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Abstract

Background—The potential harm from exposure to nonessential metals, particularly mercury
(Hg) and lead (Pb), has been the focus of research for years. Initial interest focused on relatively
high exposures; however, recent evidence suggests that even high normal exposures might have
adverse consequences for child development. Identifying the extent of these consequences is now
a priority.

Methods—We assessed blood Pb and Hg levels in a biracial sample of 9-11 year-old children (M
= 203). Neurodevelopment and psychological functioning assessments included hostility,
disruptive behaviors, emotion regulation, and autism spectrum disorder behaviors.
Parasympathetic (vagal) responses to acute stress were indexed by heart rate variability (HRV) at
rest and during stress.

Results—With increasing Pb levels, children exhibit higher levels of hostile distrust and
oppositional defiant behaviors, were more dissatisfied and uncertain about their emotions, and had
difficulties with communication. These significant associations were found within a range of blood
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Pb levels from 0.19 to 3.25 ug/dL, well below the “reference value” for children of >5 pg/dL.
Vagal reactivity interacted with Hg such that increasing Hg was associated with increasing autism
spectrum behaviors for those children with sustained vagal tone during acute stress.

Conclusions—This study is the first to demonstrate an association between very low-level Pb
exposure and fundamental psychological mechanisms that might explain prior associations with
more complex outcomes such as delinquency. Analyses of vagal reactivity yielded entirely novel
associations suggesting that Hg may increase autism spectrum behaviors in children with sustained
vagal tone during acute stress. The novelty of these later findings requires additional research for
confirmation and the cross-sectional nature of the data caution against assumptions of causality
without further research.
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The adverse effects of elevated blood lead (Pb) on children’s development have been studied
extensively in the domain of cognitive functioning (1), even at concentrations below those
deemed to be elevated (>5 pg/dL) by the Centers for Disease Control and Prevention (CDC)
in 2012 (2). Effects of Pb exposure also have been examined for behaviors such as
delinquency (3); however, much of this work has focused on children with identified
exposure routes (e.g., proximity to a battery factory) and thereby higher Pb levels (4). In
contrast, high normal metal exposures would likely occur through less clear routes and as a
result of relatively minor differences in diet (5, 6), dust exposure (7), and ambient air
pollution (8). More needs to be learned about possible consequences of high normal Pb
exposure. Exposure at these low levels is of particular importance to public health, as high
normal exposures would affect a much larger proportion of children.

One pair of neurodevelopmental disorders that have been evaluated, and happen to have
some overlap of symptoms, are Attention Deficit and Hyperactivity Disorder (ADHD) and
Autism Spectrum Disorder (ASD). A study of 4,704 children in the National Health and
Nutrition Examination Survey 1999-2002 (9) revealed that higher blood Pb levels are
associated with a significantly higher risk of ADHD. Notably, this association was found in
children with relatively low levels of blood Pb (nearly 80% of this population had blood Pb
levels <2 pg/dL). ASD has been less consistently associated with Pb or other non-essential
metal exposures. Most studies have considered metal levels in blood, hair, and urine for
those with diagnosed ASD compared to controls. This research has yielded inconsistent
results with respect to Pb and Hg, with most studies finding non-significant differences (10,
11) or even a reduced level of some non-essential metals (Pb) in those with ASD (12).

The other category of neurodevelopmental impairments that has been studied includes
disruptive behaviors and found associations with delinquency (3) and disruptive classroom
behavior (13). Despite these findings, very little attention has been given to the possible
underlying psychological mechanisms that may contribute to the observed associations. For
example, little is known about how Pb exposure may undermine children’s ability to regulate
their emotions and develop supportive social relationships. One of the few studies
investigating Pb and emotion regulation abilities (14) did find that higher Pb was associated
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with poor emotion regulation in very young children; however, the children in the study had
relatively high levels of Pb exposure (comparing exposed, with levels >10 pg/dL to less
exposed, with levels <10 pg/dL).

It seems likely that higher blood Pb levels adversely affect core mechanisms of
psychological and social functioning, and that such outcomes can be manifested to varying
degrees in clinical diagnoses. The present study considers behavioral correlates of relatively
low-levels of blood Pb and blood Hg in a biracial sample of 9-11 year old children who
together with their parents completed a battery of neuropsychological assessments. These
assessments were designed to advance understanding beyond diagnostic dichotomies by
measuring underlying functional process dimensions. Based on prior research, we
hypothesized that these low-level Pb exposures would be positively associated with evidence
of impairments in psychological, social, and physiological regulatory mechanisms.

