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Abstract

This paper systematically reviews epidemiologic studies related to low-level non-occupational
exposures 1o organophosphorus (OP} insecticides. Many of the studies evaluate lavels of mater-
nal OP metabolites and subsequent health outcomes in offspring. The studies focused primarily
on birth outcomes {e.g., infant body weight or head circumference) and neurodevelopmental
{e.g., mental and psychomotor) testing results. The evidence from these studies was reviewed
under the Bradford Hill guidelines. Most of the studies assessing exposure based on urinary lev-
els of OF insecticide metabolites used only one or two measurements during pregnancy. The
potential for exposure misciassification with this method is largely due to {1) preformed metabo-
lites that are ingested with food, (2} the short elimination half-life of OP insecticides, and (3} lack
of specificity to particular OP insecticides for many of the metabolites. For birth outcomes, the
majority of reportad results are not statistically significant, and the associations are inconsistent
within and across studies. There is more within-study consistency for some of the neurcdevelop-
mental testing results, although few associations were examined across several studies. These
associations are generally weak, have been replicated only to a limited extent, and require fur-
ther confirmation before they can be considered established. The OP insecticide levels measured
in the epidemiologic studies are too low to cause biologically meaningful acetylcholinesterase
inhibition, the most widely used metric for OP insecticide toxicity. Overall, the available evidence
does not establish that low-level exposures to OF insecticides cause adverse birth cutcomes or
neurodevelopmental problems in humans.
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Introduction

Organophosphorus (OP) insecticides, or their oxon metabo-
lites, persistently inactivate acetylcholinesterase {AChE), an
enzyme involved in neurotransmission in insects as well as
humans and other animals. OP insecticides are used widely
around the world. Most studies of the adverse human health
effects of exposure to OP insecticides have focused on occupa-
tional or other high-dose exposures, including acute poisoning.
Acute clinical effects result from AChE inhibition at synapses
in the central nervous systens, autonomic nervous system, and
seuromuscular junction (Eddieston et al. 2008).

Over the last decade, a number of epidemiologic studies
have been published that evaluate the potential health effects
of OP insecticides in populations with lttle or no occupational
exposure. These epidemioclogic studies have most frequently
evaluated birth outcomes, such as infant body weight and head
circumference, or results of neurodevelopmental tests that
measvre mental and psychomotor function. The primary expo-
sure pathways for subjects in these studies likely inchude diet,
residential use, and in some cases, proximity {o agricultural
operations. Exposures in these studies are estimated primar-
ily by measuring OP insecticide homarkers or degradation
products (referred to in this article as “OP metabolites”) in
urine and blood. In several study populations, such markers
have been measured at levels that are sufficiently low to indi-
cate that exposure to OP insecticides originates predominantly
from dietary sources (Berman et al. 2013, Lu et al. 2008).

Risk assessments in Burope and the United States have
conchaded that dietary exposure to OP insecticides appears
generally to be safe (Boon et al. 2008, Claeys et al. 2008,
Jensen et al. 2003, Jensen et al. 2009, Nougadere et al. 2012).
Nevertheless, several recent epidemiologic studics that mea-
sured OP nmetabolites in blood or urine suggest associations
between low-dose exposure to OP insecticides and adverse
human health effects. Most of these studies have focused on
P insecticide metabolite levels in utero, which is believed
to be the critical exposure period for human neurclogical
development (Rice and Barone 2000) and is, by definition,
the only relevant exposure period for birth ouicomes. Given
the widespread use of OP insecticides and consumption of
OP-treated foods, understanding the potential human health
impact of low-dose exposure to OP insecticides is important
from a public health and regulatory standpoint. We undertook
this systematic review of epidemiologic studies of low-level
OF metabolites to evaluate the existing evidence on associa-
tions with adverse human health outcomes. A few previous
papers have reviewed the epidemiclogic literature specific to
chlorpyrifos for neurobehavioral outcomes (Li et al. 2012)
and fetal growth outcomes (Mink et al. 2012), and found no
compelling evidence of effects. Burns et al. (2013) reviewed
animal toxicology and epidemiologic data for neurodevelop-
mental outcomes and all classes of pesticides. The researchers
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found that the epidemiologic literature did not sapport causal
cifects for pesticides, and that effects found in toxicology stud-
ies were generally seen at doses similar to or higher than points
of departure used in regulatory risk assessments. This review
is the first to address potential effects of all OP insecticides
from epidemiologic studies with low-level exposures.

To evaluate the scientific evidence for a conclusion regard-
ing causality, we used the Bradford Hill guidelines, including
strength of association, consistency, temporality, biological gra-
dient, plausibility, coherence with toxicological evidence, spec-
ificity, cxperiment, and analogy (Hill 1965). The manuscript
also includes a detailed evaluation of the validity of the urinary
biomarkers used in the epidemiologic studies, and reviews the
plausibility of the associations by comparing amimal and Jimited
human toxicology data with the OP insecticide levels observed
w the epidemiologic studies. Potential confounding and bias
arc also cvaluated. The data are then assembled to assess over-
all evidence for and against a causal relationship between low-
level exposure to OF insecticides and adverse birth outcomes or
neorodevelopmental problems in humans.

Scope of review

To identify the relevant stadies on low-level OP metabolites and
human health cutcomes, we used PubMed to search MEDLINE
asing keywords and keyword roots, including organophosph®,
specific metabolites (e.g., dialkyviphosphate™ or dialkyi phos-
phate), specific OP iosecticides {e.g., chiorpyrifos, diazinon,
malathion, parathion, or phosmet), and various age groups (e.g.,
child®, infan™, toddler™, birth™, men, women, or adult™). Based
on a review of titles and abstracts, we excluded more than 1500
articles that presented animal and in vitro studics, biomonitor-
ing studies, and other non-epidemiologic studies, including case
reports, commentaries, and reviews (some of which were exam-
med to wdentify references missed by the clectronic search).
After reviewing full-text articles, we further excluded 40 studics
of occupational or para-occupational (i.e., take-home) exposure
to OP msecticides, exposure by poisoning, exposure by pedicu-
losis treatment, exposure by aerial residential or illegal indoor
residential spraying, exposure (o pesticides or insecticides not
specific to OP compounds, and paraczonase 1 (PONT) geno-
type or PONI enzyme activity without specific evaluation of
OP insecticide exposure. We further excluded 31 studies that
estimated OP exposure based on self-reported or geographic
data, and those that estimated associations with health catego-
ries that were evaluated in fewer than three independent studies,
thereby providing an insufficient basis for a weight-of-cvidence
evaluation. Based on this last consideration, the two endpoint
categories of interest in this review are birth outcomes and
results of newrodevelopmental testing. We ultimately included
31 epidemiologic studies—11 studies of birth outcomes and
20 studies of nevrodevelopmental outcomes—in this review.
Study characteristics—including  study name, location,
design, description and number of subjects, follow-up time,
exposure assessment methods, outcome assessment methods,
point and interval estimates of association between specific
exposures and outcomes of interest, and adiustment factors—-
were abstracted from ecach relevant study, and independently
checked by another reviewer for accuracy. Individual stud-
ies were evalnated with respect o strength of study design,

exposure and outcome assessment, potential for confounding
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and bias, role of random error or chance, and interpretation
of results. To evaluate the overall weight of epidemiologic
evidence, we used the framework of the Bradford Hill guide-
lines (Hill 1965). The Bradford Hill guidelines are one of the
most common and established methods of assessing evidence
for a causal relationship between an exposure and a disease
(Gordis 2013). We assessed the study results relative to each
of the Bradford Hill guidelines, scparately for birth outcomes
and neurodevelopment. These aspects were used as consider-
ations, but not as strict criteria in a checklist fashion, to guide
our evaluation of causality.

