metals lead (Pb), mercury (Hg), and cadmium (Cd) may be associated with higher childhood blood pres-
sure (BP), whereas trace elements selenium (Se) and manganese (Mn) may have protective antioxidant effects that modify metal-BP associations.

OBJECTIVES:We examined the individual and joint effects of in utero exposure to Pb, Hg, Cd, Se, and Mn on childhood BP.
METHODS: We used data from the Boston Birth Cohort (enrolled 2002–2013). We measured heavy metals and trace elements in maternal red blood
cells collected 24–72 h after delivery. We calculated child BP percentile per the 2017 American Academy of Pediatrics Clinical Practice Guideline.
We used linear regression models to estimate the association of each metal, and Bayesian kernel machine regression (BKMR) to examine metal coex-
posures, with child BP between 3 to 15 years of age.

RESULTS: Our analytic sample comprised 1,194 mother-infant pairs (61% non-Hispanic Black, 20% Hispanic). Hg and Pb were not associated with
child systolic BP (SBP). Se and Mn were inversely associated with child SBP percentiles, which, on average, were 6.23 points lower with a doubling
of Se (95% CI: −11:51, −0:96) and 2.62 points lower with a doubling of Mn (95% CI: −5:20, −0:04). BKMR models showed similar results.
Although Cd was not associated with child SBP overall, the inverse association between Mn and child SBP was stronger at higher levels of Cd
(p-interaction= 0:04). Consistent with this finding, in utero exposure to cigarette smoke modified the Mn–child SBP association. Among children
whose mothers smoked during pregnancy, a doubling of Mn was associated with a 10.09-point reduction in SBP percentile (95% CI: −18:03, −2:15),
compared with a 1.49-point reduction (95% CI: −4:21, 1.24) in children whose mothers did not smoke during pregnancy (p-interaction= 0:08).

CONCLUSION: Se and Mn concentrations in maternal red blood cells collected 24–72 h after delivery were associated with lower child SBP at 3 to 15
years of age. There was an interaction between Mn and Cd on child SBP, whereby the protective association of Mn on child SBP was stronger among
mothers who had higher Cd. The association of Mn and child SBP was also modified by maternal cigarette smoking—a source of Cd—during preg-
nancy. Optimizing in utero Se levels, as well as Mn levels in women who had high Cd or smoked during pregnancy, may protect offspring from
developing high BP during childhood. https://doi.org/10.1289/EHP8325

Introduction
High blood pressure (BP) is the leading modifiable risk factor for
cardiovascular diseases (CVD) (Virani et al. 2020) and is responsi-
ble for 7.8 million deaths per year worldwide (Forouzanfar et al.
2017). Despite efforts to control BP, the global burden of high BP
is still on the rise (Danaei et al. 2011; Forouzanfar et al. 2017). BP
tracks from childhood to adulthood (Chen and Wang 2008).
Higher child BP is associated with hypertension and CVD in adult-
hood (Theodore et al. 2015; Yang et al. 2020). Identifying modifi-
able risk factors for high BP in childhood may thus pave the way
for primordial prevention of CVD.

Lead (Pb), mercury (Hg), and cadmium (Cd) are highly toxic
metals that have no known physiological role but can cause
adverse health effects even at trace levels. Exposure to these met-
als is associated with higher risk of hypertension and CVD in

adults (Chowdhury et al. 2018; Hu et al. 2018; Lanphear et al.
2018; Navas-Acien et al. 2007; Nawrot et al. 2002) and in preg-
nant women (Kahn and Trasande 2018; Liu et al. 2019). The
prevalence of exposure to these metals among pregnant women is
high. In the U.S. National Health and Nutrition Examination
Survey (NHANES) 1999–2016 data, 83%–98% of pregnant
women had detectable levels of Pb, Hg, and/or Cd, with a high
frequency of coexposure (Watson et al. 2020). Pb, Hg, and Cd in
maternal blood can cross the placenta, accumulate in fetal tissues
(Gundacker and Hengstschläger 2012), and may affect offspring
cardiovascular health; however, research is limited. Few studies
have examined the association of in utero exposure to Pb (Farzan
et al. 2018; Gump et al. 2005; Skröder et al. 2016; Zhang et al.
2012), Hg (Gregory et al. 2016; Kalish et al. 2014; Sørensen et al.
1999; Thurston et al. 2007), or Cd (Chatzi et al. 2019;
Hawkesworth et al. 2013) with child BP, with mixed findings.
Most of these studies, however, only measured child BP in
early childhood and did not examine differences by child sex,
despite literature showing sexual dimorphism in BP across life
span (Ji et al. 2020; Xia et al. 2020). Moreover, Black and
Hispanic populations have been underrepresented in these stud-
ies, despite their high exposure to metals (Shim et al. 2017) and
high prevalence of hypertension and CVD (Fryar et al. 2017;
Rosner et al. 2013).

Selenium (Se) and manganese (Mn) are essential trace ele-
ments for human health. In adults, some studies suggested that Se
and Mn may have protective effects against hypertension and
CVD, although there is also evidence of possible adverse effects,
nonlinear relationships, or null effects of these elements on BP
and CVD (Bulka et al. 2019; Laclaustra et al. 2009; Lee and Kim
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2011; Mordukhovich et al. 2012; Nawrot et al. 2007; Wu et al.
2017). In pregnant women, we reported in the Boston Birth
Cohort (Liu et al. 2019) and in Project Viva (Liu et al. 2020) that
higher maternal Mn levels were prospectively associated with
lower risk of preeclampsia, a pregnancy complication character-
ized by high BP and a known risk factor for child high BP
(Zhang et al. 2020b). It is unclear how in utero exposure to Se
and Mn is associated with BP in children.

Additionally,metalsmay interact with each other and have syn-
ergistic and/or antagonistic effects on health. For example, animal
studies have found that Cd inhibits Mn uptake (Gruden and
Matausić 1989),Mn reduces Cd-induced lethality and hepatotoxic-
ity (Goering and Klaassen 1985), and Se reduces the toxicity of
metals such as Cd, Hg, and Pb (ATSDR 2003; Frost 1972); these
interactions were dependent on exposure dose, route, and target
organ, and the mechanisms are still not fully understood.
Epidemiological studies in children have also provided evidence
of metal interactions on child neurodevelopmental outcomes
(Henn et al. 2012; Sanders et al. 2015; Valeri et al. 2017;
Wasserman et al. 2006). However, it remains unclear whether
in utero coexposure to a mixture of metals and trace elements
affects child BP and whether metal interactions exist. To our
knowledge, no animal studies have examined interactions of pre-
natal metal exposures on offspring BP or CVD. One cohort study
in Mexico City, Mexico, by Kupsco et al. reported a decrease in
child systolic BP (SBP), with higher concentrations of a mixture of
11 metals in maternal blood collected during the second trimester,
although Mn and Se were not individually associated with child
SBP in the multivariable analyses that included one metal at a time
(Kupsco et al. 2019). The authors also did not observe evidence of
interactions of these metals on BP. More recently, Howe et al.
found in a Greek cohort a potential interaction of Pb and molybde-
num on child BP at 11 years of age (Howe et al. 2021).

