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Abstract

Background: Metal exposure alters neurodevelopmental outcomes; little is known about critical
windows of susceptibility when exposure exerts the strongest effect.

Objective: To examine associations between dentine biomarkers of manganese (Mn), zinc (Zn)
and lead (Pb) and later childhood behaviors.

Methods: Subjects enrolled in a longitudinal birth cohort study in Mexico City provided
naturally shed deciduous teeth. We estimated weekly prenatal and postnatal dentine Mn, Zn and
Pb concentrations in teeth using laser ablation-inductively coupled plasma-mass spectrometry
(LA-ICP-MS) and measured behavior at ages 8-11 years of age using the Behavior Assessment
System for Children, 2nd edition (BASC-2). We used distributed lag models and lagged weighted
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quantile sum regression to identify the role of individual and combined dentine biomarkers of Mn,
Zn and Pb on behavioral outcomes controlling for maternal education and gestational age.

Results: Among the 133 subjects included in this study, prenatal and early postnatal dentine Mn
appeared protective against childhood behavioral problems, specifically hyperactivity and
attention. Postnatal dentine Mn was associated with increased reporting of internalizing problems,
specifically anxiety. At 6 months, a 1-unit increase (unit = 1 SD of log concentration) in Mn was
associated with a 0.18-unit (unit =1 SD of BASC-2 score) increase in internalizing symptoms
score and a 0.25-unit increase in anxiety. Postnatal Pb was associated with increasing anxiety
symptoms; at 12 months, a 1-unit increase in Pb was associated with a 0.4 unit increase in anxiety
symptoms. When examined as a metal mixture, we observed two potential windows of
susceptibility to increased anxiety symptoms: the first window (0—8 months) appeared driven by
Mn, the second window (8-12 months) was driven by the metal mixture and dominated by Ph. A
1-unit increase in the mixture index was associated with a 0.7-unit increase in SD of anxiety
symtoms.

Conclusions: Childhood behaviors may demonstrate postnatal windows of susceptibility to
individual and mixed metal concentrations measured in deciduous teeth. Prenatal dentine Mn may
be protective, while excessive early postnatal Mn may increase risk for adverse behaviors. In
combination, higher concentrations of Mn, Zn and Pb may have an adverse impact on behavior.

Keywords
Dentine biomarkers; child behavior; metal mixtures; anxiety; manganese

Introduction

Up to one in five children worldwide experience mental health problems (Kieling et al.
2011), and the burden of childhood mental health problems may be increasing. Psychosocial
problems identified by primary care practitioners in the Unites States increased from 7% in
1979 to 19% in 1996, with increases in both internalizing and externalizing problems
(Kelleher et al. 2000). Internalizing disorders (i.e., negative behaviors that are focused
inward, such as anxiety and depression), are now the most common psychiatric conditions
afflicting children and adolescents (Anderson et al. 1987; Cohen et al. 1993a; Pine et al.
1998) representing the second and fifth, respectively, leading causes of disability in the
United States (Murray et al. 2013). In Mexico, an estimated 40% of adolescents ages 12 to
17 have a mental health disorder, most commonly anxiety and depression (Benjet et al.
2009; Gallegos et al. 2012). Externalizing problems (i.e., negative behaviors directed
outwards, such as hyperactivity and inattention) including attention-deficit/hyperactivity
disorder (ADHD) and conduct disorders are also increasing (Cohen et al. 1993a; Loeber et
al. 2000; Merikangas et al. 2009). Demonstration of internalizing and/or externalizing
behaviors in childhood increases the risk for later-life mental health disorders (Campbell
1995), substance abuse, and suicidal behaviors (Beesdo et al. 2009; Clark et al. 2007). While
behavioral disorders can present as early as 4 to 5 years of age, a growing body of literature
indicates that the susceptibility to develop mood disorders may be programmed by events
occurring during fetal and early postnatal life (Angold et al. 1998; Beesdo et al. 2009; Kim
et al. 2015; Pine et al. 1998). The root causes of the increasing prevalence of

Environ Int. Author manuscript; available in PMC 2019 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Horton et al.

Page 3

neurodevelopmental disorders, including internalizing problems, are only partly understood.
Although genetic factors play a role, strong evidence exists that early life exposure to
environmental chemicals is an important contributor to this increasing prevalence of
neurodevelopmental disorders (Grandjean and Landrigan 2006, 2014). While longstanding
evidence suggests early-life metal exposures negatively impact cognitive outcomes such as
1Q, more recent epidemiologic studies demonstrate associations between early life exposure
to essential and nonessential metals and adverse behavioral outcomes such as internalizing
and externalizing behaviors (Banks et al. 1997; Ericson et al. 2007; Gunier et al. 2015; Khan
et al. 2012; Meyer-Baron et al. 2013; Mora et al. 2015; Needleman et al. 1990; Sanders et al.
2015; Yousef et al. 2011).