Overarching issues

Before proceeding to a review of the individual studies, three
overarching issues need to be discussed. First, most studies use
urinary fevels of OP insecticide metabolites to classify expo-
sures. Therefore, we discuss the validity of exposure assessment
using these wrinary biomarkers. Second, the OP insecticide
exposure levels of the study subjects are generally lower than
those previously identified as harmful. Therefore, we briefly
review the extensive animal toxicology and limited human
toxicology data to evaluate the plansibility of the associations
observed in epidemiologic studies. Third, in any epidemioclogic
study, confounding and bias should be considered as potential
explanations for an observed result (Gordis 2013).

Biomarker validity

Most epidemiologic stdies that use biomarkers of OP insec-
ticide exposure rely on urinary measurements of OP metabo-
lites. The metabolites include six dialkylphosphates (DAPs):
dimethylphosphate (DMP), dimethylthiophosphate (DMTP),
dimethyldithiophosphate (DMDTP), dicthylphosphate (DEP),
dicthylthiophosphate (DETP), and dicthyldithiophosphate
(DEDTP). The first three are commonly grouped as DMPs,
and the latier three are commonly grouped as DEPs. In a few
studies, metabolites of specific OP msecticides (usually chlo-
rpyrifos or malathion) were measured. Use of these metabo-
lites as exposure biomarkers has the potential for exposure
misclassification, for the following reasons:

e (P metabolites formed directly on or in food are well
absorbed orally and cannot be distinguished from those
formed following absorption.

¢ Rapid metabolism of OP insecticides and their metabolites
results in high intra-individual variation in levels, such that
single samples may not reflect past or long-term average
EXPUSUTe.

e DAP metabolites are not specific to individual OP insecti-
cides, and there is a vast range of toxicity across different
compounds.

e Variability in exposure measurements across studies dimin-
ishes the comparability of results.

Direct formation of OF metabolites in food

DAPs are products of OP hydrolysis. The metabolism of
OP insecticides in plants and homans is similar. The DAPs
detected in human urine may therefore have been ingested with
food or formed in the body following absorption of OP insec-
ticides (e.g., Zhang et al. 2008). Compared with their parent
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compounds, DAPs are virtually non-toxic (Chen et al. 2013).
Some studies used chemical-specific urinary metabolites,
inchuding malathion dicarboxylic acid (MDA, a metabolite of
malathion) and 3,5,6-trichloro-2-pyridinol (TCP, a metabo-
fite of chlorpyrifos), as OP insecticide exposure biomarkers.
These chemical-specific metabolites also form directly in food
(Morgan et al. 2011, Chen et al. 2012) and are also relatively
non-toxic compared with their parent compounds or active
metabolites (Chen et al. 2012, Eaton et al. 20083

Several studies have demonstrated that most dietary expo-
sares are actoally to the OP metabolites and not to the parent
compounds. Zhang et al. (2008) measured OP and DAP levels
on 1533 produce samples known to be contaminated with OP
insecticides. The mean concentrations of OP insecticides and
DAP residoes were 1.2 and 2.0 nmol/g, respectively. On a
molar basis, more than 60% of the total residues were DAPs.
In addition, 60% of the samples contained higher DAP than
OP residues. The niole fraction of DAPs across the samples
varied widely, ranging from 0.02 to 0.99. Zhang et al. (2008)
foond that the mole ratio of DAPs to parent OP insccticides
was both produce-specific and chemical-specific, with higher
ratios for diazinon, phosmet, chlorpyrifos, azinphos-methyl,
and malathion. When measured on strawberries, the ratio of
DAPs to parent insecticide (malathion} increased with time
since application, indicating continuous transformation. The
mole ratio of DAPs to malathion was 1.4 onc day after applica-
tion, and increased to 8.7 after 9 days.

Morgan et al. (2011) measured chlorpyrifos and TCP Jevels
in food from homes and daycare centers of 127 Ohio preschool
children. The mean chiorpyrifos residues were 0.4 ng/g in
homes (n = 125) and 0.2 ng/g in daycare centers (n = 29). The
mean TCP residues were 2.6 ng/g in homes (n = 127) and 2.8

significantly higher than the chlorpyrifos residues. Moreover,
the Pearson correlation coefficient for dictary chlorpyrifos
and excreted urinary TCP was only 0.30, meaning that dietary
chiorpyrifos exposure explained only about 9% of the vari-
ability in excreted urinary TCP.

Chen et al. (2012) measured malathion and its transfor-
mation products, including the DAPs, MDA, and malathion
monocarboxylic acid (MMA), in 157 produce samples. The
samples had been confirmed previcusly to contain detectable
malathion, but no detectable levels of other OP insecticides,
The mean malathion residue was (.60 nmol/g, and the mean
preformed metabolite residue was 3.29 nmol/g. The mole
fraction of preformed metabolites (DAP + MMA + MDA)
ranged from 041 to 1.00. The mole ratio of total metabolites
to malathion parent ranged from 0.70 to 333.

In summary, by demonstrating that most of the DAPs, MDA,
and TCP are formed on food items, these studies indicate that
the metabolite concentration measured in urine may be due
to direct exposure o these relatively non-toxic compounds,
rather than to the parent OP insccticide. The substantial vari-
ability in the metabolite-to-parent ratio reduces the value of
excreted metabolites as markers of OP insecticide exposure.

"fo be precise, when formed in the environment, the DAPs are not “metabo-
lites” formed by enzymatic transformations, but rather are degradation prod-
ucts formed by hydrolysiz or photolyais. However, we use the term “DAP
metabolites” in the paper {or bravity.
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Rapid metabolism of OP insecticides

The epidemiclogic stadies of prenatal OP exposure typi-
cally include either one or two urinary measurements of OP
metabolites that are mtended to represent the exposure of the
mother during pregnancy. However, many OP insccticides
are metabolized relatively rapidly. Most OF insecticides are
typically excreted within 24-48 h (World Health Organiza-
tion {WHO] 1996). Some human exposure data suggest even
faster rates of metabolism for particular OP insecticides.
For example, Garfitt et al. (2002) reported that a single oral
dose of diazinon has a wrinary chimination half-life of 2 h.
In a similar study, Bouchard et al. (2003) estimated a 4-h
half-life for malathion.

Given the rapid elimination of OF insecticides, any spot
measurement will reflect only recent exposure. If the relevant
exposure period of interest is an average over pregnancy. a
single measurement may be inadeqgoate. There is no biological
basis to specify a particular exposure period during pregnancy
as especially relevant for nconatal or childhood outcomes
cxamined in this review. However, if the exposure period
of interest is a short time window during pregnancy, then a
spot measurement taken outside that window may not be
etiologically relevant.

DAP metabolites are non-specific

Multiple OP insecticides are metabolized into each of the six
DAPs (Duggan et al. 2003, Sudakin and Stone 2011). Some OP
nsecticides {e.g., malathion and disuloton} are converted to
as many as three different DAPs, whereas others {(e.g., dichlo-
rvos and tetrachlorvinphos) metabolize to only a single DAP.
Moreover, acephate and methamidophos do not mietabolize to
DAPs at all (Solecks 2002).