In this study, we aimed to assess the impact of in utero coex-
posure to metals Pb, Hg, and Cd and trace elements Se and Mn
on child BP from 3 to 15 years of age. We used data from the
Boston Birth Cohort, one of the largest and longest running birth
cohorts in the United States, comprising a predominantly urban,
racially diverse, and low-income population from Boston,
Massachusetts. We hypothesized that in utero metal exposures
affect child BP, and the metals and trace elements interact with
each other to affect child BP. Given the inconclusive prior evi-
dence on how these metals and trace elements may affect child
BP (e.g., adverse, protective, or null effects, nonlinear relation-
ships, and potential interactions), we used Bayesian kernel
machine regression (BKMR), a flexible mixture modeling
approach that enabled us to examine the independent and joint
effects of these metals and trace elements on child BP, while
simultaneously allowing for evaluation of nonlinear effects and
interactions of the metals and trace elements (Bobb et al. 2015).

Methods

Study Design and Population
The Boston Birth Cohort is an ongoing prospective birth cohort
that follows up mother–child dyads at the Boston Medical
Center, Boston, Massachusetts. Briefly, women admitted to the
labor and delivery floor at the Boston Medical Center who deliv-
ered a singleton live infant without major birth defects were eligi-
ble for participation in this cohort. Research staff approached and
recruited mothers 24 to 72 h after delivery.

Mother–child dyads in this analysis were enrolled between
November 2002 to October 2013 (followed up until May 2018).
Of the 1,501 mothers who had their blood samples collected and
metal concentrations measured, 1,272 had their child’s BP

measured between 3 to 15 years of age. We excluded 78 dyads
with missing data on key maternal covariates, including maternal
educational level, prepregnancy body mass index (BMI), or ciga-
rette smoking history. A total of 1,194 mother–child dyads were
included in the final analytic data set. A comparison of the char-
acteristics of dyads included in vs. excluded from this analysis is
provided in Table S1.

The Boston Medical Center and the Johns Hopkins Bloomberg
School of Public Health institutional review boards approved this
study. We obtained written informed consent from each child’s bi-
ological mother and assent from the child.

Metals and Trace Elements Analysis
We used heavymetal (Pb, Hg, Cd) and trace element (Se,Mn) con-
centrations measured in maternal red blood cells (RBCs) collected
24 to 72 h after delivery as a proxy for third trimester in utero expo-
sure. We collected maternal blood samples, separated plasma and
red blood cells by centrifugation, and kept these samples at −80�C
in metal-free vials. Methods for the measurements of metals and
trace elements were published previously (Chen et al. 2014).
Aliquots (0:5 mL) were transported on dry ice to the Public Health
and Environmental Laboratories in Trenton, New Jersey, and were
measured using inductively coupled plasma mass spectrometry
(ICP-MS). We measured all five elements in the same run. Intra-
assay coefficients of variation were ≤5:0%. Table 1 provides the
summary data, the limits of detection, and the number (%) of sam-
ples below the limits of detection for each metal and trace element.
We assigned samples below the limits of detection a value as detec-
tion limit divided by the square root of 2. Histograms of metal and
trace element concentrations are provided in Figure S1.

Child BP
We used child BP measured at the most recent annual well-child
visit, which fell between 3 to 15 years of age. Clinical staffmeasured
child BP using a validated automatic sphygmomanometer Masimo
SET with an appropriately sized cuff at the right brachial artery in a
quiet room with the child in a sitting position. We calculated child
age-, sex-, and height-specific BP percentile based on the 2017
American Academy of Pediatrics Clinical Practice Guideline
(Flynn et al. 2017). This Guideline updated the 2004 Pediatric
Hypertension Guideline to include revised definitions of BP catego-
ries that align with the 2017 American College of Cardiology/
American Heart Association (ACC/AHA) Hypertension Guidelines
for adults (Whelton et al. 2018). In this Guideline, BP percentiles
were calculated using new normative BP tables based on SBP and
diastolic BP (DBP) readings arranged by age, sex, and height from
∼ 50,000 normal-weight children and adolescents (Flynn et al.
2017). We used SBP as the primary outcome and DBP as the sec-
ondary outcome, because SBP is more strongly associated with
hypertension and CVD in adulthood (Chen and Wang 2008; Sun
et al. 2007); this approach is consistent with our previous studies in
the BostonBirth Cohort (Zhang et al. 2018, 2020b).

Covariates
We extracted information on maternal age at delivery, pree-
clampsia, chronic diabetes mellitus, gestational diabetes mellitus,
child sex, birth weight, and gestational age at birth from the elec-
tronic medical records. We collected data on maternal prepreg-
nancy weight, height, race/ethnicity, educational level, and
cigarette smoking history from a standardized Maternal Postpar-
tum Questionnaire administered 24 to 72 h after delivery.
Mothers were also asked in the questionnaire how often they ate fish
per week on average during pregnancy, and choices included
“None,” “<1 d=week,” “1–2 d/week,” “3–5 d/week,” “6–7 d/week,”
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and “do not know.” We calculated maternal prepregnancy BMI as
weight (kilograms) divided by height (meters) squared and classi-
fied mothers as underweight (<18:5 kg=m2), normal weight (18:5
to 25 kg=m2), overweight (25 to 30 kg=m2), and obese (≥30
kg=m2). We defined low birth weight as birth weight <2,500 g
and preterm birth as gestational age at birth <37 wk. Child weight
and height were measured by trained medical staff at the same clini-
cal visit as child BP. We calculated child BMI as weight (kilo-
grams) divided by height (meters) squared.

Statistical Analysis
We used linear regression models to examine the associations
between in utero exposure to each metal and trace element with
child BP. We included product terms of each pair of metals and
trace elements (log2-transformed) in the regression models to
examine their interactions. We modeled metal and trace element
concentrations as continuous variables (log2-transformed to
account for the right-skewness of the concentrations; Figure S1)
and as categorical variables (quartiles).