In this study, we focus on early-life exposure to three neuroactive metals; manganese (Mn),
zinc (Zn) and lead (Pb), and their independent and combined associations with childhood
internalizing and externalizing symptoms. Mn and Zn are both essential metals required by
the body at low doses and neurotoxic at excessively high and/or low levels. Pb is a non-
essential heavy metal, well-recognized as a neurotoxicant. We select these metals as 1) each
is common in the environment due to anthropogenic activities such as mining, and smelting
operations and industrial uses and they are often found together as a correlated mixture
(Mehra and Thakur 2016), 2) experimental and epidemiological evidence links early life
exposure to each metal individually with adverse neurobehavioral outcomes, specifically
with internalizing symptoms including anxiety and depression. Much of the experimental
and epidemiologic studies demonstrating associations between occupational exposure to
these metals and higher rates of anxiety and depression focus on adults (Betharia and Maher
2012; Bouchard et al. 2009; Islam et al. 2013; Jung et al. 2016; Kim et al. 2015; Mlyniec et
al. 2017; Shiue 2015). Less is understood of the role of early life metal uptake in the
development of childhood anxiety and depression. Affective behaviors are regulated in the
brain within the prefrontal (e.g., medial prefrontal cortex; mPFC) and limbic (e.g.,
amygdala) regions (Duval et al. 2015; Kim et al. 2011). These brain regions develop
throughout early gestation and childhood, making them vulnerable to early-life neurotoxic
insults, which can override a normal growth trajectory toward a maladaptive phenotype (i.e.,
internalizing or externalizing disorder). Indeed, emerging studies link early-life
environmental insults with the pathophysiology of abnormal neuronal circuitry in
neuropsychiatric disorders (Money and Stanwood 2013; Schlotz and Phillips 2009).
However, the critical time windows of developmental susceptibility to neurotoxic exposures
are illdefined (Adams et al. 2000; Bellinger 2013; Selevan et al. 2000). While we know
many metals, including Mn, Zn and Pb, readily cross the placental barrier, increasing
exposure during early-life windows of developmental susceptibility (Chen et al. 2014; Goyer
1990; Needham et al. 2011; Rudge et al. 2009; Yoon et al. 2009), limited data exist on the
cumulative and life stage-specific effects of exposure on behavioral outcomes in childhood.
Further, limited epidemiologic literature examine associations with co-exposure to
correlated neurotoxicant metals. In one recent study examining metals in placenta, co-
exposure to more than one toxicant metal increased the risk for adverse neurodevelopmental
outcomes (Freire et al.).

In this paper, we use our dentine biomarker to evaluate associations between early-life metal
uptake of individual and mixed metals and internalizing and externalizing behaviors in

Environ Int. Author manuscript; available in PMC 2019 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Horton et al.

Methods

Page 4

children, identifying potential critical windows of developmental susceptibility to adverse
outcomes. We hypothesized that variable early life biomarkers of Mn, Zn and Pb during
critical developmental windows may be associated with higher reporting of internalizing and
externalizing behaviors (i.e., anxiety and depression, hyperactivity and attention problems).
This study takes place among subjects enrolled in an ongoing longitudinal birth cohort
study, Early Life Exposure in Mexico to Environmental Toxicants (ELEMENT). As recently
summarized by Claus Henn et al (2018), this cohort is uniquely suited to a study of the
effects of metal exposure because (1) air pollution, of which Mn and other metals are key
components, is severe in Mexico City (Calderon-Garciduenas et al. 2013); (2) rich sources
of Mn in the diet, such as beans, are commonly consumed in Mexican diets; (3) higher Pb
and Mn exposure, measured in biological and environmental samples, has been reported in
Mexico than in the U.S. and Canada (Claus Henn et al. 2018; Santos-Burgoa et al. 2001).
We use deciduous “baby” teeth to reconstruct fine scale (1-2 weeks) exposure histories to
Mn, Zn and Pb and identify the discrete developmental period(s) for each metal most
associated with changes in children’s behavior. We then use a novel statistical method,
lagged weighted quantile sum (WQS) regression, to capture the time-varying association
between the 3-metal mixture and children’s behavioral outcomes.

Study population

Mother-child pairs in this study were drawn from four successively-enrolled longitudinal
birth cohort studies in Mexico City that comprise the ELEMENT project. Detailed
information on the study design and data collection procedures has been published
previously detail elsewhere (Braun et al. 2012; Claus Henn et al. 2018; Ettinger et al. 2009;
Hernandez-Avila et al. 2002). Between 1994 and 2001, ELEMENT enrolled healthy, low to
moderate income mothers, between ages 18-39 from the National Institute of Perinatology
(Instituto Nacional de Parinatologia) to investigate the long-term consequences of prenatal
environmental factors on child development (Ettinger et al. 2009; Gonzalez-Cossio et al.
1997; Tellez-Rojo et al. 2004). Biomarkers, neurodevelopmental outcomes outcome, and
covariate data from all cohorts were collected following standardized protocols by the same
study staff, allowing us to pool data across cohorts. Exclusion criteria included an Apgar
score of < or = 6 at 5 min, a condition requiring treatment in neonatal intensive care unit.