The role of postnatal Hg exposure in neurodevelopment has been studied as well; but the
evidence thus far does not support firm conclusions. ADHD has not shown significant
associations with postnatal Hg exposure (15); however, there may be an association with
ASDs (16, 17). One explanation for the divergent findings may be that differences in the
strength or presence of associations between Hg and neurodevelopmental disorders result
from a combination of Hg exposure and underlying genetic/biological susceptibility (16).
One such neurobiological system that might affect the risk linked to Hg exposure is
parasympathetic (vagal) regulation (18). Recent research has demonstrated how
environmental factors might have differential impact as a function of underlying individual
differences in vagal responses to acute stress (19).

Therefore, in the present study we considered the role of parasympathetic (vagal) responses
to acute stress in the associations between low-level metal exposures and
neuropsychological outcomes. The focus on the parasympathetic system has been a result of
efforts to integrate mechanisms of physiological control (18) with psychological/behavioral
regulation (20, 21). Specifically, vagal activity when an organism is at rest is regarded as a
mechanism for maintaining homeostasis (22). On the other hand, during changing or
demanding situations (e.g., stress) the vagal system is thought to function as a sort of
“brake” to facilitate control (23). According to this theory, greater vagal tone (“braking”)
during a stress episode indicated better behavioral control, whereas decreasing vagal tone
during challenging/attentional tasks reflects impaired vagal braking which undermines
behavioral control and may impair social interactions (23). Environmental burdens may be
particularly harmful to those with poor vagal control during challenges. A number of studies
have yielded evidence that is consistent with this hypothesis (24, 25). On the other hand, an
excessively controlled vagal system may also be associated with neurodevelopmental
disorders. For instance, relative to children who exhibited “normal” vagal withdrawal
responses during stress, autistic children did not display this response but instead exhibited
continued vagal tone (26). Therefore, in addition to considering the potential “main effects”
of nonessential metal exposures on neurodevelopment, the present study also examined the
possibility that this environmental burden may impair neurodevelopment depending on
underlying differences in vagal responses to acute stress.
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Methods

Participants

The participants were drawn from the ongoing Environmental Exposures and Child Health
Outcomes (EECHO) study, a research project investigating the relationships among
exposures to environmental toxicants and cardiovascular risk indices in 9-11 year old
children living in low- to middle-income neighborhoods in a midsize city in upstate New
York. The EECHO sample contains an approximately equal number of Black/African
American and White/European American, male and female children. The study excludes any
children who are not self identified as either Black or White, are not 9-11 years old, do not
meet zip code residence selection criteria (designed to target low SES neighborhoods and
roughly equal numbers of Black and White children), those with serious medical or
developmental disabilities, and those who were on medications that might affect their
cardiovascular system. We have currently recruited 210 children; however, a programming
error in the online survey tool at the beginning of the study resulted in missing questionnaire
data for 7 children. Therefore, the data for this paper were from 203 children (representing
170 families) recruited into EECHO thus far. With respect to joint participation, 134 children
participated alone, 54 children participated with 1 sibling, and 15 children participated with
2 siblings. As we describe below, the data analysis plan reflected the nested nature of the
data. The parent/caregiver informant was usually the mother (86%); in some cases the
informant was a father (9%), grandmother (2%), or other custodian (e.g., aunt; 3%).

Procedure

Participants arrived at our laboratory and blood draw center located on the Syracuse
University campus and signed an assent form while a parent signed a separate consent form
approved by the Institutional Review Board of Syracuse University. As part of a more
extensive blood draw protocol, a certified phlebotomist drew 5-mL venous blood into a
plastic lavender-top (EDTA), certified by the analyzing laboratory for measurement of blood
levels of Pb and (total) Hg concentrations. Blood specimens were immediately placed on ice
and within 2 hours of the blood draw the samples were transferred into 5-mL cryovials
(certified by the analyzing laboratory) and frozen at —80°C pending shipment to the trace
elements section of the Laboratory for Inorganic and Nuclear Chemistry at the New York
State Department of Health’s Wadsworth Center, Albany, NY. During the initial laboratory
visit and a subsequent visit 1.5 weeks later, questionnaires were administered using iPads
and Qualtrics Survey software (Quatrics, Provo, UT). Because blood specimens were not
analyzed prior to testing, all EECHO staff was blind to exposure during this extensive testing
protocol.