There are substantial differences in toxicity across the
OP insecticides. The U.S. Environmental Protection Agency
(EPA) estimated chronic exposure benchmark doses using
10% brain AChE inhibition threshold (BMD ) for all regis-
tered OP insecticides. AChE inhibition is the widely recog-
nized mechanism of action for OP toxicity (Mileson et al.
199%). The BMD, , values in the EPA assessment, based on
rat laboratory studies, ranged from (.04 milligrams per
kilogram hody weight per day (mg/kg/day) for dicrotophos to
313.9 mgfkg/day for malathion (USEPA 2002), a nearly
8000-fold difference. Even among the most widely used OP
insecticides, the toxicity varies over orders of magnitude (see
next section). Such large differences in toxicity across OP
insecticides, combined with the lack of specificity for DAPs,
significantly Himit the ability of DAP urinary levels to provide
an informative measure of toxic exposure.

Intra-individual variability in urinary DAP levels

Studies with repeated measures of urinary DAP concentra-
tions offer useful information on intra-individual variability.
Bradman et al. (2013) found that spot DAP measurements in
children changed up to two orders of magnitude over a week
or even within a day. In 24-h urine samples, the DAP levels
differed by as much as an order of magnitude for samples col-
lected three days apart.

A number of researchers have reported that within-
child variability in DAP levels is higher than between-child
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variability (Griffith et al. 2011, Sexton and Ryan 2012,
Bradman et al. 2013, Aufield et al. 2014). For example, within-
child variability in one study was 2-11 times greater than that
observed across the stady population (Attficld et al. 2014).
Griffith et al. (2011) found similar results for children living
in an agricultural community in central Washington State.
Sexton and Ryan (2012) measured the intraclass correlation
cocfficient for urinary DAP among clementary school children
in Minneapolis, and observed “only modest correlations” in
siblings from the same houschold.

Because the associations cstimated in the epidemiologic
studies are based on one, or at most two, DAP measurements,
a higher level of intra- than inter-individual variability can
lead to considerable exposure misclassification. Attfield ot al.
(2014) illustrated this problem by assigning subjects with
multiple available OF metabolite measures to four exposure
categories based on the mean values of 1-4 randomly sclected
samples. If the metric under study is reliable, the grand means
of the four resulting exposure categories are expected to
increase monotonically. In this stady, however, the resulting
grand means were monotonic only 14-15% of the time for
MDA and 19-32% for TCPy, when the exposure assessment
was based on only one sample per subject. When two samples
were used, the resulting grand means for MDA and TCPy were
monotonic 31-32% and 34-41% of the time, respectively.

Potential impact of exposure misclassification

It is important 1o consider the potential impact of misclassifica-
tion of OF insecticide exposure on the results of epidemiologic
studies. It is often said that if exposure nisclassification is non-
differential (i.c., independent of health status), hias is expected
to produce an attenuated measure of association (Cantor et al.
1992). However, it is plausible that short-term variability in
dietary patterns and other influences on OP insecticide expo-
sure differ by health status. For example, diet is associated
with birth outcomes and nearodevelopment (Abu-Saad and
Fraser 2010, Millichap and Yee 2012, Smithers et al. 2013),
and changes in dict are commonly triggered by health status.
Consequently, if diseased individoals altered their dictary
habits more frequently than non-diseased individuals, then the
degree of exposure misclassification would differ by health
status, leading to an unknown degree or direction of bias. Even
if exposure misclassification is non-differential by health out-
come, it does not necessarily result in a predictable direction
of bias. Additional conditions, such as independence of classi-
fication errors, must be met for non-differential misclassifica-
tion of a binary exposue to result in bias toward the null, and
even then the tendency applies only to the expectation of the
estimated association, not to the valoe of the estimate from any
single study (Jurek et al. 2008, Jurck ct al. 2005). Moreover, for
exposures with multiple levels, non-differential misclassifica-
tion results in bias of unpredictable direction and magnitude
(Sorahan and Gilthorpe 1994, Wacholder et al. 1995).

Dose-response

OP insecticides or their active metabolites inhibit the enzyme
AChE, which breaks down the ncurotransmitter acetylcho-
line. Neurotoxicity resulis from cxcessive accumulation of
acetylcholine in cholinergic synapses. Thus, inhibition of
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nervous system AChE is generally regarded as the primary
toxic mode of action for OP insecticides (Mileson et al. 199§,
U.S. EPA 2000). Accordingly, the 1.S. EPA regulates OP
insecticide safety by setting exposure levels to be sufficiently
low that excessive AChE inhibition will not occur (U.S. EPA
2000). It is possible that developmental neurotoxicity may
result from mechanisms other than AChE inhibition (Yang
et al. 201 1). However, the U.5. EPA requires developmental
neurotoxicity studies for OP insecticides and has found that
AChE inhibition is protective of developmental neurotoxicity
cffects. It 1s acknowledged that developmental neurctoxicity
studies in animals may not be sensitive enough to detect all
developmental neurotoxicity-related effects; research in this
area conlinues.

In bumans and other mammals, AChE exists in both the ner-
vous system (brain, spinal cord, and peripheral plexuses and
nerves) and the red blood cells (RBCs) with varying amounts
in plasma in some species. Another type of cholinesterase,
butyrylcholinesterase (BChE), is found in plasma and other
tssues (Li et al. 2008).

Inhibition of blood cholinesterase, either in RBCs or
plasma, is generally regarded as a marker of exposure, but
not necessarily a toxic effect (U.S. EPA 2000). Nevertheless,
because data on AChE activity in peripheral nervous system
tissues may be lacking in animal studies and data on periph-
cral nervous system tissnes and/or brain is usually lacking in
humans, the EPA regards AChE inhibition in blood as a surro-
gate for peripheral nervous system AChE inhibition in animals
and brain AChE inhibition in humans. Given that the relevant
target for toxicity is nervous system AChE and extensive data
are available on inhibition of brain AChE in rats and other
non-framan species, the focus of the analysis described below
is on brain AChE inhibition,

It is useful to examine these data relative to the OP bio-
marker levels in non-occupational settings to determane the
potential for brain AChE inhibition at the exposure levels
found in the epidemioclogic studies. As part of its risk assess-
ments for registration review, the U.S. EPA has developed
AChE dose-response models for brain AChE for OP insecti-
cides used in the United States. The dose—response models are
based on the benchmark dose for 10% inhibition (BMD 1o of
brain AChE in animal studies. The BMD, | represents the dose
that, on average across the animals, causes 10% AChE inhibi-
tion and is considered by the U.S. EPA to be a “response level
close to the background cholinesterase™ (U.5. EPA 2002). The
dose~response models are based on an exponential decline of
ACHE activity with dose.

We reviewed the US, Department of Agriculture (USDA)
Pesticide Data Program database to identify the OF insecti-
cides most commonly detected in food. The latest data arc
from 2012 (USDA 2014). Four OP compounds—dimethoate,
omethoate, malathion, and chiorpyrifos—account for nearly
80% of the 663 detections. In the U.S. EPA risk assessments
(U.S. EPA 2005, 200%9a, 2011), the lowest BMD,, values
were 1.4 mg/kg (4.1 nmol/kg) for chlorpyrifos, 1.5 mg/kg
(6.6 nmol/kg) for dimethoate, and 23.6 mg/kg (71.5 amol/kg)
for malathion. For omethoate, we used the BMIy of 0.14 mg/
kg (0.68 nmol/kg) based on a cholinesterase study conducted
after the last U.S. EPA risk assessment (Reiss 2012). US. EPA
used a shghily higher value of 0.18 mg/kg in its last dimethoate
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risk assessment based on earlier data (U8, EPA 2005b). All
of the BMD , values are for exposure to rat pups on postnatal
day 11 and are the lowest BMD , estimates observed in pups,
adults, and pregnant dams. The rat pups were exposed directly
on postnatal day 11 and prenatally through exposure from the
dam. The rats in these studies were generally well nourished,
which may lead to uncertainty in applying the results to poorly
nourished human populations.