Of the 1,079 children born into ELEMENT and followed until 5 years of age, 826 (77%)
participated in an additional follow-up study at 6-16 years of age. At this follow-up,
participants were asked to bring or mail in deciduous teeth as they were naturally shed for
analysis of dentine metals. At the time of analysis, we collected teeth from 141 participants,
3 of these teeth were excluded due to excessive decay or wear. The current study includes
133 subjects with complete data on dentine metals, BASC-2 behavioral outcomes from
children between ages 8-11 years, and selected covariates.

All participating mothers signed a written consent form and received a detailed explanation
of the study intent and research procedures. In addition, subjects older than 6 years of age
signed a written consent of minor form and received a detailed explanation of the study. All
participants were encouraged to ask questions about the study in order to ensure their
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understanding. The institutional review boards of the National Institute of Public Health of
Mexico and all of the participating hospitals and institutions of the co-authors approved this
research. Written informed consent and/or assent were obtained from all participants.

Exposure assessment: Dentine biomarkers of Mn, Zn and Pb

We analyzed deciduous teeth that were free of obvious defects such as caries and extensive
tooth wear and measured dentine metals using laser ablation-inductively coupled plasma-
mass spectrometry (LA-ICPMS). Analysis methods and validation procedures have been
described in detail elsewhere (Andra et al. 2016; Arora et al. 2005; Arora et al. 2011; Arora
et al. 2012; Arora and Austin 2013; Arora et al. 2014; Austin et al. 2013; Austin et al. 2017;
Claus Henn et al. 2018; Hare et al. 2011). For validation of Mn, there was a significant
positive association between dentine Mn formed in the second trimester with Mn loading in
floor dust sampled during the second trimester of pregnancy (Arora et al. 2012). Tooth Pb
measurements were validated using maternal pregnancy blood Pb levels and postpartum
maternal bone Pb levels (Arora et al. 2014). Validation of additional metals (i.e. zinc) is
discussed in Andra (2016).

Deciduous teeth accumulate metals and their mineralization proceeds in an incremental
pattern (akin to growth rings) spanning the prenatal and early postnatal periods
(commencing gestational week 13-16 for incisors and concluding postnatal age 10-11
months for molars) (Ash and Neslon 2002; Hillson 1996). Using the neonatal line (a
histological feature formed in enamel and dentine at birth) and daily growth incremental
markings to assign temporal information to sampling points, each tooth was sampled at
approximately 50 timepoints between 3 months gestation through one year postnatal age, at
a sampling frequency of approximately every 7-10 days. This reflects metal uptake at
roughly weekly resolution. The detection limit was 0.05 pg/g for each metal. Because
mineral density varies within teeth and between tooth type and individuals, metal intensities
at each sampling point were normalized to calcium (Ca) by dividing the analyte
concentration by Ca and expressing as a ratio (e.g., as °>Mn:43Ca, 86zn:43Ca, or 208pp:
43Ca).

Behavioral assessments

At the additional follow-up visit when children were between 6-16 years of age, the
Behavior Assessment System for Children, 2"d edition (BASC-2) (Reynolds and Kamphaus
1992) was administered to parents of subjects to assess their child’s behavior. The BASC-2
is a valid, reliable, 134-item parent-report assessment of 2—18 year old children’s behavior
and self-perceptions. All behavioral assessments were administered in Spanish using the
translated text provided by the publisher (Pearson Clinical). Spanish-speaking parents and
children were included in the standardization of the assessment, however separate Spanish
norms are not available. We analyzed the overall behavioral skills index (BSI) composite
score, internalizing and externalizing composite scores and individual subscales including
anxiety, depression, attention, and hyperactivity. Scores were analyzed as sex- and age-
specific percentiles. Higher scores indicate an increase in reported behavioral problems.
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Covariates and potential confounders

ELEMENT has detailed information on sociodemographic and other characteristics that may
confound the relationship between metal concentrations and child neurodevelopment. Dating
back through pregnancy, questionnaire data included maternal age at delivery, maternal
education level, maternal smoking during pregnancy, and socioeconomic status (SES). An
SES index was calculated based on the algorithm AMALI rule 13 x 6 from 1994 which
determines six levels of SES based on questions about the characteristics of the household
(i.e., type of floor, ownership of car, number of rooms) (Carrasco 2002). The six levels were
then collapsed into low, medium and higher SES. Maternal 1Q was estimated using selected
subtests of the Wechsler Adult Intelligence Scale-Spanish (Information, Comprehension,
Similarities, and Block Design) (Kaufman and Lichtenberger 2006). Characteristics of the
birth and newborn period including gestational age, birth weight and birth length were
extracted from the medical records.

Statistical analyses

We conducted standard univariate and bivariate explorations of the data and examined the
distributional plots for all variables. Distributions of metal concentrations measured between
4-month gestational age (-4 mo.) to 12 months postnatally (12 mo.) and BASC-2 scores
assessed at 8—11 years of age were examined, and appropriate transformations (e.g., natural
log) performed, as necessary, to satisfy model assumptions.