Measures

Exposure to Nonessential Metals: Child’s Blood Pb and Hg Levels—Whole
blood was analyzed for Pb and total Hg using a well-established biomonitoring method
optimized for a Thermo XSeries2 Inductively Coupled Plasma-Mass Spectrometer (ICP-
MS), which was used throughout this study (Thermo Fischer Scientific, MA). A complete
description of the biomonitoring method has been described elsewhere (27). The ICP-MS
instrument was calibrated for each of the metals using a matrix-matched (blood) protocol,
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with calibration standards traceable to the National Institute of Standards and Technology
(NIST, Gaithersburg, MD). Method detection limits were calculated during the study using
the IUPAC recommendations for each metal in a blood matrix: 0.10 pg/dL for Pb; and 0.12
ug/L for Hy. Internal quality control (IQC) materials (four levels) covering the range of
exposures expected in the US population were analyzed at the beginning, end and
throughout each analytical run. All IQC samples were prepared in-house from whole blood
obtained from Pb-dosed animals, and supplemented with inorganic salts of Hg, and
methylmercury chloride. Typical repeatability, or between-run imprecision, was 2.6% for
Pb; and 4.0% for Hg. Method accuracy was assessed throughout the study by analyzing
NIST Standard Reference Material (SRM) 955c¢ — Toxic Metals in Caprine Blood. Method
performance was monitored through successful participation in six external quality
assessment schemes for trace elements that included these two metals in whole blood. The
analysis was repeated for any elevated value: >5 pg/dL for Pb, and >10 pg/L for Hg. In
addition, 2.5% of all blood specimens were randomly selected for re-analysis.

Hostility and other Disruptive Behaviors—The Cook-Medley Hostility Index — Youth
Version was administered to participants and consisted of 26 items in a true/false response
format (28, 29) created from the adult version (30) to assess hostile attitudes among children
(a = 0.79 in the current sample). In addition to a total score, subscales included Cynical
Distrust (“| think most people lie to get ahead”), Angry Affect (“| don’t get angry easily” -
reverse scored), and Aggression (*“At times, | have had to get rough with people who were
rude or ‘bugging’ me”). Internal consistencies for the Cynical Distrust and Aggression
subscales were reasonable (as = 0.69 and 0.57, respectively); however, the internal
consistency for the Angry Affect subscale (a = 0.32) was too low and therefore this subscale
was not analyzed further.

Disruptive Behaviors were measured using the 26-item Disruptive Behavioral Disorders
(DBD) scale (31) administered to the parent. This measure includes items such as “Argues
with adults” and “Doesn’t pay attention” with responses made on a 4-point Likert scale from
0=Not at all to 3=Very much. The measure provides scores for Oppositional Defiant
Disorder behaviors (a = 0.92 in the current sample), ADHD-inattentive type behaviors (a =
0.93), and ADHD-hyperactivity type behaviors (a = 0.89), as well as clinical cut-points for
each of these scores.

Emotion Regulation—The 36-item Difficulties in Emotion Regulation Scale (DERS(32))
was administered to participants; it measures a variety of emotion regulation difficulties and
have been validated among adolescents(33). This measure has items prefaced with “When |
am upset...” and includes such statements as “I lose control over my behaviors™” and “it
takes me a long time to feel better;” responses are made on a 5-point Likert scale ranging
from “almost never” to “almost always”. In addition to a total score, subscales include
Nonacceptance of Emotional Responses, Difficulties Engaging in Goal-Directed Behavior,
Impulse Control Difficulty, Lack of Emotional Awareness, Limited Access to Emotional
Regulation Abilities, and Lack of Emotional Clarity. The total score had good internal
consistency in the current sample (a = 0.88), with acceptable but slightly lower internal
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consistency among the subscales listed above (a’s = 0.81, 0.80, 0.65, 0.76, 0.79, and 0.55,
respectively).