It is wseful to estimate exposures associated with DAP lev-
els measured in the epidemiologic studies so that AChE inhi-
bition associated with those DAP levels can be estimated. This
can be roughly accomplished by back-calculating an exposure
based on the DAP level and urine volume, acknowledging the
uncertainties in the caleulation. Curl et al. (2003) provides &
simple equation to estimate the dosage associated with a vri-
nary DAP measurement:

DAP XV XMW
BW

Dosage =

where [DAP] is the total molar DAP concentration, V is
the daily urine volume, MW is the molecular weight, and BW
is the body weight. We assume a normal urine volame of
20 mb/kg/day (Gonzales and Bauer 1999). The urinary levels
are corrected for DAPs formed on food items by assuming
that 38% of the vrinary DAP levels are from exposure to the
pesticide, based on data from Zhang et al. (2008). Use of
the above equation to estimate the dosage of OP insecticide
associated with DAP measurements in the epidemiologic
studies has important limitations. The DAPs originate from
different OP compounds, but to apply the dose—response mod-
els, we need to assume that all DAPs originate from exposure
to one OP insecticide. In addition, data on DAPs formed on
food items are not available for all OP insecticides and com-
moditics. The DAP measurements in the epidemiologic stud-
ies are typically spot samples, yet the equation estinates full-
day exposuores. Despite these limitations, the models provide
a usctul approximation to assess AChE inhibition for dosages
corresponding to the urinary metabolite levels found in the
epidemiologic studies.

Among participants in the 20002004 National Health and
Nutrition Examination Survey (NHANES), the geometric
mean of urinary DAP concentrations was 68 nmol/L, and the
corresponding 75th percentile was 186 nmol/L (Bouchard
et al. 2010). The NHANES data represent a sample of the
general non-iostitutionalized U.S. population. For the Cen-
ter for the Health Assessment of Mothers and Children of
Salinas (CHAMACOS) epidemiologic study, Bradman et al.
(2005) reported median and 90th percentile levels of 103 and
732 nmol/L for the first prenatal sample, 107 and 422 nmol/L
for the second prenatal sample, and 227 and 1349 nmol/L
for the postpartum sample, respectively. The most recent
(2007-2008) NHANES data on urinary DAPs show that the
50th, 75th, 95th, and 99th percentiles across 2564 samples
were 48, 135, 587, and 1406 nmol/L, respectively, assuming
half the limit of detection for non-detects (CDC 2014). The
75th percentile of 155 nmol/L is somewhat lower than the 75th
percentile reported by Bouchard et al. (2010) for the 2000-
2004 NHANES data. The 98th percentile in the 2007-2008
NHANES data set is about 2000 nmol/L, which corresponds

BIOMTE .

ED_002061_00046431-00005



Critical Reviews in Toxicology Downloaded from informahealthcare.com by Kathi Lohmann on 07/20/15

For personal use only.

Sierra Club v. EPA 18cv3472 NDCA

336 R. Reiss et al.

to exposures of less than about 8-14 pg/kg/day, depending on
the molecular weight of the OP compound.

Based on the dose—vesponse models assuming that all expo-
sures are from a single OP insecticide, at 2000 nmol/L, the
cstimated brain AChE inhibition was (0.002% for malathion
and 0.001% for chlorpyrifos. While malathion has a higher
BMD,,, the chlorpyrifos data were fit to a different dose—
response model that has a low-dose shoulder, limiting inhibi-
tion at low doses. At higher doses, the models diverge, and
malathion 18 estimated to cause less inhibition than chlorpy-
rifos. The estimated brain AChE inhibition at 2000 nmol/L is
(.03% for dimethoate and 0.2% for omethoate.

These low levels of brain AChE inhibition are highly
uplikely to be chinically detectable, particularly considering
the variety of factors that may affect AChE activity. For exam-
ple, solanaceous glycoalkaloids found in potatoes cause AChE
ithibition (Krasowski ¢t al. 1997); so docs huperzing, another
natural product derived from club moss, which is used in the
treatment of dementia (Ozarowski et al. 2013). The inhibition
of AChE activity associated with huperzine is hypothesized
to result in improvements in long-term memory (Ozarowski
et al. 2013). Lefkowitz et al. (2007) evaluated bascline RBC
AChHE activity for 46 workers over an average of 20 years of
employment. The mean coefficient of variance for RBC AChE
was 3.9%. Ferioli and Marom (2011) report inter-individual
variations in RBC AChE of 10-18% and intra-individual
variations of 3-7%. This baseline variance for individuals is
higher than the estimated AChE inhibition at upper percentiles
of the doses reported in the epidemiclogic stadies. Moreover,
these data are for RBC AChE, which adds uncertainty, because
RBC AChHE activity serves as a surrogate measure of brain
AChE function.

The estimates from the U.5. EPA dose—response models
are for the mean response in rats and do not account for intra-
individual variability or the potential for increased sensitivity
in lamans. There are limited data to directly compare animal
and human seositivity to OP compounds, although the mecha-
nism is considered similar. There was no RBC cholinesterase
inhibition in a single-dose study of humans at malathion doses
as high as 15 mg/kg (Giles and Dickson 2000). This is higher
than the 7.6 mg/kyg estimate (95th percentile lower limit of
the BMD, ) for malathion-induced RBC cholinesterase inhi-
bition based on an acute dose to rats (U.S. EPA 2009b). Tim-
chalk et al. (2002) developed physiologically based pharma-
cokinetic and pharmacodynamic (PBPK/PD) models for rats
and humans for chlorpyrifos and found similar differences in
chlorpyrifos sensitivity between rats and humans for RBC
ACHE inhibition. Even with a 100-fold uncertainty factor, the
estimated AChE inhibition levels are low. At a DAP urinary
fevel of 2000 amol/L and assuming a 100-fold uncertainty
factor, the AChE inhibition is estimated to be (0.2% for mala-
thion, 2.1% for chlorpyrifos, 2.4% for dimethoate, and 21%
for omethoate. While the omethoate estimate is above 10%, it
was derived conservatively by assuming that all DAPs come
from omethoate consumption, in addition to the 100-fold
safety factor.

The available dose—response models are for acute exposures.
There is no biological basis to determine whether the possible
cffects found in the epidemiologic studies are caused by acute
(during a small window of pregnancy) or chronic {over the

Tier 3/4
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course of pregnancy) exposures. The dose—response analysis
was done with acute exposuores, because the DAP urinary
measurements correspond to short-ierm exposures. Bradman
et al. {2013) showed that there is a large variability in DAP
measurements for individuals over one weck. Thus, urinary
DAP levels may not be appropriate for chronic dose-response
assessment, unless steady state has been reached between dose
rate and biotransformation/elimination, resulting in a plateau
steady-state level of metabolite(s).