We used a variation of a distributed lag model (DLM) (Coull BA 2015; Gasparrini et al.
2010) as our primary statistical approach to identify sensitive windows for
neurodevelopmental outcomes associated with our biomarkers of early life metal exposure to
individual metals. DLMs are regression models for time series data that yield an estimate of
the effect of exposure incurred at specific time windows while adjusting for exposures at
other times and for covariates, under the assumption that the effect of exposure varies
smoothly over time. DLMs have been applied extensively to environmental health research
(Baek et al. 2016a; Baek et al. 2016b; Gasparrini and Armstrong 2010; Heaton and Peng
2012; Lall et al. 2011; Wyzga 1978; Zhao et al. 2014). The typical form of the DLM requires
that exposures are measured at identical time points so that a smoothed function of the
lagged variables can be fit. Because of the natural curvature of teeth, the intervals between
sampling times may vary within and across teeth. Following methods developed by Coull
and colleagues, we interchange the role of the outcome and exposure and use a functional
spline model with timevarying coefficients in single chemical analyses, i.e., a reversed DLM
(rDLM) (Chen et al. 2015; Coull 2014). The time-varying association parameters are plotted
with Bonferroni-adjusted confidence intervals overlaid with Holm-Bonferroni-adjusted
confidence intervals at regular intervals. A sensitive window is identified when the estimated
point wise 95% confidence intervals on the association parameter between the exposure and
the outcome variable do not include zero (Chiu et al. 2016). Results are presented as the unit
change in outcome (1 unit = 1 standard deviation (SD) of BASC-2 score) per unit change in
exposure (1 unit = 1 SD of log-transformed concentration dentine metal).

We extend the rDLM to model time-dependent effects of co-exposure to the three metals as
a mixture using lagged weighted quantile sum (WQS) regression (Bello et al. 2017). WQS
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regression utilizes a nonnegative, unit sum constraint that groups correlated variables (i.e.,
chemicals) into a uni-dimensional index. The index is regressed against the outcome variable
to determine the association between the chemical mixture and the outcome and to make
generalized inference concerning the relative or importance of each chemical, i.e., the
proportional weight (Carrico et al. 2014; Czarnota et al. 2015). The lagged WQS is a
penalized regression extension of the WQS to estimate mixture effects using a weighted
index that allows us to identify time periods with the largest and most potentially
biologically relevant mixture effects.

A priori, we tested for potential confounders that are known or suspected predictors of
neurodevelopment or exposure including maternal education, maternal 1Q, SES, birth
weight, and gestational age (Claus Henn et al. 2010). Some participants were missing data
on key potential confounders (e.g., maternal 1Q, maternal education). In sensitivity analyses,
we multiply imputed missing values using chained equations with the MRI procedure in
SAS (SAS Institute, Inc., Cary, NC, USA) (van Buuren 2007; White et al. 2011). We
assumed data were missing at random and generated 20 imputed datasets. We included all
exposure outcome, and potential confounder data thought to be related to the process
causing missing data. We combined results from models fit the multiply imputed datasets
averaging the results for the 20 imputations to give the final effect estimates for sensitivity
analyses. We calculated standard errors using methods that combine the within-and between
imputation uncertainty (Rubin 2004). We also checked for confounding by study cohort. In
the final models, we included variables the were associated with either the exposure or the
outcome (e.g., maternal years of education and gestational age) and improved the model fit.
Among our cohort, maternal education was significantly associated with SES (Spearman’s p
< 0.05) and improved model fit over SES. To avoid collinearity, maternal education was
included in the model rather than SES.

In sensitivity analyses to examine associations between cumulative dentine metal
concentrations and BASC-2, we computed aggregated dentine metal concentrations by
summing across all time 50 points for each individual metal and used linear regression
model to examine associations between each single aggregated exposure measure and
BASC-2 outcomes, adjusting for covariates. In addition, we summed across specific
windows (birth + 2 weeks, 3-5 months postnatal) to examine the associations between
aggregated metal concentrations in these windows and BASC-2 outcomes.

Exposure outliers were identified using the generalized extreme studentized deviation
procedure (Rosner 1983) and extreme observations were checked against original data. We
identified one subject with consistently higher dentine Pb and Zn. Results with and without
this extreme value were compared in sensitivity analyses and did not differ. Final models are
presented with all 133 subjects. We conducted statistical analysis using SAS (version 9.4;
SAS Institute, Inc., Cary, NC, USA), with alpha set at p < 0.05.
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Results

Sociodemographic characteristics, neurodevelopmental scores, and dentine metal
concentrations

Table 1 presents the sociodemographic characteristics for the ELEMENT subjects selected
into this study based on availability of exposure, outcome and covariate data (n = 133).
Subjects enrolled into ELEMENT were born between 1995-2004. There was a nearly equal
distribution of females and males in the cohort (51.9% female). Very few of the subjects
were born preterm (less than 37 weeks gestation, 5.3%) or had low birth weight (less than
2500 g, 3.0%). Subjects selected into this study differed from the parent ELEMENT cohort
in birth weight (3.2 kg vs. 3.1 kg, p < 0.05) and maternal 1Q (93.5 vs. 88.8, p < 0.05). The
mean age at BASC-2 administration was 7.9 + 1.3 years. The mean + SD BASC-2 BSI
Composite percentile score was 50.05 £ 0.09; internalizing problems, 52.23 + 0.09;
externalizing problems, 48.08 + 0.85. Individual symptom scores were significantly and
positively correlated with overall BASC-2 Behavioral Composite scores (r = 0.40.8, p <
0.001). Internalizing problems were significantly but less highly correlated with
externalizing problems (r = 0.4, p < 0.001) (Table 1). BASC-2 outcomes were similar
between males and females, only hyperactivity differed by sex. Mean percentile scores for
hyperactivity were higher for females than males (mean £ SD =57.7 + 1.48 and 47.61