ASD Symptoms—The Autism Spectrum Quotient (ASQ) — Adolescent Version (34) is a
50-item parent-rated questionnaire that assesses symptoms of ASD in children. This
questionnaire has demonstrated construct validity in previous research (34); internal
consistency in the current sample was acceptable (a = 0.72). ASQ subscales for this measure
include Social Skills, Attention Switching, Attention to Detail, Communication, and
Imagination. In a study validating the ASQ(34), approximately 90% of the adolescents with
Asperger’s Syndrome (AS)/High Functioning Autism had scores above 30, whereas all of
the controls had lower scores. A score of 30 thus was used to generate a dichotomous ASQ
outcome (yes/no) index for statistical analyses.

HRV (Vagal Reponses to Acute Stress)—We measured inter-beat intervals (IBI; the
times between successive heart beats) generated and stored from ECG data generated at a
sampling rate of 500 Hz, well within the sampling frequency recommended by the Task
Force of the European Society of Cardiology that published guidelines for the collection and
interpretation of HRV data (35). These measurements were made during a 10-minute
baseline period (during which participants watched a relaxing video about Hawaii, cf. (36))
followed by 3 acute stress tasks — reaction time, mirror image tracing, signal detection—
which were presented in a counterbalanced order using the E-Prime™ program (37). We
have previously reported details on these tasks (38). HRV was calculated using the
Nevrokard™ HRV program (Nevrokard Kiauta, k.d., Slovenia). Before computing HRV,
missing or noisy segments and ectopic beats were replaced by visual inspection and linear
interpolation and by research staff who were blind to exposures. The HRV distributions were
skewed and consequently were natural log transformed (In). Task levels were normalized (z-
scored) and averaged across tasks. HRV responses were then calculated by subtracting
baseline levels from task levels. Components of HRV were assessed in the low frequency
(LF) and high frequency (HF) power spectrum, both indices of parasympathetic activity
(39). The LF/HF ratio was calculated from these measures and may reflect some degree of
sympathetic-parasympathetic balance (35); however, this assumption has been recently
challenged (39). Negative scores (particularly for HF) represent greater vagal withdrawal
during the stressors. Positive scores represent greater vagal augmentation during stressors.

Covariates—Potential confounding variables were identified a prioriby selecting a small
set of variables that prior research has shown to be correlated with the study outcomes (40).
This approach avoids over-fitting a model that occurs when “cherry picking” covariates from
a larger set of potential confounds (41). The justification for the inclusion of 4 covariates and
the measurement method are as follows. Gender differences have been reported for
disruptive behaviors (42). Participant gender and race was obtained by self-report. Race
differences have also been reported for hostility (43); however, this difference has been
shown to be a product of differences in SES (43). Participants’ parents reported their annual
household income and the occupation and education level of both the participants’ parents
(when known or available), as described in Hollingshead (44). Parental income was based on
a 1-10 scale and adjusted by dividing income by the square root of the number of people
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living in the household (45). The income, education, and occupation data were each
converted into a z-score and averaged. As such, missing data (n = 1 for income and
education, n = 3 for occupation) was based on available data with the exception of one
subject whose mother refused to compete the survey and therefore this participant was
assigned a 0 z-score (mean substitution). Given that developmental changes in disruptive
behaviors and emotion regulation are well documented (46), the child’s age was also
included as a covariate.

Statistical Analyses

Results

All statistical analyses were conducted using SAS 9.4. All statistical models were
considered without covariates as well as with the inclusion of 4 covariates outlined above:
sex, race, age, and SES. Because the distribution of blood Pb and Hg levels were not
normally distributed and showed a positive skew (skewness = 1.41 and 9.50, respectively),
these measures were log transformed. Although blood Pb and Hg levels were not correlated
(0> 0.20), to be conservative and to create the most accurate models of independent effects
we included both simultaneously in all models. Because some siblings participated from the
same family and therefore had a shared family environment, we used PROC MIXED (for
continuous outcomes) and GENMOD (for nominal outcomes) to test generalized linear
models with fixed and random effects. In these models, we used a single random factor
(labeled family) to account for any family nesting effects among the siblings participating in
the study (47). Although PROC MIXED and GENMOD produce only unstandardized
estimates, we converted all variables to standard scores in an additional step and were
thereby able to report standardized estimates in Tables 2 and 3. To reduce the probability of
a Type | error, the analysis of subscales is only included if the total score was significant.