We also used BKMR to assess potential independent effects of
each metal and trace element, joint effects of each pair of metals
and trace elements, and mixture effects of all metals and trace ele-
ments on child BP (Bobb et al. 2015; Valeri et al. 2017).
Specifically, we used BKMR to estimate: a) the association of each
metal and trace element with child BP, when all four other metals
and trace elements are fixed at their 50th percentile; b) the associa-
tion of each pair of metals and trace elements with child BP, when
all three other metals and trace elements are fixed at their 50th per-
centile; and c) the overall effect of metal mixtures by estimating
differences in BP, when all five metals and trace elements are held
at their 10th to 90th percentile (with 10 percentile point incre-
ments) as compared to when they are held at their 50th percentile.
We applied the default parameters in the kmbayes function in R
package bkmr (version 0.2.0) (Bobb et al. 2018) and fitted four par-
allel Markov chain Monte Carlo (MCMC) chains (100,000 itera-
tions for each chain that included 50,000 burn-in iterations) using
the kmbayes_parallel function in R package bkmrhat (version
1.0.2). We investigated model convergence by inspecting the trace
plots, autocorrelation plots, density plots, and the Gelman-Rubin
convergence statistics. In an additional analysis, we grouped the
five elements into heavy metals (Pb, Cd, Hg) and trace elements
(Mn, Se) and conducted hierarchical variable selection that
allowed us to estimate the posterior inclusion probability (PIP) for
each group as well as conditional PIPs for eachmetal/trace element
within the group. We used log2-transformed metals and trace ele-
ments in all BKMRanalyses.

We defined confounders as covariates expected to be associ-
ated with in utero metal and trace element exposure and child BP
but not on the potential causal pathway based on a priori infor-
mation from the literature. In both the linear regression and the
BKMR models, we adjusted for maternal age at delivery (contin-
uous), self-reported race/ethnicity (non-Hispanic Black; non-
Hispanic White; Hispanic; non-Hispanic others [including Asian,

Pacific Islander, and mixed-race]), educational level (middle
school or below; high school graduate or some college; college
graduate and above), cigarette smoking history (never smoked;
quit smoking before pregnancy; smoked during pregnancy), and
maternal prepregnancy BMI (underweight; normal weight; over-
weight; obese). A Directed Acyclic Graph (DAG) that outlines
the hypothesized relationships between all variables in this analy-
sis is provided in Figure S2 (Textor et al. 2016).

A priori, we considered as potential effect modifiers child sex
(male vs. female), age group (3–5 y, 6–9 y, 10–15 y), and mater-
nal race/ethnicity (non-Hispanic Black vs. Hispanic). We esti-
mated the stratum-specific associations for each subgroup, and
we included a product term of the potential effect modifier and
the log2-transformed metal/trace element concentration in the
multivariable-adjusted linear models and used the p-values of the
product terms as interaction p-values. We did not conduct sub-
group analysis in the White (n=57) or the “Others” (n=177)
race/ethnicity groups due to the small sample size. We considered
a two-sided p<0:10 as evidence for effect modification.

During the analysis, we observed an interaction of Mn and Cd
with child SBP. Because cigarette smoking is a common major
source of Cd exposure (Ashraf 2012), we conducted a post hoc
analysis to examine whether maternal Cd levels differed by ciga-
rette smoking during pregnancy (dichotomized as smoked vs. did
not smoke, with mothers who never smoked and those who quit
smoking before pregnancy combined into a single category)
using a Wilcoxon rank-sum test. We estimated stratum-specific
associations of Pb, Hg, Cd, Mn, or Se with child SBP by maternal
smoking status. We included a product term of maternal smoking
status and the log2-transformed metal/trace element concentra-
tion in the multivariable-adjusted linear models and used the
p-values of the product terms as interaction p-values. We consid-
ered a two-sided p<0:10 as evidence for effect modification.

We performed sensitivity analyses to assess the robustness of
our findings. The sensitivity analyses were limited to SBP out-
comes, the primary outcomes in this analysis. First, we additionally
adjusted for the following covariates: a) maternalfish intake during
pregnancy (none;≤1 d=wk; 1–2 d/wk; 3–5 d/wk; 6–7 d/wk; do not
know); b) maternal preeclampsia (yes; no) and diabetes mellitus
(no; chronic; gestational); and c) child BMI (continuous) measured
at the same clinical visit as child BP. Second, because percentiles
are not on a scale with equal intervals (i.e., the difference between
two BP readings may be different from other two BP readings
whose percentile difference is the same), we used child SBP z-
score as the outcome. Third, we estimated the association of each
metal and trace element with child elevated SBP (defined as SBP
≥90th percentile) using logistic regression. Fourth, we used the
stabilized inverse probability weighting method to account for the
potential selection bias due to missing child SBP and key covari-
ates. We estimated the probability of being included in (n=1,194)
vs. excluded from (n=307) the final analytic data set based on
covariates including maternal age at delivery; race/ethnicity; edu-
cational level; cigarette smoking history; prepregnancy BMI;
maternal RBC Pb, Hg, Cd, Se, Mn concentrations; and child birth

Table 1. Distributions, limits of detection, and number (%) of samples below limits of detection for lead, mercury, cadmium, selenium, and manganese
(n=1,194).

Metals and trace elements Mean (SD) 25th percentile 50th percentile 75th percentile Limit of detection (LOD) Number (%) of samples below LOD

Lead (lg=dL) 3.29 (3.03) 1.65 2.42 3.68 0.07 0 (0)
Mercury (lg=L) 3.15 (3.60) 1.06 2.15 3.70 0.280 134 (11.2%)
Cadmium (lg=L) 0.86 (0.68) 0.46 0.69 1.04 0.100 104 (8.7%)
Selenium (lg=L) 289.50 (60.49) 248.00 278.00 316.00 24.5 0 (0)
Manganese (lg=L) 39.57 (15.28) 28.80 37.30 48.00 0.99 2 (0.2%)

Note: Mother–child dyads in the Boston Birth Cohort are from Boston, Massachusetts. Dyads included in this analysis were enrolled between November 2002 to October 2013 (fol-
lowed up until May 2018). Metal and trace element concentrations were measured in maternal red blood cells collected 24–72 h after delivery. We assigned samples below the LOD a
value as LOD divided by square root of 2. Distributions were based on data after values were imputed for samples below the LODs. LOD, limit of detection; SD, standard deviation.
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weight and gestational age at birth and then applied the weights to
the fully adjusted linear regressionmodels.

We conducted analyses using Stata (version 15.1; StataCorp)
and R (version 3.6.3; R Development Core Team).

Results

Descriptive Results
Of the 1,194 mothers in the analysis sample, the mean age at
delivery was 28.7 [standard deviation (SD): 6.5 y], 722 (60.5%)
were non-Hispanic Black, 302 (25.3%) did not finish high school,

and 632 (52.9%) were overweight or obese prior to pregnancy.
Of children, 603 (50.5%) were female, 291 (24.4%) were born
preterm (Table 2), and 188 (15.7%) had elevated SBP. The me-
dian [interquartile range (IQR)] age at BP measurement was 8.4
(6.2–10.6) y (range: 3.0–15.4 y) (Table S2; Figure S3). Spearman
correlations of each pair of metals ranged from −0:04 to 0.35
(Figure 1). MCMC chains showed good convergence across all
estimated parameters (Figure S4; Table S3).