+ 1.01, respectively; p < 0.05

Figure 1 (A — C) depicts log concentrations of dentine Mn, Zn and Pb at approximately 50
timepoints between the second trimester of pregnancy (4 months gestation) and 12 months
of age. Consistent with Claus Henn et al (2018), dentine Mn levels were highest in the
second trimester and declined steeply over the prenatal period. Levels continued to decline
after birth but at a slower rate (Figure 1A). Dentine Zn levels were mostly stable over the 16-
month sampling period, declining slightly in the postpartum period (Figure 1B). Dentine Pb
levels demonstrated a slight increase in the 3" trimester of pregnancy, dipped slightly in the
first several months after birth (average 0-100 days) and began increasing after 4 months.
Dentine concentrations of all Mn, Zn and Pb were not associated with child sex, gestational
age, birth weight and maternal anemia status. In sensitivity analyses, we used year of birth as
a surrogate variable to determine differences in metal exposures across cohorts and did not
observe differences in the associations between exposure and outcome.

Windows of neurodevelopmental susceptibility to individual metals

Manganese.—Using reverse distributed lag models (rDLMs), we examined associations
between individual dentine metals with behavioral outcomes from the BASC2. Plots of the
rDLMs showing the correlations between dentine Mn with the BSI suggest that dentine Mn
uptake spanning the prenatal period through approximately 23 months postnatal age may be
associated with reduced risk of overall behavioral problems (Figure 2). When internalizing
and externalizing symptoms were examined separately, the association between dentine Mn
and externalizing symptoms is similar to that demonstrated for overall BSI; dentine Mn
spanning the prenatal period through approximately 4 months was associated with reduced
externalizing symptoms. This association was significant (p < 0.05) for the window between
3 and 5 postnatal months. At birth, a one-unit increase in dentine Mn was associated with a
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-0.15 -unit (95% CI = -0.24, -0.07) reduction in BASC-2 BSI score, equivalent to
approximately a 1.5 point decrease in BSI. This trend was consistent for associations
between dentine Mn with hyperactivity and aggression, the two main components of the
externalizing symptoms score. Conversely, early life dentine Mn, around 4 months, was
associated with increased reporting of internalizing problems. The shape of the relationship
with dentine Mn differed between two sub-scales of internalizing symptoms; anxiety and
depression (anxiety association shown in Figure 2, depression not shown). For anxiety, a
sensitive window appears shortly after birth and spans through postnatal 11 months. At
approximately 6 months postnatal (the timing where we observe the strongest correlation
between Mn and anxiety), a one-unit increase in dentine Mn was associated with a 0.18-unit
(95% CI1 = 0.09,0.27) increase BASC-2 scores for anxiety symptoms. The rDLM plot of the
association between dentine Mn and depression symptoms was largely nonsignificant, but
similar to the shape of the relationship for the internalizing symptom score.

Zinc.—We observed an association between dentine Zn and anxiety symptoms similar to
that observed for Mn; dentine Zn spanning from birth through approximately 10-11 months
of age was associated with increased reporting of anxiety. At 6 months of age, a one-unit
increase in dentine Zn was associated with a 0.25-unit increase in anxiety scores. We did not
observe significant associations for dentine Zn and depression, dentine Zn and externalizing
symptoms (including hyperactivity and aggression) or for dentine Zn and overall BSI.

Lead.—The rDLM examining correlations between dentine Pb with the BSI suggested
dentine Pb between 9-10 months postnatal was significantly associated with increased
reporting of overall behavioral problems. This relationship was consistent for that observed
between dentine Pb and externalizing problems; dentine Pb during the window from 8-11
months postnatally was strongly associated with reported hyperactivity. At 10 months, a
one-unit increase in dentine Pb is associated with a 0.22-unit (95% CI = 0.06, 0.38) and
0.19-unit (95% CI = 0.02, 0.37) increase in BASC-2 BSI and hyperactivity scores,
respectively. No significant associations were found between dentine Pb uptake and overall
internalizing symptoms. We observed a linear trend over time suggesting postnatal Pb
uptake in teeth was associated with increased anxiety symptoms (Figure 2). At 12 months, a
one-unit increase in dentine Pb was associated with a 0.4-unit increase in anxiety scores.
The rDLM for dentine Pb and depression suggests postnatal dentine Pb may be associated
with increased reports of depressive symptoms reported on the BASC-2 (data not shown).