While most agree that OP toxicity is mediated through
AChHE inhibition, some have argued that toxicity from OP
insecticides occurs at doses lower than those required to cause
AChHE inhibition (e.g., Slotkin and Seidier 2007). However,
for many studies that have reached this conclusion, subsequent
observations indicate that the AChE activity measurements
from the mhibition tests were conducted long after the initial
exposure. This allowed time for the AChE activity to recover,
missing the point of maximum inhibition, and resulting in an
upderestimate of AChE inhibition (Eaton et al. 2008). Many
of these studies were done with chlorpyrifos. It was also noted
that the doses used in several of these studies ranged from 1 to
5 mglkg chlorpyrifos administered subcutaneously to rat pups,
or prenatally (Eaton et al. 2008). For 20 mL/kg/day of urine
volume (Gonzales and Bauer 1999), assuming that 38% of
DAPs are from exposme to chlorpyrifos (Zhang et al. 2008),
the estimated DAP levels associated with 1-5 mg/kg of chio-
rpyrifos dose are approximately 375 000-1 900 000 nmoV/L,
levels that are well above those measured in the epidemiologic
studics discassed in this section.

Some recent studics have also pointed to OP-mediated
enzyme inhibition in the endocannabinoid system, which is
mporiant in nervous system development, and suggested that
these effects occurred at doses that do not cause AChE inhibi-
tion e.g., Carr et al. 2013). However, at this time, the meaning
of these effects is unclear.

Overall, there are no toxicological data to soggest that del-
eterious effects could occur as a result of the low-level OP
insecticide exposures experienced by subjects in the epide-
miologic studies.

Confounding and bias

OP exposure in non-occupationally exposed populations is
likely driven by dict and residential pesticide use (Kricger et al.
2012). Both diet/mutritional status and residential pesticide use
may, in turn, be associated with other factors that affect health,
therchy potentially resulting in confounding bias. In addition,
selection bias can occur if study completion rates (in cchort
studies) or participation rates (especially in case—control and
cross-sectional stadies) vary according to OP exposure, and
health outcome.

For example, maternal body mass index (BMD, smoking,
and nutrition can influence uripary DAP levels (see Figure |
developed from CDC 2014 data; other data from CDC 2014
show that smokers have lower vrinary DAP levels), as well as
birth outcomes (Marshall and Spong 2012, Mason et al. 2012,
Andres and Day 2000). These factors, along with childhood
autrition and BMI, which is inversely associated with urinary
DAP levels (see Figure 2 developed from CDC 2014 data),
can also influence neurodevelopmental outcomes in children
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Tigure 1. Urinary DAP (nmol/L) versus BMI for adualts (> 18 years
of age) in the 2007-2008 NHANES dataset. Mote: Graph truncated
at 1000 nmol/L DAP concentration. which is about the 97th percentile.
Red line produced with a LOESS smoothing function in the R
programming language (R Core Team, 2014).

{Bliddal et al. 2014, Sandiaja et al. 2013, Neggers et al. 2003,
Burkhalter and Hillman 2011, Anjos et al. 2013).

Another issue is that PON1, an enzyme that detoxifics some
OP insecticides and that could therefore play an important role
in mediating their toxic effects, may influence health outcomes
independently of #ts effects on bivavailable OP levels—{for
example, through an antioxidant mechanism {Macharia et al.
2014). PON1 activity has a myriad of endogenous and envi-
ronmental influences, including diet and lifestyle, as well as
genetic determinants (Aviram and Vaya 2013, Schrader and
Rimbach 2011). Thus, PONI activity level could also con-
found apparent associations between DAP levels and health
outcomes through a DAP-independent pathway.

In summary, numerous environmental and endogepous
factors can affect birth outcomes and neurodevelopment, and
many of these factors—including PON1 activity levels—may

1000

800 —

{nmole/l)

¢
{

600 —
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Urinary DAP Concentration

200 —

Body Mass Index

Tigure 2. Urinary DAP (nmol/L) versus BMI for children (<019 years
of age) in the 2007-2008 NHANES dataset. Note: Graph truncated at
1000 amol/L. DAP concentration, which is about the 97th percentile. Red
line produced with & LOESS smoothing function in the R programming
langnage (R Core Team. 2014).
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also influence OP internal dose and DAP levels, thereby lead-
ing to confounding. Selection bias may also occur if these
factors influence study participation or completion rates. The
full scope of determinants of OF and DAP exposure levels and
of birth and newrodevelopmental outcomes is not known, and
potentially vast. Even if statistical models adjust for several
behavioral factors, residual confounding may occur due to
omission of important variables or imprecise classification of
those that are included.

Review of epidemiologic studies
Birth cutcomes

Eleven studies in seven birth cohorts have investigated
associations between OP metabolites and birth outcomes
{Barr et al. 2010, Berkowitz et al. 2004, Eskenazi et al. 2004,
Harley et al. 2011, Perera et al. 2003, Rauch et al. 2012, Wang
et al. 2012, Whyatt et al. 2005, Whyatt et al. 2004, Wickerham
et al. 2012, Wollf et al. 2007) (Table 1). All studies evaluated
OP or OP metabolite levels in maternal prenatal or perinatal
biospecimens and/or nmbilical cord blood, in relation to stan-
dard measures of size and gestational age at birth ascertained
from medical records, a computerized hospital perinatal data-
base, and/or hospital delivery logs. Table 2 summarizes the
analyses in the studies evaluating birth outcomes.

Columbia Center for Children’s Environment and Health

The first study, based at the Columbia Center for Children’s
Environment and Health (CCCEH), followed healthy, non-
smoking, pregnant Dominican and African American women
who had lived for at least one year in northern Manhattan or

through delivery (Table 1) (Perera et al. 2003, Whyatt et al.
2005, Whyatt et al. 2004). Study enroliment took place between
1998 and 2006. Chlorpyrifos, diazinon, and other pesticides
were measured in maternal plasma samples collected within
two days posipartum and in umbilical cord blood collected
at delivery. Over the study period, average OP insecticide
metabolite concentrations progressively declined. The mean
concentration of chlorpyrifos was 7.1 pg/g in maternal plasma
and 7.6 pg/g in cord plasma in an carlier study (Perera et al.
2003), but fell to 3.9 pg/g (standard deviation [SD}=4.8) in

extended enrollment (Whyatt et al. 2005). o the latter study,
the mean concentration of diazinon was 1.3 pgfg (SD=1.8)
in maternal plasma and 1.2 pg/g (5D = 1.4) in cord plasma.
OP insecticide levels were also measured in personal ambient
air samples collected by mothers, who were asked to wear a
backpack air sampling pump duoring the day and to place the
monitor near the bed at night for two consecutive days dur-
ing the third trimester of pregnancy. Mean air concentrations
were 14.3 ng/m® (8D = 30.7) for chlorpyrifos and 99.5 ng/m’

In multivariate adjusted linear regression models based on
263 mother-newborn pairs and with natural logarithm (In)-
transformed outcomes, maternal perinatal plasma chlorpyri-
fos levels (pg/g) were significantly inversely associated with
birth weight (beta= —0.04 In-g. 2=0.01) and birth length
(beta =

BIGMTE
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Table 1. Design of epidemiologic studies of organophosphorus insecticide biomarkers.