In comparison with mothers excluded from the analysis
(n=307), mothers included were more likely to be non-Hispanic
Black, were less likely to be Hispanic or to have smoked during
pregnancy, and had different levels of education. Children
included were less likely to have been born preterm and had
higher BMI. Other maternal and child characteristics, including
RBC metal and trace element concentrations, were not statisti-
cally significantly different between the two groups (Table S1).

Individual Metal and Trace Element with Child BP
Estimates from multivariable-adjusted linear regression models
indicated inverse associations between SBP percentiles and a
doubling of maternal Se (−6:23; 95% CI: −11:51, −0:96) and
Mn (−2:62; 95% CI: −5:20, −0:04) (Table 3). When Se and Mn
were modeled as quartiles, estimates were generally consistent
with inverse associations, though support for an inverse trend
was stronger for Se (successively stronger associations for the
third and fourth quartiles) than for Mn (inverse for all exposures
above the first quartile, but weaker for the highest quartile than
the second and third relative to the first). Estimated associations
for a doubling of Pb, Hg, and Cd were essentially null, and
quartile-specific estimates did not suggest clear positive or nega-
tive trends. Figure 2 illustrates the multivariable adjusted expo-
sure–response functions for each metal and trace element with
child SBP percentile with all the other four metals and trace ele-
ments fixed at the 50th percentile, as estimated by the BKMR
models; the results were generally consistent with the linear
regression models. Results did not suggest associations of metal
or trace element concentrations with DBP percentiles, with the
possible exception of an inverse association with Se (−2:75; 95%
CI: −6:90, 1.40 for a doubling of exposure, and a negative slope
based on BKMR) (Table S4; Figure S5).

Table 2. Characteristics of the mothers and children included in this analysis
(n=1,194).

Maternal characteristics

Age at delivery (y, mean ± SD) 28.7 ± 6.5
Race/ethnicity [n (%)]
Non-Hispanic Black 722 (60.5)
Non-Hispanic White 57 (4.8)
Hispanic 238 (19.9)
Others 177 (14.8)
Educational level [n (%)]
Middle school or below 302 (25.3)
High school graduate or some college 731 (61.2)
College graduate and above 161 (13.5)
Prepregnancy BMI categories [n (%)]
Underweight 44 (3.7)
Normal weight 518 (43.4)
Overweight 332 (27.8)
Obese 300 (25.1)
Cigarette smoking history [n (%)]
Never smoked 983 (82.3)
Quit smoking before pregnancy 103 (8.6)
Smoked during pregnancy 108 (9.0)
Preeclampsiaa [n (%)]
No 1,065 (89.4)
Mild 48 (4.0)
Severe 78 (6.5)
Missing 3
Diabetes mellitus [n (%)]
No 1,039 (87.0)
Gestational diabetes mellitus 100 (8.4)
Chronic diabetes mellitus 55 (4.6)
Frequency of fish consumption during

pregnancya [n (%)]
None 270 (22.9)
<1 d=wk 333 (28.2)
1–2 d/wk 422 (35.7)
3–5 d/wk 131 (11.1)
6–7 d/wk 25 (2.1)
Don’t know 2 (0.2)
Missing 11

Child characteristics

Child sex [n (%)]
Female 603 (50.5)
Male 591 (49.5)
Preterm birth [n (%)]
No 903 (75.6)
Yes 291 (24.4)
Low birth weight [n (%)]
No 925 (77.5)
Yes 269 (22.5)
Child BMI at blood pressure measurement (kg/m2, mean ± SD) 19.5 ± 5.0

Note: Mother–child pairs with missing data on maternal education level, prepregnancy
BMI, or cigarette smoking history were excluded from this analysis. There were no
missing data for age at delivery, race/ethnicity, diabetes mellitus, child sex, preterm
birth, low birth weight, or child BMI. BMI, body mass index; SD, standard deviation.
aFor covariates with missing observations, missing observations were not included in
the denominator when deriving percentages for the categories with known values.
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Figure 1. Spearman correlation matrix for lead, mercury, cadmium, sele-
nium, and manganese measured in maternal red blood cells (n=1,194).
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Pairs of Metals and Trace Elements with Child BP
Figure 3 shows the multivariable adjusted exposure–response
functions for each pair of metals and trace elements and child
SBP with all other metals and trace elements fixed at the 50th
percentile, as estimated by the BKMR models. There was evi-
dence of an interaction between Mn and Cd, such that Cd was
positively associated with child SBP when Mn levels were low
(Figure 3, Panel 5.3), and the inverse association between Mn
and child SBP was stronger at higher levels of Cd (Figure 3,
Panel 3.5). Linear regression indicated a significant interaction
between Mn and Cd on child SBP (p-interaction= 0:04) resulting

in a smaller estimated increase in SBP percentiles with a dou-
bling of both Mn and Cd (7.02; 95% CI: −2:27, 16.31) than esti-
mated for a doubling of Cd alone (13.52; 95% CI: 1.01, 26.03)
(Table S5). BKMR and linear regression models did not provide
evidence of interactions between pairs of metal/trace element
exposures on child DBP percentiles (Table S6; Figure S6).

Group and Overall Effect of Metal Mixtures on Child BP
The mixture as a whole was not associated with child SBP
(Figure S7) or DBP (Figure S8) percentiles. PIPs from a BKMR

Table 3. Associations of maternal lead, mercury, cadmium, selenium, and manganese concentrations with child systolic blood pressure percentile estimated
using linear regression models (n=1,194).