Sample Characteristics

The sample consisted of 203 children with an average age of 10.59 (5D = 0.89), 57.2% were
Black, 42.8% were White, and 47.1% were female (see Table 1). The sample was low-
middle SES in terms of household income and parental education, as expected based on
targeted zip codes. Thirty-four percent of the participants’ families made less than $15,000
per year, 19% made between $15,000 and $35,000, 34% made above $35,000, and 12%
were missing income data.

Exposure to low-level Pb and Hg in Relation to Children’s Behavior

As shown in Table 2, each measure of the children’s behavior was analyzed in models
without covariates (Model 1) and then controlling for gender, race, age, and SES (Model 2).
Without covariates, increasing Pb was associated with higher levels of hostile distrust (#(35)
=3.10, p < .01) and increasing total hostility (#(35) = 3.22, p < .01). After controlling
covariates, these associations remained significant with increasing blood Pb associated with
significantly higher levels of hostile distrust (#(31) = 3.10, p=0.004) and increasing total
hostility (#(31) = 2.39, p=0.04), as reported by the child. Without covariates, increasing Pb
was also significantly associated with higher levels of aggression (£(35) = 2.23, p< .05);
however, this association was no longer significant after inclusion of covariates (o> 0.10). In
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the analysis of parent-reported disruptive behaviors (using scores rather than clinical cut-
points), increasing blood Pb was associated with increasing ODD behaviors in the model
without covariates (#(34) = 2.16, p=.04) as well as with covariates (#(30) = 2.20, p=0.03;
see Figure 1). Increasing Pb was also associated with significantly greater ADHD-
hyperactivity in the base model (#(34) = 2.31, p< 0.05) but was no longer significant after
controlling for covariates (#(30) = 1.50, p> 0.10). For the analysis of the child reported
emotion regulation in models without covariates, increasing blood Pb was associated with
significantly greater total difficulties (#(35) = 2.90, p < 0.01), less acceptance of one’s
emotional responses (£(35) = 2.79, p< 0.01), difficulty with impulse control (£(35) = 2.29, p
< 0.05), poorer awareness of one’s own emotions (e.g., “I’m attentive to my feelings” —
reverse scored; £(35) = 2.99, p< 0.01), and less clarity about one’s emotions (e.g., “I have
no idea how I’'m feeling”; ¢(35) = 2.54, p < 0.05). For the analysis of the child reported
emotion regulation in models with the inclusion of covariates, increasing blood Pb was
associated with marginally greater total difficulties (#(31) = 1.82, p< 0.10), poorer
awareness of one’s own emotions (e.g., “I’m attentive to my feelings” — reverse scored; ¢
(31) = 2.35, p< 0.05), and less clarity about one’s emotions (e.g., “I have no idea how I'm
feeling”; ¢#(31) = 2.37, p< 0.05). In the analysis of ASQ scores, the total score was not
significant associated with Pb or Hg in base models and in models with covariates (o values
> 0.10).

Based on clinical cut-points for some measures, the frequency of neurodevelopmental
disorders in this sample were 15.9%, 15.4%, 11.0%, and 4.9% for ODD, ADHD-inattention
type, ADHD-hyperactivity/impulsive type, and Asperger’s/High Functioning Autism,
respectively. Blood Pb and Hg levels were not associated with ODD (p values > 0.15),
ADHD-inattention type (p values > 0.25), ADHD-hyperactive/impulsive type (o values >
0.25), and Asperger’s/High Functioning Autism (p values > 0.25).