Reference(s) Study name

Location

Study design

Study subjects

Study dates

Fxposure concentrations™

Gutcorne ment

Perera ct al. Columbia Center
{2003), Whyatt for
et al. (2004, Fr
2005), Rach Health
et al. (2006,

2011, 2012),
Lovasi et al.
{2011}, Horton
et al. (2012)

iren’s

ironrental

New York City, New
York, United

States

Prospective
birth
cohort

Pregnant Dominican and
African-American women
aged 18-35 years, residing
for = 1 year befors pregnancy
in W
Harlem, or South Bronx, New

s, Central

ington Heig

York, registered at one of two
obstetrics and gynecology

: by the 20th week of

enrolled, with 70% part

83% retention rate at

3-year follow-up, 82% retention

rate at 7-year fo

low-up. R
et al. (2012) further
o children with

naofvery Jow

prenatal environmental tobacco

smoke exposure and low prenatal
airborne polyeylic aromatic

tiydracarborn exposure

1998-2006 up to
age 7-11 years

Chlerpyrifos and diazinon (and other

Q.

es) measured in maternal

jale 1

plasrua collected within -

postpartum and wmbilical cord plasma
collected at delivery; regression-

derived maternal values were used

i analyses when cord levels were

unavailable

for 2 consecutive days and placed near

bed at night during third trimester of

Chlerpyrifos and diazinon levels

combined by converting diazinon

levels to chic

by the U.5. Environmental Protection
Agency (2002)

ereafter

Maternal perinatal plasma (pg/g):

Chlorpyrifos {Perera et al. 2003):
.1, 98% detectable

Chlorpyrifos {Whyatt et al. 2005):

mean =

mean

mean = SD=13%1
Urnbilical cord plasma
ns (Perera et al. 2003):
.6, 94% detectable

roean £ S =372357

THazinon (Whyatt et

A

mean = 8D = |
Maternal prenatal personal air (ng/
1’) (Whyatt et al. 2005):
Chlorpyrifos: mean &
SD=143%30.7
Diazinon: mean

SD =99.57449.8

o

orpyrifos = 0.6, << 0.001 (Perera
1. 2003} and 0.79, P < 0.001
. 20065); di

lazinon = 0.69,

tion for maternal

Spearman correl

s of

plasma and maternal air leve
chlorpyrifos = 0.21, P = 0.001;
diazinon = §.004, P-value NR

(Whyatt et al. 20685

Birth outcomes information

and pregnancy and delivery
haracteristics obtained from

mothers and infants’ medical

(Mental Developroent Index
Psychomotor Development

ex}, administered at 12, 24,

1d 36 months
Child Behavior Checklst for
ages 1.5-5 years, including

syndrome scale scores,

8¢

Sraristical Manyg

Disorders, 4th Edition-

scales, completed at 36 months
Child Behavior Checklist

for ages 618 years and
Wechsler Intelligence Scale
for Children, 4th

{Verbal Comprehension

Index, Perceptual Reasoning
Index, Woking Memory
Tndex, and Processing Speed

, combined for Full-

> Intelligence Quotient),
completed at 7 years

Brain morphology assessed

using high-resolution, T1-
weighted m (ic resonance

imaging at 5.9-11.2 years

8EE

013 881 Y
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Berkowitz et al. Mount Sinal New York City, New  Prospective
(2004), Engel Children's York, United birth
et al. (2007), Invironmental States cohort

Wil et al.
(2007), Engel
et al. 2011

Cohiort Study

Consecutive primiparous

pregnant women entering

prenatal care with a singleton
pregnancy at <= 26 weeks of

gestation, without serious

chironic disease or sericus

pregnancy complication,

cohol

nsuming > 2

per day or using
illegal drugs, in a multi-ethnic,
urban population; excluding

infants with congenital

turity (<X 1,500 g or <32

; of gestation); 479

(33%) participants of 1,450

%) of 479 due to medical

jcations, prematurity,

defect, lack of

refusal (Jower
younger and leg

r5)

maothe:

1698-2001 up to

age 6-9 years

TCPy, MDA, and six DAP metabolites
(DMPs: d
dimethy

niethylphosphate,

hiophosphate, and

dirsthyldithiophosphate;

DE
diethylthiophosphate, and

hylphosphate,

diethyldithiophosphate) measured in

ted during third

maternal urine col
trimester

PONI ., PONI ., PONI
PONI ., and PONI .
genotypes, PON1 activity

965

sured against phenylacetate)

and butyryicholinesterase

activity {measured against

butyrylthiochol sessed in

g

i-trimester maternal blood and

arpbilical cord blood

inistered

Median (IQR for TCPy; range for
others) it ma
(Rerkowitz et al. 2004, Wolff et al.
2007

TCPy: 7.6 (1.6-32.6) ngfl, 11.5

} pgfg creatinine

MDA: Hmit of detection (<< 0.3 ug/L}
(<10.3-15.8); 20.3% detectable
DIAPs: 75.9 (0-4,987) nmol/L, 88.6
(D-2,106) nmol/g creatinine

DMPs: 42.2 (0--4,903) nmiol/L, 55.4
(0-2,071) nmolfg creatinine

DEPs: 18.8 (0-429) nmol/L, 22.1

(0-1,002) nmeol/g creatinine

nal prenatal urine

mation and

Birth outcomes inf

delivery acteristics obtained

from hospital computerized

atal database

scored

cording to seven clusters

Development, 2ud Edition
(Mental Development and
Psychomotor Development

Tru administered at

~12 and 24 months

for Children, 4th Edition (if
age 7-9 years) administered

betwee

ages H and 9 years

{Continued )
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Table 1. (Continued )

Reference(s)

Location S

Study name

y design

Study subjects Study dates

Exposure assessment

Exposure concentrations™

Outcorne &

Eskenazi et al.
(2004, 2007,
2010), Young
et al. (20035),
Marks et al.
(2010),

Bouchard et al.

{2011), Harley

Center for

Salinas Valley,
California, United birth
States

Progpective
the Health

cohort

Assessment
of Mothers

of Salinas
(CHAMACOS)

Pregnant women aged

& 19892000 up to
18y

age 7 years

ng prenatal

weeks of gestation,

- or Spanish-speaking,
cligible for Medi-Cal, planning

to deliver at the county hospital,

marily Latino, low-

income, worker population;

) participants of 1,130
aviably reported]
followed through delivery of 2

Hve-born infant

S1x DAP metabolites

measured in maternal and

child spot urines collected at

interviews: dimethylphosphate
dimethyithiophosphate, and
dirasthyidithiophosphate (combined
as DMPs), diethyiphosphate,
diethylthiophosphate, and
diethyldithiophosphate {cornbined as
DEPs)

ietabolites

Seven pesti specific
mea
collected at interviews: MDA, PNP,

TCPy; also 2-diethylaniine-4-hydroxy-

ed in maternal spot urines

-1
3-ch li)ra)»- i

hydroxytriazole (det ,utablu in<11%)

Cholinesterase and

linesterase measured in

butyrylc

materna od/plasma taken at second

interview during pregnancy and before

delivery and in urnbilical cord blogd/

plasma

3 blood
for PONI

maternal post-deliver

ternal, cord, and ¢

specimens genotyped
and PONI
umbili

Y,

—iog*
cal cord, and 24-month child

blood samiples tested for PON1

ne guantity (aryiesterase act

against phenylacetate) and enzyme
activity (paraoxonase activity against

par di)}x(?i])

Juterviews at ~13-14 weeks of

gestation, ~26-27 weeks of ge 1,
~1 week after delivery, and when
children were ~6 and 12 months and 2,

3.5, 5, and 7 years old

raternal urine

Median {range) i
et al.

; Young et al.