Metals and trace elements Levels of concentration

Difference (95% confidence interval) in child systolic blood
pressure percentile

Unadjusted models Adjusted modelsa

Lead (lg=dL) Quartile 1 (0.58 to 1.65) Reference (0) Reference (0)
Quartile 2 (1.65 to 2.42) 0.76 (−3:23, 4.74) 0.92 (−3:13, 4.97)
Quartile 3 (2.44 to 3.68) 1.61 (−2:41, 5.63) 1.39 (−2:85, 5.64)
Quartile 4 (3.70 to 24.8) −0:34 (−4:34, 3.66) −0:62 (−4:97, 3.74)
A doubling of lead levels 0.35 (−1:22, 1.92) 0.30 (−1:42, 2.02)

Mercury (lg=L) Quartile 1 (<LOD to 1:06) Reference (0) Reference (0)
Quartile 2 (1.07 to 2.14) −1:24 (−5:24, 2.76) −1:32 (−5:34, 2.70)
Quartile 3 (2.16 to 3.70) −2:74 (−6:73, 1.24) −2:67 (−6:76, 1.41)
Quartile 4 (3.72 to 27.80) 0.58 (−3:43, 4.58) 1.37 (−2:85, 5.59)
A doubling of mercury levels −0:20 (−1:24, 0.84) −0:07 (−1:18, 1.05)

Cadmium (lg=L) Quartile 1 (<LOD to 0:46) Reference (0) Reference (0)
Quartile 2 (0.46 to 0.69) −0:43 (−4:42, 3.57) −0:44 (−4:51, 3.62)
Quartile 3 (0.69 to 1.04) −1:29 (−5:28, 2.70) −1:50 (−5:62, 2.61)
Quartile 4 (1.04 to 4.76) 1.76 (−2:23, 5.74) 1.05 (−3:45, 5.55)
A doubling of cadmium levels 0.54 (−0:91, 2.00) 0.14 (−1:53, 1.81)

Selenium (lg=L) Quartile 1 (152.4 to 248.0) Reference (0) Reference (0)
Quartile 2 (250.0 to 278.0) 0.15 (−3:81, 4.11) 0.41 (−3:60, 4.42)
Quartile 3 (280.0 to 316.0) −1:83 (−5:82, 2.15) −1:41 (−5:46, 2.65)
Quartile 4 (318.0 to 624.0) −3:36 (−7:37, 0.66) −3:23 (−7:34, 0.89)
A doubling of selenium levels −6:37 (−11:47, −1:27) −6:23 (−11:51, −0:96)

Manganese (lg=L) Quartile 1 (<LOD to 28:8) Reference (0) Reference (0)
Quartile 2 (29.0 to 37.2) −5:60 (−9:58, −1:62) −5:37 (−9:39, −1:35)
Quartile 3 (37.4 to 48.0) −6:90 (−10:87, −2:93) −6:58 (−10:62, −2:53)
Quartile 4 (48.2 to 109.8) −4:61 (−8:59, −0:63) −3:86 (−7:95, 0.24)
A doubling of manganese levels −3:07 (−5:56, −0:58) −2:62 (−5:20, −0:04)

Note: Mother–child dyads in the Boston Birth Cohort are from Boston, Massachusetts. Mother–child dyads included in this analysis were enrolled between November 2002 to October
2013 (followed up until May 2018). LOD, limit of detection.
aModels adjusted for maternal age at delivery, race/ethnicity, educational level, and maternal prepregnancy body mass index, and maternal cigarette smoking history.

Figure 2. Associations (estimates and 95% credible intervals) of lead, mercury, cadmium, selenium, and manganese concentrations with child systolic blood
pressure percentile estimated using Bayesian kernel machine regression (n=1,194). This figure shows the association of each metal/trace element with child
systolic blood pressure percentile when all other metals/trace elements are fixed at their 50th percentile. Models adjusted for maternal age at delivery, race/
ethnicity, educational level, prepregnancy body mass index, and cigarette smoking history. Metals and trace element concentrations were log2-transformed for
analyses and were back-transformed to their original scales in the figure.
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model with hierarchical variable selection indicate that trace ele-
ments as a group were more strongly associated with SBP than
heavy metals as a group (PIPs of 0.852 and 0.042, respectively)
(Table S7). Pb had the largest and Hg had the smallest condi-
tional PIP of the three heavy metals, and for the trace elements,
Se had a larger conditional PIP than Mn (Table S7).

Subgroup Analyses
The association between a doubling of Mn and SBP was similar
by child sex and maternal race/ethnicity, but was strongest at 3–5
years of age (−6:29; 95% CI: −11:52, −1:06) and null at 10–15
y (p-interaction= 0:01) (Table S8). Associations between Mn
and DBP were close to the null when stratified by child sex and
age (p-interactions= 0:53 and 0.68, respectively), but differed
between children of Hispanic mothers (−4:11; 95% CI: −8:98,

0.75) compared with non-Hispanic Black mothers (0.81; 95% CI:
−1:83, 3.45) (p-interaction= 0:05). Associations between Cd and
SBP and DBP were variable but did not show clear evidence of
differences by child sex, age, or maternal race/ethnicity (p-inter-
actions are 0.28–0.76 for SBP and 0.30–0.75 for DBP).
Associations between Hg and child SBP and DBP differed by
maternal race/ethnicity, with estimated differences for children
born to non-Hispanic Black and Hispanic mothers of −1:33 (95%
CI: −2:82, 0.17) and 2.07 (95% CI: −0:65, 4.80), respectively,
for SBP (p-interaction= 0:05), and −1:41 (95% CI: −2:59,
−0:22) and 2.61 (95% CI: 0.44, 4.78), respectively, for DBP
(p-interaction= 0:001). A doubling of Se was inversely associ-
ated with DBP in female children (−6:64; 95% CI: −12:35,
−0:93) but not in male children (1.71; 95% CI: −4:46, 7.88)
(p-interaction= 0:06), but there was no clear difference in the
association between Se and SBP by sex (p-interaction= 0:60) or

Figure 3. Associations of maternal metal/trace element one concentration (columns) and child systolic blood pressure percentile by levels (10th, 25th, 50th,
75th, and 90th percentile) of metal/trace element two concentration (rows) estimated using Bayesian kernel machine regression (n=1,194). This figure shows
the association of each pair of metals/trace elements with child systolic blood pressure percentile when all other metals/trace elements are fixed at their 50th
percentile. Models adjusted for maternal age at delivery, race/ethnicity, educational level, prepregnancy body mass index, and cigarette smoking history.
Metals and trace element concentrations were log2-transformed for analyses and were back-transformed to their original scales in the figure.
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in associations between Se and SBP or DBP by age or maternal
race/ethnicity. Associations between Pb and SBP and DBP also
did not show clear differences by child sex, age, or maternal race/
ethnicity (p-interactions = 0:52 to 0:82 for SBP, 0.63 to 0.99 for
DBP). Child sex-, age-, and maternal race/ethnicity-stratified esti-
mates for associations with SBP and DBP from BKMR models
were consistent with corresponding estimates from linear regres-
sion (Figure S9; Figure S10).