Identification of time-varying windows of vulnerability to dentine metal mixtures

Figure 3 shows the results of the lagged WQS examining the time-varying associations
between co-exposure to Mn, Zn, and Pb between 4 months gestational age through 12
months postnatal age with the BASC-2 BSI, Internalizing and Anxiety symptom scores.
Throughout the prenatal period up to approximately 45 months, the metal mixture appears to
be protective against adverse behavioral outcomes in the BSI. This association was
statistically significant for —4 to —1 months and for 2.5 to 4 months. At —4 months
prenatally, a one-unit increase in the mixture is associated with a 0.14 unit decrease in the
BSI score. At 3 months postnatally, a one unit increase in the mixture index is associated
with a 0.1 unit decrease in BSI score. The contributions of the individual metals to the
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observed sensitive windows are shown in Figure 3B. The early life protective associations
are driven by dentine Mn (in blue), with dentine Zn and Pb having no contribution. In the
postnatal period around 8 months, there is a nonsignificant suggestion of an association
between the dentine metal mixture and increasing BSI scores. This association is driven
largely by manganese (94%) with a small contribution by zinc (4%). The rDLM of the
association between the 3-metal mixture and externalizing behaviors, hyperactivity and
attention and the corresponding contributions of each metal is indistinguishable from the
plot of the 3-metal mixture (data not shown).

The association between the 3-metal mixture and internalizing problems reveals two
possible windows of developmental vulnerability. Around 4 months postnatal, the metal
mixture is associated with increased internalizing problems and increased anxiety (Figure
3A). These relationships are driven largely by dentine Mn (90%), with little contribution
from the other metals (Figure 3B). At 12 months, there is a significant positive association
between possible mixture affect between the 3-metal mixture and higher internalizing
behaviors around 12 months postnatally. At 12 months, a one-unit increase in the mixture is
associated with a 0.3 unit increase in BASC-2 internalizing score. Figure 3B, showing the
contribution of each individual metal to the association, suggests that the association
between the 3-metal mixture and higher internalizing behavior is dominated by Mn, but also
driven by dentine Pb and dentine Zn. The association between the 3-metal mixture and
anxiety reflected this pattern. Dentine Mn between 0-8 months is significantly associated
with higher anxiety. At 12 months, the significant positive association between the 3-metal
mixture and anxiety is driven by Pb (71%), Mn (23%) and Zn (6%).

Sensitivity Analyses — Aggregated dentine metal concentrations

Using the cumulative measure of dentine metals aggregated across 50 timepoints, we
observed significant associations between dentine Mn and overall BSI and externalizing
problem (B = -0.47, SE = 0.16, P < 0.01; —0.470.16, p < 0.01, respecitively). We did not
observe the association between Mn and internalizing problems or anxiety. Further, we did
not observe associations between aggregated Pb or Zn and any BASC-2 outcomes. When we
further restricted our cumulative Mn concentration to the period between 3-5 months, we
did not observe an association between Mn and internalizing behaviors or anxiety.

Discussion

Using dentine biomarkers to reconstruct fine temporal resolution for Mn, Zn and Pb
exposure throughout the prenatal and early postnatal periods, our results suggest: 1)
individual metal exposure during specific developmental windows impacts the risk of
reported behavioral problems in childhood and 2) early life Mn exposure appears protective
against behavioral outcomes, yet postnatal Mn appears as a risk factor for behavioral
outcomes, and 3) when examined as a mixture, manganese appears to drive the association
with internalizing and externalizing problems. Specifically, dentine Mn and Zn levels in the
early postnatal periods (from birth through 9 months of age) demonstrate significant
associations with increased childhood anxiety symptoms. Beginning at birth, dentine Pb is
associated with increasing anxiety symptoms, with the association increasing over time and
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appearing to extend beyond 12 months. When the three metals are examined as a mixture,
the protective effect of prenatal and early postnatal Mn persists. Postnatally, we observe two
distinct windows of susceptibility to internalizing and anxiety symptoms; the first window
(around 4 months) appears to be driven largely by dentine Mn while the association at the
second window (beginning after 8 months) is driven by the mixture of the three metals, and
dominated by dentine Pb. The correlation between the metal mixture and anxiety at 12
months is higher than the correlations between any individual metal and anxiety symptoms,
suggesting a mixtures effect. Taken together, these results suggest associations between
dentine biomarkers of Mn and neurodevelopmental outcomes may depend upon timing.
They also suggest that exposure to three metals may have a measurable association with
behavior not observed in analyses of individual metals.

The timing of a neurotoxic exposure is an important determinant for the expression of a
behavioral phenotype; not all neural structures and neuronal connections follow the same
developmental trajectory, suggesting there may be unique windows of vulnerability for
different developmental outcomes (Giedd et al. 1996; Huttenlocher and Dabholkar 1997).
Traditional biomarkers collected at single time points may measure exposure in the wrong
time window(s), leading to missed associations (Austin et al. 2017). Taking this
developmental approach to understanding early life risk factors is particularly relevant to
anxiety disorders as they may derive from early developmental events that affect the way an
individual brain is “wired” (Kagan and Snidman 1999; Leonardo and Hen 2008; Van
Ameringen et al. 1998). Anxiety disorders that manifest in childhood are fairly constant over
a lifetime (Kagan and Snidman 1999). Increasing evidence from experimental rodent models
suggests the period comprising the second and third weeks of life is a critical period for the
development of the neural circuits and connections that mediate anxious behaviors
(Leonardo and Hen 2008). This timeframe spanning postnatal days 7-21 in the rodent is
comparable to 1-2 years of age in humans (Semple et al. 2013). Our observation of
associations between higher metal exposures during specific developmental time windows
and increasing anxiety symptoms support the concept of critical windows of development
for behavioral outcomes.