DAPs (umol/L): 136 (10-6,854)
22 (7-21.8

prenatal, ) post-
delivery
DMPs (umol/L)

renatal, 160 (5-2

11 (5-6,587)
21,857) post-

e

delivery

DEPs (unol/L): 22 (2-680) prenatal,
27 (2666 post-delivery

MDA (ug/): 0.2 (0.2-28.9) prenatal
TCPy ( ¥ 3.3 (0.2-56.1} prenatal
PNP (pg/L): 0.5 (0.1-34.7) prenatal

+at 24 months,
) at 3.5 years, 92.6
(87,6—109.0} at 5 years

DMPs: 23.8 (20.4-27.8) at 6 months,
32.9(27.8 38.9) at 12 months,
§-56.6) at 24 months,

at 3.5 years,

8.8-11.9) at 6 manths,
2} at 12 months,

at 24 months, 7.6
5 years, 7.2 (6.0-8.7)

Birth ontcornes nformation
obtair

1 hospital delivery
logs and medical records

lton Neonata! Behavioral

ssyoent Scale adrainistered

at or before 62 days, with seven

clusters developed by Lester et al.

Bayley Scales of Infant
d Edition
(Mental Development and

Developmer

Psychomotor Development

dministered at 6, 12,

of heart rate, respiratory sinus

thythmia, and pre-efection

period at

6 months and 1, 3.5, and 5 years
Child Behavior Ched or ages

1.5-3 years (attention problems
syndrorne, ADHD, and pervasive
developmental disorder scales)

ed by mothers at 2, 3

complete
and 5 years

Rehavior Rating Scale {for

rnotor acti \/iiy atid distractibil

administered at 7 years

013 8S1Y Y (S
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Children Pesticide  Yuma County, Cross- Schoelchildren (mean 2002 3ix DAP metabolites Cognitive performance assessed
Survey Arizana, sectional  age=7 years) froman first-vold urine sample collected from - using Wechsler Intelligence Scale
United States agricultural comumunity near each child on the day of the cognitive o1==43, 88), 100% deteciable for Children—Third Edition Short
the U.S.-Mexico horder, assessment: dimethylphosphate, Mean £ i Form, Children’s Memory Scale,
dirnethyithiophosphat S S0 Wisconsin Card Sorting
d?xrvtl"/ phosphate, in eriginally exposed group = 110 Wisconsin Card Sorting Ti
dimethyl hosphate, Q212G . e and Trail Making Test A and B,
7 (83-139); mean in originally N

diethylphosphate, wnexposed group =49 (36-63), camypleted by child at school or,

2 <001, after excludin

on the abs digthylthiophosphate, and

2 (V=2

8

diethyldithiophosphate; lower limit of

cutlier from eact

phosphate pesticide detection =25 ug/L ) nce
(In original screening urine samiple, .

metabolites in the original urine

id Behavior

dren had detectable and d using Ch

Specnuen parents 23 had andetsctable TIAPS) Hst/4-18 (completed at
s parents) and Teacher
Report Form (completed at
school by teachers)
Barr et al. (2010) - New Jersey, United  Prospective  Convendence sample of 150 2003-2004 to birth 3 and other pesticic Chlerpyrifos in maternal serum Rirth outcomes information
States birth 1 with a singleton pregnancy reasured in matemal blood obtained  (ngfg): 98.6% detectable, mean = and pregnancy characteristics
cohort and non-anomalous fetus 8D =0.09 = 0.87, median (range, obtained from medical records

scheduled for an elective cesarcan IQR) = 0.6007 (G.D0O7-10.09, prior to hospital harge

0.0007-0.6007)

birth at terim

pu

umbilical cord

37 weeks of gestation) Chlerpyrifos i

serun (ng/g): 62.8% detectable,
mean = 8D =0.55%0.73, med
(range, IQR) = 0.0007 (0.0007-1.84,
0.0007-1.32)

Poarson

hernoglobin level

8 mgidl, exclud

for labor or rupture of membranes

Self-administered questionnaire

orrelaton for chiorpyr

distributed to pregnant women

in maternal and cord serum = 0,12

exciuded due to processing errars

{Continued )
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Refers Location

Study name

Study subjects

Study dates Exposure assessmient

Gutcorne ssment

Exposure ¢o

Bouchard et al. United States

(2010)

NMational Health
d Nutrition

roination
Survey
{(NHANES)
2000-2004

Wang etal. (2011 - Shanghai, China

Prospective
birth

cohort

or-based health survey
data from non-institutionalized

children aged

§ years

stage probability

s

S3IIp.

with oversampling

of certain bubvmu s, 1O be
representative of the general U.S.

ADHD assessed i

rinary DAP

population;
3,998 yu.m«, pants,

metaboli

for ages

6-11 years and 33% for ages
12-15 years in 2000-2002, and
33% sarnpling rate in 2003-2004;

further excluded children who

received NICU or premature

nursery care and those
weight
< 2,500 g, uriy

&

DAY

mg/dL, outlier urinary
concentrations,

or missing covanate data
wornen aged 1

18-45
nding one of two major
¢ hospitals, with no
ional or pre-existing

u, HIV/
{illegal drugs

diabetes, hypertens

in the precading year, with
ree of severe
7 (36.9%)

singleton i

sligible

2000-2004 Six DAP metabolites measured in

spot urine samples collected during
physical exarpinations at ruobile
study certters: dimnethylphosphate,

iophosphats,

vidithiophosphate {combined
as DM‘PS) diethylphosphate,

hylthiophosphate, and
hethyldithiophosphate (combined as
DEPs)

Interview conducted in respondent’s

home

2006-2007 to itk Five DAP metabolites measured in
ted at the

hor: dimethyiphosphate,

spot urines collec

dimethylthiophosp
diethylphosphate,
diethylthiophosphate, and
diethyldithiophosphate

Interview conducted during pregnancy

Geometric mean (range and IQR) in ADHD and ADHD sub{ypes in

child urine {nmol/L): previous year assessed based on
DAPs: 68.3 (6.0-10,195, 24.4-186.0)  Diaguostic Interview Schedule
DMPg: 41.3 ,10.3-1307) for © IV based on shghtly

DEPs: 11.0(0.8 mndified criteria from DHagnosiic
Dimethylphosphate: 10.7 (2.8-1 ?’24, andd Statistical Manual of Mesital

2.8-39.0)

THmethylthiophosphat
13.7(0.9-9928, 1.9~
Dirnet
1.7¢0

Dief

Disorders, Fourth Edition, based
with the
3 mother or another caretaker 2-3

ph

an a telephorie interview

hyldithiophosphate: weeks after physical examis
3-70 4-7.3 . L
=7006, 04-7.3) ADHD defined in study as

sphate: meeting da;

¥

+ gnostic criteria
of ADHI or regularly taking

ADHD medication during the

4.7 (0.4-5902, 0.9-28.1)
D]cﬂy thi

aphosphate:

K previous year
ithiophosphate:
0.5 (0.2-36, 0.3-0.3)

Georn Rirth outcomes informati

d IR in
matertal prenatal urine (pg/l
{phosphate: 17.19

269.15; 7.02-53.70)
THmethylthiophosphate: 8.01
(undetectable—109.63; 3.53-20.06)
Dethylphosphate: 6.03 (undetectable~

ean {range ar

18]

and pregnancy and delivery

Dimy charac ¢s obtained from

(nndetectable~ mothers” and infants’ medical

records

Diethylthiopl hoapl"

(undetectable—~131
Disthyldithiophosy pl ate:
5
undetectable~undetectable)

34% detectable {undetectabl

Georn

an {range and IQR)
in materral prenatal weine (de/g
creatinine):
Drmethylphosph
588.84; 12.25-72.
Dimethylthiopt
(0.56-123.02;
Disthylphosphate: 9.4
5.13-16.54)
Driethylthiophosphate
93,33, 4.53-18.30)
THethyldithiophosphate: NR because
5.34% detectable (0.31-4