Role of Vagal Response to Acute Stress

Before examining HRV responses to acute stress (task-induced changes from resting
baseline), we examined the relationships of Pb and Hg with the baseline levels of In LF, In
HF, and In LF/HF. After entering our standard covariates in the statistical models, neither Hg
nor Pb were significantly related to baseline HRV indices (ps > 0.25). Based on our
hypotheses, we then considered the interaction between nonessential metals and HRV
indices in the prediction of psychological and behavioral outcomes. No significant
interactions were found with Pb and full scale (total) scores. In addition, no significant
interactions (p values > 0.05) were found for total scores of hostility, disruptive behaviors,
and emotional regulation. However, a number of significant interactions were found between
Hg and ASD total scores as well as subscales (see Table 3 and Figure 2). For ASD total
symptom scores, a significant Hg*LF HRV interaction (t (30) = 2.34, p < 0.05) and
Hg*LF/HF HRV interaction (t (30) = 2.39, p < 0.05) revealed that increasing Hg was
associated with greater autism spectrum symptoms specifically for those children with low
HRV withdrawal (continued vagal tone) during acute stress (see Table 3 and interaction for
total ASQ illustrated in Figure 2). An analysis of ASQ subscales revealed significant or
marginally significant interactions for social skills (#(26) = 1.87, p< 0.10, for Hg*LF HRV,
and ¢£(26) = 2.75, p < 0.05, for Hg*LF/HF HRV), attention to detail (t (26) = 1.94, p < 0.10,
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for Hg*LF HRV, and #(26) = 1.90, p < 0.10, for Hg*HF HRV), and imagination (#(26) =
2.26, p< 0.05). The patterns of these interactions are similar to that for the total ASD score
and are show in Table 3.

Discussion

Much evidence connects high levels of environmental Pb exposure with neurodevelopmental
risks in children. The present study suggest that harmful neuro-behavioral effects of blood
Pb may occur at levels of exposure that are significantly lower than the levels usually
studied, and that they may be detected across the different physiological, psychological, and
social regulatory systems that underlie and enable competent everyday functioning. The
pattern of significant associations observed here suggests that Pb is significantly associated
with impairments in a child’s ability to regulate emotions, form trusting and supportive
interpersonal relationships, and regulate aggressive and oppositional behaviors that
undermine adjustment in family, neighborhood, and school settings. Greater Pb exposure,
even within a relatively low range of levels, was associated with a tendency to be more
suspicious and distrusting of others, more aggressive, to display ODD behaviors, to feel
uncomfortable and uncertain about one’s emotional responses, and to have difficulties with
communication. It is important to note that these significant associations between Pb and
psychological variables are found within a range of blood Pb levels from 0.19 to 3.25 g/dL,
well below the reference value of 5 ug/dL, defined as 97.5™ percentile for children in
NHANES set by the CDC in 2012 (2). However, it is also important to note that we found no
significant associations using clinical cut-points.

We found no evidence of simple associations between blood Hg exposure and
neurodevelopmental/psychological impairments. In addition, although some prior research
has shown an association between Hg and baseline HRV (48-50), we found no such
associations in our data. However, significant interactions between Hg and vagal responses
to acute stress were found in predicting ASQ. This interaction revealed a significant positive
association between Hg and ASQ specifically for children with greater HRV during acute
stress. In other words, children who responded to the stress tasks with greater increases in
vagal tone (indexed by greater HRV) also showed higher frequencies of ASD symptoms
with increasing Hg levels. This suggests that an excessive vagal “brake” during stress may
put children at an increased risk from exposure to Hg and thereby a greater frequency of
autism spectrum symptoms. This finding is consistent with evidence that perhaps autism is
associated with greater vagal tone during stress (26); however, the role of vagal responses to
acute stress remains poorly studied and some research suggests that greater vagal tone
during acute stress serves as a protective factor for children faced with adverse family
environments (51).

There are notable limitations with the present study. First, the cross-sectional study design
makes it difficult to establish causality. For example, it is possible that children’s behaviors
(hostile distrust, aggressiveness, poor emotion regulation) produced behaviors that increased
exposure to Ph. Despite this logical possibility, we are unaware of any specific means by
which these particular behaviors might increase blood Pb levels. In addition, although we
did control for some potential confounds, there may have been other unmeasured confounds.
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For example, although exposure to Hg and Pb was controlled for in all our analyses (in other
words, all models included both of these toxicants), other toxicants such as
perfluorochemicals (PFCs) and polybrominated diphenyl ethers (PBDES) may covary with
Pb and Hg and be associated with the outcomes we measured (52, 53). We plan to seek
funding to measure these additional toxicants. Second, we conducted numerous tests of
associations and therefore might have inflated Type | error. However, the consistency of
findings (identifying problems with relevance to social processes) across informant sources
(child and parent) and the number of significant associations relative to analyses enhances
confidence in the validity of our findings.