Although it is well established that children are more susceptible than adults to the toxic
effects of metal exposure (Aranda et al. 1997; Fraser 1992; Johansson et al. 2008; Kacew
1997; Landrigan 2004; Winder 2010), growing evidence suggests fetuses and neonates are
even more vulnerable than children(Alcorn and McNamara 2002; Beath 2003; de Wildt et al.
1999; Ek et al. 2012; Erikson et al. 2007; Fechter 1999; Gow et al. 2001; Gregus et al. 1998;
Hakkola et al. 1998; Hoffmann 1982; Juchau and Faustman-Watts 1983; Makri et al. 2004;
Ring et al. 1999). Few epidemiologic studies examine time-resolved windows throughout
development that may be more vulnerable to disrupted (excess or deficient) metal uptake.
Using blood samples collected throughout childhood, previous work within our cohort
examined associations between early-life blood Mn and Pb and children’s
neurodevelopment. After adjusting for blood Pb, higher 12-month blood Mn was associated
with poor infant neurodevelopment at 12 months(Claus Henn et al. 2010). This association
was not observed with Mn levels at 24-months, suggesting a diminution of Mn neurotoxicity
with increasing age and the possibility of a window of vulnerability to cognitive outcomes
around one year of age. Notably, when Mn, Zn and Pb exposures occur jointly at 12 months,
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further decrements in 1Q scores were observed, supporting the literature suggesting that the
effect of a mixture of toxicant may differ from the effect of the individual metal components
(Freire et al. 2018). Two recent studies have utilized dentine Mn as a biomarker of early life
exposure, dividing the tooth into prenatal and postnatal time frames. Consistent with our
results, prenatal dentine Mn levels were higher than postnatal, yet most adverse associations
with neurodevelopmental outcomes were observed with postnatal values. Postnatal dentine
Mn was associated with small decrements in cognition at 6 and 12 months of age (Gunier et
al. 2013) and increases in internalizing and externalizing behaviors at 7 years of age (Mora
et al. 2015). In a study of adolescent motor function, higher prenatal dentine Mn was largely
protective from adverse motor outcomes in boys, but associated with increased tremor in
girls (Chiu et al. 2017).

Results from these prior studies provide some insight into the timing of Mn exposure and the
developmental windows of susceptibility, but fail to leverage the temporal exposure
information available through dentine biomarkers and do not account for co-exposure to
other neuroactive metals. Using lagged WQS, we examined time-resolved (i.e., weekly)
associations between co-exposure to Mn, Pb and Zn and childhood behavioral outcomes. We
observe a strong association between the 3-metal mixture at 4 and 12 months and childhood
anxiety symptoms. Sensitivity analyses using metal concentrations aggregated at those
specific time points failed to capture the associations with anxiety symptoms observed in the
time series data. This suggests that approaches that our approach leveraging temporal data
from deciduous teeth can identify realtionships that more traditional approaches focusing on
spot samples or limited time windows may miss. Our results suggest that the impact of early
life chemical exposures on behavioral outcomes may depend both on the timing as well as
the dose of the exposure and highlight the need to study metal exposures as a mixture at
different stages of development.

There are several limitations to our study. The fairly small sample size limited the statistical
power to stratify the sample and perform the lagged WQS approach for both training and
validation (Czarnota et al. 2015) and the exploratory approach limits our ability to generalize
our findings on a population level. These findings should be confirmed in a larger sample.
Further, while the lagged WQS method provides a comprehensive profile of the time-
varying metal mixture, it does not allow for estimation of potentially multiplicative effects
(i.e., metal interactions). While our use of deciduous teeth provides novel, retrospective data
on early life exposures, deciduous teeth begin developing only in the early second trimester
and we cannot examine the effects of very early metal exposure on neurodevelopmental
outcomes occurring in the first trimester.

Despite these limitations, there are several unique strengths to our study. This study is
among the first to present findings from an investigation linking prenatal and early postnatal
dentine metal concentrations measured in deciduous teeth with children’s behavioral
outcomes in later childhood (ages 8-11). This research explores new biomarkers of metal
exposure, assessment of both individual and combined metal exposure, and employs a novel
methodology (i.e., lagged WQS) to capture the time-varying association between exposure
and outcome. Our results indicate that there are relatively small, statistically significant
associations for each individual metal as well as for the combination of metals that vary by
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the time window when the metals are measured. Finally, we focus on relevant but
understudied neurophenotypes. Adolescent anxiety disorders predict a broad range of
subsequent psychiatric disorders (Bittner et al. 2004; Cohen et al. 1993b; Foley et al. 2004;
Hayward et al. 2000; Orvaschel et al. 1995; Stein et al. 2001; Woodward and Fergusson
2001) yet early life environmental predictors of childhood anxiety disorders have received
little attention.