Maternal Cigarette Smoking during Pregnancy and the Mn–
Cd Interaction on Child SBP
Themedianmaternal Cd concentration inmothers who smoked dur-
ing pregnancy [median (IQR): 1.41 (0.93–2.37) lg=L; n=108] was
more than twice the median concentration in mothers who never
smoked orwho quit smoking before pregnancy [median (IQR): 0.65
(0.43–0.96) lg=L; n=1,086] (p<0:001). The association of Mn
and child SBP percentiles differed by maternal smoking status dur-
ing pregnancy (p-interaction= 0:08) (Table 4). In the multivariable
linear regression models, a doubling of Mn levels was associated
with a 10.09-point reduction in SBP percentile (95% CI: −18.03,
−2.15) among mothers who smoked cigarettes during pregnancy;
there was no association of Mn with child SBP percentiles among
mothers who did not smoke cigarettes during pregnancy (−1:49,
95%CI: −4:21, 1.24 for a doubling of exposure). BKMR confirmed
an inverse association of Mn and child SBP percentiles in mothers
who smoked during pregnancy and a lack of association in mothers
who did not smoke (Figure 4). Despite the inverse association ofMn
and SBP percentiles, children whose mothers smoked cigarettes
during pregnancy still had higher SBP percentiles at all Mn concen-
trations compared with children whose mothers did not smoke. The
associations of Pb, Hg, Cd, and Se with child SBP percentiles did
not significantly differ bymaternal smoking status during pregnancy
(p-interactions >0:1) (Table 4). Results from the BKMR models
were consistentwith corresponding estimates from the linear regres-
sionmodels (Figure S11).

Sensitivity Analysis
Associations of metals and trace elements with child SBP percen-
tiles did not markedly change when we further adjusted for mater-
nal fish intake during pregnancy, preeclampsia, diabetes, or for
child BMI (Table S9). Results showed consistent trends when we
used SBP z-score (Table S10) or elevated SBP defined as SBP
≥90th percentile (Table S11) as the outcome. Estimated differen-
ces in SBP percentiles with a doubling of each metal or trace ele-
ment were similar to those from adjusted linear regression models

when we applied stabilized inverse probability weights to account
for potential selection bias due to exclusions (Table S12).

Discussion

Main Findings
In the Boston Birth Cohort, a prospective birth cohort with a pre-
dominately urban, low-income minority population from Boston,
we found that a) in utero exposure to Mn and Se were associated
with lower child SBP; b) in utero exposure to Pb and Hg were
not associated with higher child SBP; and c) in utero exposure to
Mn and Cd interacted with each other when affecting child SBP,
in such a way that the inverse association of maternal Mn and
child SBP was stronger when maternal Cd levels were higher.
Median maternal Cd levels were more than doubled in mothers
who smoked during pregnancy compared with mothers who did
not. Consistent with the observed Mn–Cd interaction, there was
an inverse association between Mn and child SBP among those
born to mothers who smoked during pregnancy, and we found lit-
tle evidence of an association between Mn and child SBP among
those born to mothers who did not smoke during pregnancy.
Despite the inverse association with Mn, SBP percentiles were
higher at all Mn concentrations in the children of mothers who
smoked compared with children whose mothers did not smoke.
Our findings do not support associations (overall) of in utero met-
als or trace elements and child DBP. Subgroup analyses showed
that: a) the associations of Hg with SBP and DBP were inverse
for children whose mothers were non-Hispanic Black but positive
for children whose mothers were Hispanic; b) the associations of
Mn and SBP were strongest at 3–5 y and null at 10–15 y; and c)
the associations of Se with DBP were inverse for female children
but close to null for male children. Other associations did not
show clear differences by child sex or age group, or by whether
the child was born to non-Hispanic Black or Hispanic mothers.

Mn and Se
Our study is the first mixture analysis that shows an inverse associ-
ation of in uteroMn and Se exposure with child SBP. Two studies
also examined how prenatal metal mixtures affect child BP.
Kupsco et al. found in 544Mexico City children that a higher over-
all mixture of 11 metals in maternal blood collected in the second
trimester was associated with lower child SBP (but not DBP) at 4
to 6 y (Kupsco et al. 2019); the mixture included Mn and Se, yet
these two elements were not individually associated with SBP or
DBP in either linear regression models or mixture models. In
another mixture analysis in 176 mother–child pairs from Greece,

Table 4. Associations of maternal lead, mercury, cadmium, selenium, and manganese concentrations with child systolic blood pressure percentile by maternal
cigarette smoking during pregnancy estimated using linear regression models (n=1,194).

Metals and trace elements Groupsa n

Difference (95% CI) in child systolic blood
pressure percentile per doubling
of metal or trace element levelsb p-interactions

Lead (lg=dL) Did not smoke 1,086 0.61 (−1:16, 2.37) 0.11
Smoked 108 −3:09 (−10:43, 4.26)

Mercury (lg=L) Did not smoke 1,086 0.07 (−1:08, 1.22) 0.18
Smoked 108 −0:04 (−4:42, 4.34)

Cadmium (lg=L) Did not smoke 1,086 −0:44 (−2:19, 1.31) 0.33
Smoked 108 2.98 (−3:05, 9.00)

Selenium (lg=L) Did not smoke 1,086 −5:69 (−11:14, −0:24) 0.13
Smoked 108 −14:28 (−35:82, 7.26)

Manganese (lg=L) Did not smoke 1,086 −1:49 (−4:21, 1.24) 0.08
Smoked 108 −10:09 (−18:03, −2:15)

Note: CI, confidence interval.
aMaternal cigarette smoking during pregnancy was dichotomized as smoked vs. did not smoke, with mothers who never smoked and those who quit smoking before pregnancy com-
bined into a single category.
bModels adjusted for maternal age at delivery, race/ethnicity, educational level, and prepregnancy BMI.
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Howe et al. also did not find an association of Se (measured in
maternal urine samples in pregnancy) with child BP at 4, 6, or 11 y
(Howe et al. 2021). Different findings between these two studies
with ours could possibly be due to the differences in the biomarkers
used, time points at biomarker collection and outcome assessment,
metal mixtures that the children were exposed to, and unmeasured
susceptibility factors and confounders. Compared with these two
studies, we also had a larger sample size (n=1,194) to identify
associations.

As oxidative stress is involved in the pathogenesis of hyperten-
sion and CVD (Ceriello 2008; Cervantes Gracia et al. 2017), the
inverse associations of Mn and Se with child SBP may be due to
the antioxidant effects of these two elements (Li and Yang 2018;
Tinggi 2008). Mn is an essential component of the Mn superoxide
dismutase located in the mitochondria that fights against superox-
ide and free radicals (Li and Yang 2018; Miriyala et al. 2012).
Se may affect cardiovascular health through its effects on glutathi-
one peroxidases and other selenoenzymes that can neutralize reac-
tive oxygen and nitrogen species, regulate redox processes, and
reduce oxidizedmethionine (Benstoem et al. 2015).