Conclusions

Although a number of studies have demonstrated associations between Pb exposure and
delinguent behavior(54), cognitive functioning(55), and classroom behavior(13), the present
study is the first to demonstrate an association between very low-level blood Pb levels (all
<3.25 pg/dL) and fundamental psychological mechanisms (/.e., increased hostile distrust and
impaired emotion regulation) that might explain these more complex outcomes. With respect
to Hg exposure, we found entirely novel associations suggesting that Hg exposure might
affect neurodevelopmental outcomes differently as a function of underlying differences in
HRV responses to acute stress. Specifically, Hg exposure may increase autism spectrum
behaviors for those children showing sustained vagal tone during acute stress (i.e., a lack of
the typical increase in HRV and corresponding vagal withdrawal during acute stress). The
novelty of these later findings requires additional research to confirm them.
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Highlights
. Pb and Hg, psychological outcomes, and vagal responses were measured in
children.
. Pb levels were associated with hostility, ODD, and poor emotional regulation.
. Hg was associated with autism spectrum for those with sustained vagal tone.
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Disruptive Behavioral Disorders Rating Scale:
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Figure 1.

Oppositional Defiant Disorder (ODD) scores from Disruptive Behavioral Disorders Rating
Scale as a function of blood Pb (p < 0.05). ODD scores are residuals having controlled for
our standard set of covariates. Pb was analyzed as a log-transformed value but is reported in
the original units as well.
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Autism Spectrum Questionnaire (ASQ) Score
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Figure 2.

Autism Spectrum Questionnaire (ASQ) scores as a function of blood Hg levels for children
with low LF/HF change (high “reactivity”) and high LF/HF change (low “reactivity”).
Dashed line represents threshold of 30 for classification as Asperger’s/High Functioning
Autism.
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Table 1

Characteristics (Mean and SD, or %) of participants (A= 203)

Mean (SD)

or % Range
Measure
Child age (yrs) 10.58 (0.88) 9.05-11.99
Gender 47.1 % Female
Race (White/Black) 57.2 % Black
Socioeconomic Status<
Education (average if 2 parents)2 5.10(1.67) 1.00-8.00
Occupation (score) 5.16 (2.25) 1.00-9.00
Income3 6.34 (2.87) 1.00 - 10.00
Blood Pb (pg/dL) 0.98 (0.61) 0.19-3.25
Blood Hg (ug/L) 0.46 (1.02) 0.01-11.65

Page 18

As indicated in the methods section, the three measures of socioeconomic status (education, occupation, and income) were converted to z-scores
and combined to yield a single measure of SES.

On this education scale, a score of five corresponds to “some college”. As outlined in the methods section, education was averaged across parents.

On this income scale, a score of six corresponds to “$20,000 — 25,000”. As outlined in the methods section, this income was subsequently

adjusted for the number of persons living in the household.
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Table 2

Page 19

Standardized estimates (with 95% confidence intervals) for blood Pb and Hg predicting hostility, disruptive
behaviors, emotion regulation, and autism spectrum behaviors (A= 206) are reported. Estimates are shown for
Model 1 (no covariates) as well as estimates from Model 2 that controlled for gender, race, age, and
socioeconomic status, All models included both Pb and Hg.

Hostility

Total Score
Aggression
Hostile Distrust (“Cynicism” scale)

Disruptive Behaviors

Oppositional Defiant Disorder (Score)

ADHD-Inattention (Score)
ADHD-Hyperactivity (Score)

Emotion Regulation

Total Score
Nonacceptance of Emotional Responses

Difficulties Engaging in Goal-Directed Behavior
Impulse Control Difficulty

Lack of Emotional Awareness
Limited Access to Emotion Regulation Abilities
Lack of Emotional Clarity

Autism-Spectrum Quotient (ASQ)

Total Score

Pb
Model 1

0.2277(0.08, 0.36)
0.16 ¥(0.01, 0.30)

0.27*%(0.13, 0.41)

0.16 (0.02, 0.31)
0.01 (<0.14, 0.15)

0.16 (0.02, 0.30)

0.20(0.06, 0.34)

0.19*%(0.05, 0.33)
-0.04 (-0.19, 0.10)

0.16 (0.02, 0.30)

0.177(0.02, 0.32)
0.06 (~0.08, 0.20)