Conclusion

Overall, we found that early life metal exposures, as measured in deciduous teeth, were
associated with behavioral problems in children and the associations were dependent upon
developmental timing. These findings add to a growing literature addressing the
neurodevelopmental toxicity of neurotoxic metals, and suggest that the developing brain is
uniquely vulnerable to the effect of metal exposure at different timepoints. In addition to
addressing exposures over time, our findings suggest that studies addressing early life
exposures should consider co-exposure to multiple neurotoxic chemicals, rather than single
chemicals. Greater knowledge about the developmental timing of exposures and brain
development would be valuable for informing interventions.
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Highlights:

. 3 to 5 bullet points (maximum 85 characters, including spaces, per bullet
point)

. Tooth-matrix biomarkers were used to identify windows of susceptibility to
Mn, Zn, and Pb

. Prenatal and early postnatal Mn appears protective against externalizing
behavior

. Postnatal Mn is associated with higher internalizing behaviors, especially
anxiety

. Co-exposure to Mn, Zn and Pb at 12 months is associated with anxiety
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Figure 1.
Tooth metal levels from early second trimester (-5 months before birth) to one year of age

(12 months) for (A) Mn as In 55Mn:#2Ca ratio, (B) Zn as 56Zn:#2Ca ratio and (C) Pb as
208ph:42Ca ration. Dots (dark blue = male, light blue = female) represent individual tooth
measurements for 133 participants with approximately 50 measurements per participant.
Line represents Loess smoother.
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(C) Lead (Pb)
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Figure 2.
Individual Reversed DLM plots demonstrating association between fine scale resolution

dentine metal levels and BASC-2 Behavioral Symptoms; [(A) manganese (top), (B)
zinc(middle), (C)lead (bottom)] adjusted for maternal education and gestational age (n =
133); Y axis = time varying correlation between exposure and outcome; X axis = time since
birth representing timing of tooth sampling; central black line indicates = correlation; blue
band represents the 95% confidence intervals and the vertical bars represent the 95% Holms-
Bonferroni family-wise confidence intervals. A significant association indicating a critical
window is defined as an area of the rDLM that does not include zero.
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Figure 3.

Lagged WQS representing time varying associations of co-exposure to dentine Mn, Zn and
Pb with BASC-2 Behavioral Skills Index, Internalizing Symptoms, and Anxiety Symptoms
assessed at 8-11 years of age among 133 ELEMENT subjects. (A) Lagged WQS plots with
95% piecewise confidence intervals (blue band) and 95% Holm-Bonferonni family-wise
confidence intervals (vertical bars). The Yaxis represents time varying correlation between
joint exposure and outcome. (B) Weighted associations of the individual metals to the
observed mixture effects shown in plot A. In both figures, the X-axis represents the time
since birth indicating the timing (in months) of tooth sampling.
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Sociodemographic characteristics of study participants included in the parent cohort ELEMENT?and those

. . b
included in the current analyses .

Excluded from analysis (n = 693) Mean +

Included in analysis (n = 133) Mean + SD or

SD or % %
Child Sex (% female) 48.8% 51.9%
Estimated gestational age at birth (weeks) 389+15 389+15
Preterm birth (< 37 week gestation) 6.2% 5.3%
Birth weight (kg) 3.10+£0.45 324 +044%
Low Birth weight (<2500 g) 6.5% 3.0%
Maternal age at delivery (years) 28959 28.8+5.6
Maternal years of education at delivery 9.0+39 63+467
Family SES
Low 54.2% 47.4%
Medium 43.2% 36.9%
Higher 2.6% 3.4%
Maternal 1Q (WAIS) 88.6 £22.2 94.7+201%
Maternal smoking during pregnancy (% yes) | 4.4% 1.7%
Study cohort (years of subject birth)
1 (1994-1995) 29.1% 15% %
2 (1997-2002) 35.3% 13.5%
3(1998-2001) 16.5% 22.6%
4 (2001-2006) 19.2% 62.4%
Age at BASC-2 administration (years) 10.2+27 84+14%
BASC-2 percentiles
Behavioral Symptoms Index 50.5+95 50.1+10.2
Internalizing Problems 52.1+104 52.2+10.0
Anxiety 53.3+10.0 55.0+10.2
Depression 51.7£10.7 51.3+11.2
Externalizing Problems 49.3+9.5 48.1+9.8
Hyperactivity 49.3+9.8 49.6 £10.3
Attention 52.4+10.8 52.6+11.2

*
Indicates significant difference between groups, p < 0.05;

a. . . . Lo .
Not including those subjects included in current analyses.

bMissing data for some covariates among subjects in current analyses; gestational age (n = 1), birth weight (n = 1), maternal age (n = 1), Family
SES (n =17), Maternal 1Q (n = 19), maternal smoking (n = 18),
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