However, excess levels of Mn and Se could also result in
toxic effects, including oxidative damage (ATSDR 2003;
Williams et al. 2012). In adults, findings on the effects of Mn and
Se on hypertension and CVD are inconclusive. For Se, a meta-
analysis of 25 observational studies found that higher Se levels
were associated with a lower risk of coronary heart disease in
adults; in six clinical trials, however, Se supplementation was not
associated with a lower risk of coronary heart disease (Flores-
Mateo et al. 2006). A few studies reported an inverse association
of Se and BP (Nawrot et al. 2007; Salonen et al. 1988), but an
analysis of the NHANES 2003–2004 data found that higher se-
rum Se levels were associated with a higher prevalence of hyper-
tension in U.S. adults (Laclaustra et al. 2009). For Mn, an
analysis of the U.S. NHANES 2011–2014 data found that higher
urinary Mn levels were associated with lower BP in adults (Wu
et al. 2017), whereas another study in Swiss adults found a posi-
tive association of plasma and urine Mn with BP (Zhang et al.

2020a). It should also be noted that many previous studies did
not examine (and thus may have missed) the possible nonlinear
associations of these two elements with BP. Two recent studies,
one in U.S. children (i.e., the Boston Birth Cohort) (Wang et al.
2021) and one in Bangladeshi adults (Bulka et al. 2019), reported
nonlinear associations of Mn or Se with BP.

Cd and the Mn–Cd Interaction
The overall null association of in utero Cd exposure and child BP
is consistent with the literature. In a study of 1,887 children in ru-
ral Bangladesh (Hawkesworth et al. 2013) and a study of 515
children in Greece (Chatzi et al. 2019), maternal urinary Cd was
not associated with early childhood SBP or DBP, and the associa-
tion did not differ by child sex. Both studies accounted for mater-
nal smoking as a major contributor to higher Cd levels. Unlike
our study, neither of these two studies examined the coexposure
of Mn and Cd. In our study, the overall null association of Cd
and child SBP was modified by Mn, such that at low Mn levels
there was a positive association of Cd with child SBP. Related to
this finding, we found that cigarette smoking during pregnancy
modified the Mn–child SBP association (inverse association
among children whose mothers smoked during pregnancy, and
no association among children whose mothers did not smoke dur-
ing pregnancy). In contrast, Kupsco et al. did not observe a Mn–
Cd interaction on child SBP using BKMR (Kupsco et al. 2019),
which could reflect differences in metal mixtures, population
characteristics (e.g., ethnicity and age), or a smaller sample size
compared with our study. To our knowledge, no animal studies
have examined how in utero exposure to metal mixture affects
offspring BP.

Potential mechanisms for an interaction between Mn–Cd on
child SBP are unclear. An antioxidative effect of Mn could play a
role, but we did not observe an interaction between Cd and the
antioxidant Se. Of the animal studies that examined Mn–Cd inter-
actions, one study found in adult rats that Cd inhibited Mn uptake
(Gruden and Matausić 1989), whereas a more recent study in

Figure 4. Associations (estimates and 95% credible intervals) of maternal manganese and child systolic blood pressure percentile for children born to mothers
who smoked cigarette during pregnancy (n=108) vs. who did not smoke cigarette during pregnancy (n=1,086) estimated using Bayesian kernel machine
regression. Models adjusted for maternal age at delivery, race/ethnicity, educational level, and maternal prepregnancy body mass index. Manganese concentra-
tions were log2-transformed for analyses and were back-transformed to their original scales in the figure.
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mice found that offspring born to Cd-exposed mothers had
increased levels of blood and liver Mn at birth (Hudson et al.
2019). Other possible mechanisms are that Mn increases the syn-
thesis of the metal-binding protein metallothionein (Waalkes and
Klaassen 1985), and the amount of Cd bound to metallothionein
(Goering and Klaassen 1985) thus decreases unbound Cd and
reduces Cd toxicity. However, whether evidence from these ani-
mal studies is applicable to humans is not clear. Future studies
are needed to examine the possible mechanisms.

Pb
In adults, there is sufficient evidence linking Pb exposure and
higher BP and higher risk of CVD (Chowdhury et al. 2018;
Navas-Acien et al. 2007). Our findings on the lack of association
between in utero Pb and child BP are consistent with a few prior
studies. In 457 Hispanic children from Mexico City, maternal pa-
tella or cord blood Pb was not overall associated with child SBP
or DBP from 7 to 15 y, whereas there was a positive association
between maternal tibia Pb and SBP and DBP in girls (Zhang et al.
2012). In 1,574 children from rural Bangladesh, maternal blood
Pb was not associated with child SBP or DBP at ∼ 4:5 y, and the
association did not differ by child sex (Skröder et al. 2016). Some
studies, in contrast, did observe a positive association. In 122
New York children, higher cord blood Pb levels were associated
with higher SBP and DBP at 9.5 y; the authors did not examine
whether the associations differed by child sex (Gump et al.
2005). In a prospective birth cohort of 323 children from New
York, New York, higher maternal toenail Pb levels were associ-
ated with higher child SBP at 5.5 y, with a stronger association
among boys than girls (Farzan et al. 2018).

Several reasons may have contributed to the differences in
findings. First, we measured Pb in maternal RBCs, which repre-
sent long-term in utero exposure (life span ∼ 120 d) and are not
influenced by hemodilution during pregnancy (Chen et al. 2014).
Second, children in our analysis were older and represented a
wider age range (median age at BP measurement: 8.4 y; range:
3.0–15.4 y). Third, the Pb levels in our sample [median (IQR)
RBC Pb concentration: 2.4 (1.6–3.7) lg=dL] were also lower in
comparison with previous studies. Future studies are needed to
examine whether the association between in utero Pb exposure
and child high BP risk is more pronounced at higher Pb levels.

Hg
Our null finding on the association of in utero Hg exposure and
child BP is also consistent with most prior studies in children. In
1,103 Boston children, there was no association of maternal RBC
Hg and early- or mid-childhood SBP (Kalish et al. 2014). In
1,754 children from England, no association was observed for
maternal whole blood Hg and child SBP or DBP from 7 to 17
years of age (Gregory et al. 2016). In both studies, the association
did not differ by child sex. In 779 children from the Republic of
Seychelles, there was a positive association of maternal hair Hg
and child DBP (but not SBP) among boys (but not girls) at 15 y
(but not 12 y); however, this finding may be a chance finding,
according to the authors (Thurston et al. 2007). To our knowl-
edge, the only study that showed a positive association of in utero
Hg and child BP was from a cohort of 917 children from the
Faroe Islands, where higher cord blood Hg was associated with
higher SBP and DBP at 7 y (Sørensen et al. 1999). However,
children in this study were recruited in 1986–1987 and were
highly exposed to Hg (average cord blood Hg concentration was
as high as 31:8 lg=L). The discrepancies in the associations by
Hg levels is consistent with findings in adults. In a meta-analysis
of 29 studies, Hu et al. concluded that there was a positive

association of Hg and BP only in adults with higher Hg levels
(Hu et al. 2018). Interestingly, we found that the associations of
Hg with both SBP and DBP differed by maternal race/ethnicity,
which merits further investigation.