0.18(0.04, 0.32)

0.08 (~0.06, 0.23)

Model 2

0.17(0.02 - 0.31)
0.10 (-0.15, 0.14)

0.22%(0.08, 0.36)

0.18(0.02, 0.33)
-0.01 (0.15, 0.14)
0.11 (-0.04, 0.26)

0.13%(~0.02, 0.28)
0.12 (-0.03, 0.27)

-0.06 (~0.21, 0.09)
0.08 (-0.07, 0.22)
0.17(0.02, 0.32)
0.08 (-0.07, 0.23)

0.18(0.02, 0.33)

0.12 (-0.03, 0.28)

Hg
Model 1

0.04 (~0.10, 0.18)
0.01 (-0.14, 0.15)

0.03 (-0.11, 0.16)

0.02 (-0.12, 0.16)

0.12 (-0.03, 0.26)
0.05 (-0.09, 0.19)

-0.05 (<0.19, 0.09)
-0.05 (~0.19, 0.09)

0.02 (-0.12, 0.17)
0.02 (-0.12, 0.16)

~0.06 (-0.20, 0.08)

0.02 (-0.13, 0.16)
0.12 (-0.02, 0.26)

0.01 (-0.14, 0.14)

Model 2

0.02 (-0.12 - 0.16)
0.11 (-0.03, 0.25)

0.01 (-0.13, 0.14)

0.02 (-0.12, 0.17)

0.11 (-0.03, 0.25)
0.05 (-0.09, 0.19)

-0.06 (~0.20, 0.08)
-0.06 (-0.20, 0.08)

0.03 (-0.12, 0.17)
0.01 (-0.14, 0.14)

-0.06 (0.20, 0.08)

-0.07 (<0.22, 0.07)
-0.09 (-0.23, 0.05).

0.06 (-0.09, 0.20)

#p <0.10;

*
p <0.05;

Aok

p<.01
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Table 3

Page 20

Analysis of Autism-Spectrum Quotient (ASQ) as a function of the interaction between Hg and HRV (N =
195). Reported are standardized estimates (with 95% confidence intervals) for Hg associations with ASQ for
differing (low vs. high) levels of HRV responses to acute stress. Results with significant or marginally
significant interactions are shown in bold. All models include controls for age, gender, race, SES, and Pb.

Autism-Spectrum Quotient (ASQ)

Total Score

Social Skills

Attention Switching

Attention to Detail

Communication

Vagal Reactivity* Hg
LF* Hg
Hg (Low LF)/Hg (High LF)

-0.12 (-0.33, 0.09)/0.22
(0.01, 0.44)

-0.09 (-0.31, 0.12)/0.18%
(~0.03, 0.40)

-0.04 (~0.26, 0.18)/0.03
(-0.19, 0.25)

-0.10 (-0.32, 0.11)/0.18%
(~0.03, 0.40)

0.02 (~0.19, 0.23)/0.13 (-0.08,
0.34)

HF" Hg
Hg (Low HF)/Hg (High HF)

-0.01 (~0.24, 0.21)/0.12
(-0.09, 0.34)

0.04 (-0.19, 0.27)/0.05
(-0.17, 0.26)

-0.02 (-0.25, 0.21)/0.02
(-0.20, 0.23)

-0.11 (-0.34, 0.12)/0.18%
(-0.03, 0.39)

0.12 (-0.10, 0.34)/0.05
(-0.17, 0.26)

LF/HF" Hg
Hg (Low LF/HF)/Hg (high LF/HF)

-0.13 (~0.36, 0.10); 0.24 *(0.01,
0.46)

-0.18 (~0.40, 0.05)/0.26 *(0.04,
0.49)

-0.09 (-0.32, 0.14)/0.09 (~0.13,
0.32)

0.06 (-0.17, 0.29)/0.02 (~0.21, 0.24)

-0.03 (~0.25, 0.19)/0.19%(-0.02,
0.41)

Imagination -0.13 (—0.33. 0.07)/0.11 -0.05 (—0.27, 0.16)/0.04 _0.19#(_().41 0.02)/().15 (—0.06
(-0.10, 0.31) (-0.16,0.24) 0.36) ’ Y
#p <0.10;
p <0.05;
HA
p<.01
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