It has been shown in adults that the association of Hg and BP
may depend on Hg forms [i.e., elemental, inorganic, or organic
such as methylmercury (MeHg)] (Hu et al. 2018). Because RBCs
represent a mixture of organic and inorganic Hg (ATSDR 1999),
the null results in our study could be due to the mixture of Hg
forms that may have opposing effects on BP. Yet, the proportion
of RBC inorganic Hg are expected to be very low in our study
population because: a) MeHg is the predominant form of Hg in
RBCs [∼ 90% of MeHg is found in the RBCs (Hong et al.
2012)]; b) our cohort is not a cohort with high occupational inor-
ganic Hg exposure; and c) mothers in our cohort are from the
Boston area (on the Atlantic Ocean coast), and their primary
source of Hg exposure is likely through eating contaminated fish
or seafood that contains MeHg (Sagiv et al. 2012).

Validity of Exposure Assessment
We used maternal metal levels measured in RBCs collected 24 to
72 h after delivery as a biomarker for third trimester in utero
metal and trace element exposure. Advantages of using this proxy
to reflect in utero exposure include that RBCs are a major reser-
voir of blood metals and trace elements. For example, 99% of Pb,
90% of MeHg, and 66% of Mn in the blood are within RBCs
(Abadin et al. 2007; Hong et al. 2012; Milne et al. 1990). RBCs
have also been shown to better (vs. plasma) reflect the transpla-
cental transfer of metals and trace elements from the mother to
the fetus (Chen et al. 2014). Also, RBC metal and trace element
levels are not influenced by hemodilution during pregnancy and
are thus free from confounding by hemodilution. Admittedly, one
limitation is that these RBCs were collected within 24 to 72 h
post delivery. Yet, the average life span of RBCs is ∼ 120 d, and
the biological half-lives for Pb, Hg, and Cd range from 2 to 4
months in blood (CDC 2017; Järup et al. 1983; Smith and Farris
1996). For Mn, its biological half-life in blood is ∼ 40 d, and its
blood levels could reflect the accumulation of Mn in the body
(Crossgrove and Zheng 2004; Nelson et al. 1993). For Se,
although it has a much shorter half-life, our previous pilot study
in a subset of children (n=50) in the Boston Birth Cohort
showed a strong correlation of maternal RBC Se levels (collected
24 to 72 h after delivery) with cord blood RBC Se levels (col-
lected at birth) (r = 0:72) (Chen et al. 2014). As such, RBC metals
and trace elements measured in this analysis could be a good
proxy in reflecting third trimester in utero exposure.
Nevertheless, without repeated measures or trimester-specific
data, we cannot assess the impact of cumulative metal and trace
element exposure during the entire in utero period. If the critical
window of susceptibility for these metals on child BP is in early
pregnancy, metal and trace element levels measured in this analy-
sis may not reflect exposure at the relevant time period.

Limitations
Our study has limitations. First, although we controlled for a set
of potential confounders (including maternal smoking and fish
consumption), we cannot rule out unmeasured confounding by
factors such as dietary patterns or residual confounding by impre-
cisely measured fish intake or other factors. For example, the
inverse association of Se and Mn with child SBP may be due to
confounding by nutrients in healthy diets. Second, measurement
error of child BP may exist because we had only one BP mea-
surement at each visit. This may have led to higher BP measures
on average (Flynn et al. 2017; Pickering et al. 2005). Yet, such
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errors were unlikely to be differential by in utero metal exposure
status and, if any, would have biased the estimates toward the
null. Third, we did not have data on child metal levels measured
in early childhood, which could have mediated the association of
in utero metal exposure with child BP. We plan to examine the
impact of prenatal metal mixture on child BP in other cohorts as
well as in the Environmental influences on Child Health
Outcomes (ECHO) program, which pooled data from multiple
U.S. cohorts that have data on maternal metal and trace elements
and child BP (Buckley et al. 2020).

Strengths and Innovations
Our study has several strengths and innovations. First, we were
able to examine prospective exposure-response relationships
between coexposures to metals and trace elements and child BP.
Second, we used BKMR to examine whether metals and trace
elements interact to affect child BP. This approach allowed us to
assess in a large group of children (n=1,194) the nonlinear
effects and interactions between the metals and trace elements on
child BP while accounting for metal coexposures. Had we not
used these methods, we may have missed the important interac-
tion between Mn and Cd. Similar findings from both the linear
regression and the BKMR strengthened our findings. Third,
we measured metal and trace element concentrations in maternal
RBCs, which reflect maternal–fetal transfer of the metals and
trace elements better than plasma concentrations, represent
in utero exposure, and are not influenced by hemodilution during
pregnancy (Chen et al. 2014). Fourth, our study population was
racially diverse with 61% non-Hispanic Black and 20% Hispanic,
which made our findings particularly relevant to those dispropor-
tionally exposed to environmental toxic metals yet who are
underrepresented in environmental health research.

Summary of Key Findings
In this U.S. urban, low-income, minority birth cohort, in utero ex-
posure to trace elements Se and Mn was prospectively associated
with lower child SBP between age 3 to 15 y, whereas Pb, Hg,
and Cd exposures did not appear to be associated with child SBP.
None of the metals or trace elements were clearly associated with
child DBP. There was an interaction between Mn and Cd on child
SBP, whereby the protective association of Mn was stronger
among mothers with higher Cd. Maternal cigarette smoking dur-
ing pregnancy, a primary source of Cd, also modified the associa-
tion of Mn and child SBP. Our findings suggest that for children
exposed to cigarette smoke during the prenatal period, those
simultaneously exposed to lower Mn may be more susceptible to
developing higher BP in childhood compared with those exposed
to higher Mn. Although children would fare best if their mothers
did not smoke, for mothers who smoked during pregnancy, opti-
mizing Mn level may protect their children from developing high
BP and future CVD.

Findings from our analysis provided evidence that analyzing
one metal at a time, as has been done in most previous studies,
may obscure the true effects of metals on human health outcomes.
This evidence emphasizes the need for future epidemiological
studies to focus on how metal and trace element coexposures
affect health. This focus is in line with the National Institute of
Environmental Health Sciences (NIEHS)’s priority to study the
impact of cumulative exposure to multiple agents on human
health as outlined in its 2018–2023 Strategic Plan (Braun et al.
2016; NIEHS 2018). Future studies should confirm our findings
on the inverse association between in utero Mn and Se exposure
with child BP and the interaction of Mn and Cd on child SBP.
There is also need to understand the molecular and metabolic

pathways underlying these associations and to understand how
these findings could be translated to clinical and public health
practice to prevent child high BP.
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