0.94-2.43)

845 (647-
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Children aged 23~
attending routine physical check-
hild and

ent health care at two

months

ups at departments

adol

hospitals, with no

inira 1e distress, pathological

ice, intrauterine nfection,

on, congenital

intracranial ir

Pregnant women aged

years attending one of seven

prenatal clinies, living in a home
built befors 1978, =19 we

s
of gestation, HIV-negatve,
living within five surrounding

counties in a socioec

diverse area, and not
thyrold or seizure medications,

r chemotherapy or radiation
9

3 eligible;

389 mllawul hrough deli
of a ive-boro singleton infant

(9 followed through delivery

of twins, 3 followed thy

Five DAP metabolites measured in
spot urine collected on the day of

study as

¢ {combined

ibined as

Interview conducted with mothers

naternal spot urines collected at ~16

and ~26 weeks of gestation (averaged

24 hours

ry: dimethylphosphate,

dnrvtl"/‘

ophosphate, and
dimethy hosphate (combined
as DMPs), diethylphosphat
diethylthiophosphate, and

diethyld

ithiophospate (combined as

Urnbilical cord blood genotyped for
PONL,, and PONI .

Intervisws dur

pregnancy
{(~20 weceks of gestation) and after

delivery {~5 weeks)

thylphosphate,
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Geometric raean (range and IQR) in
chifd urine (ug/L):

i yiphosphate: 2.52 (<2.0
{limit of detection]-186.99;

< 2.0-3.41)

thiog nesphate: 3.18
¥ < 1.0-7.26)
Hophos
2.79% de ectablr: (<01

hate: NR because
3.80;

‘3

Geometric mean (range and {GR) in
child urine {ug/g creatinine):
Dimethvipl“-mphate' 11.27 (1.53~
29.27; 4.33-24.02)
Dime
(1.08-481.50: 3 \)9 13.12)
Diethylphosphate: 7.96 (1.14-
170.96; 3.84-16.36}
Diethylthiophosphate:
(1.10-980.58; 5.30-37.15)
Drethyldithiophosphate: 4.55
(1.08-73.14; 2.49-7.70)
Median (IQR) in maternal prenatal
¢ (nmol/L)

g
(Rauch ot al. 2012):
DAPs: 81.3 (41.7-220.0)
DMPs: 56.9 (26-185)
DEPs: 17.7 (8-37)

18-fold increase in DAPs & [ 5th
perceniile (29.5 omol/L) to 85th
o )

percentile (318.0 nmol/L)

Gesell Developmental Schedules
Sar- nld hildren

ng: motor

2

behavior, adaptive behavior,

lang nal

&

nage behavior, and pers

and social behavior

¥ edicalr oords; gestatlonal age

mother’s self-
reported date of last menstrual

perind or based on

NICU Network: Neurobehavioral

Scale adiministerad in honte
34 days,
A7

range = 17-47}; 13 dimensions:

at ~5 weeks (mean =

habitnation (()mmt:d dusto
sruall nurnber completed),

attenttion, arousal, self-regulation,

need for special han

exaniner, quality of movement,
excimbﬁlity, lethargy, non-optirual

YOI
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Reference(s)

Study name

Location Study design

Study subjects Study dates

EX‘,O!I)SUYS assessment

Gutcorme assessment

Fxposure concentrations™

Wickerharn et al.
(2012)

Canadian Health
Mea

Survey, cyele 1

s

Zhejiang, China Prospective
birth
cohort

Cs

sectional

Consecutive pregrant womnien 29009 to birth

with a healthy, uncom

stngletor

those

complicated pregnancies.

cord

~99.6%
xcluded 3
ing data and 1 highly

influential outlier

levels and behavior:
779 (72%) after e

Hight organophosphate pesticides (and

other pesticides) measured in umbilical

cord serum at delivery: chiorpyrifos,

diazinon, fonofos, malathion,

mobile examination centers w

2 weeks of survey questionnaire

: dimnett
hiophosphat
hiophosphate (combined

Houschold survey conducted in

respondent’s home

% detectable, median, and 90th Birth outcomes information

pe i urnbilical cord serum at and pregnancy characteristics

N

delivery {ng/ml.):

abtained from patien

detection), .27

Fonofos: 16.4%, <0.05 (limit of
detection), 0.30
Malat .
detection}, 3.13

%, < 0.50 (limit of

oz,

%, << 0.05 (limit

Parathion-ethy
of detection), <<{.05

8.5%, <0.05

), 143
Profenofos: 25.0%, < 0.50 (limit of
detection}, 0.68
Terbufos: 31.0%, <<
detectian}, 0.27
Median (IQR) in
{nmol/L):
DAPs: 98.2
DMPs: 62.0

Parathion-met

(Himit of detect

parent version of the

d Drifficulties

for emotional symptoms,

conduet problems, hyperactivity/

Dimethylthiophosp inattention, peer problems,

{limit of detection}~73.4) havior, and total

ension

THmethyidithiophosphate: difficuitics (sumof a

(Hmis of detection) (1.9 havior),

hylphosphate: 19.6 ( categorized into high vs. low/

phosphate: < 3.° borderline using avthor-
6.9) recormmended cutoff scores

Drethyldithiophosphate: < 1.6 (linait

of detection) (< 1.6-<C1.6)

013 8S1Y Y b
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Prospective
birth

cohort

Prospective
brth
cohort

Mother-child paies from three

sequentiaily-enrolied cohorts of
pregnant wornen enrolled during

pregnaccy or at delivery {rom a

general hospital or affi Hated clindes

in a low- to moderate-income

setting, excluding women with

plans to leave the area within five
years, daily aleohol consaruption,
addiction to illsgal drugs,

continuous nse of presert

drugs, dagnosis of multiple

gl ot
cgnancy, pre-eclampsia, renal or
estational diabetes,

pr
heart disease, g
hgn -risk pregniancy, or seizures

£

reatinent, or
diabetes,

ing medical

T
f

ry of infertlity,

or psychosis; 187 (:3%) of 827

ion, hieart disease, o
nic diseases before

y, without serious

pregoanc

pregnacey complications

without fantd

v or medical
history of mental retardation,

phenyiketoruria, or Pompe's

syndrome for self or spouse;

also e g infants with
disorders associated with adverse
nenrodevelopment; 249 (81.1%)

pants of 307 eligible

19972000, or
20012005~
2007-2011 (ag
6-11 years)

2011-2012 to age
3 days

e85

TCPy measured in mater
third-tri

specimens

rester morning void urine

Five DAP metabolites measured

smatal nrime (i e
1 prenatal urine {traing

in rpat

di -1et“wb"\()spl-’iie,

tbined
as DMPs) dl\,ﬂ")u nospl ate,
diethiylthi
diethyldithiophosphate (cor
DEPs)

10sphate, and

In-person interviews with mothers

ined as

Geometric mean (95% CI and IQR)
TCPy in maternal prenatal
ml} =176 (1.55-2.02, 0.91-

3.57)

rrefation among 21

sured levels in all

three trimesters
without correction for specific

gravity, .29 with correction

Geometric mean (range and IQR) in

THethylphosphate:
detection}-167.06,
THethylti

of detectmn
Diethyldithiophosphat

detection) (< 1-6.61, < [~<I 1)

Dimethylthiophosph
(0.10-305.92, 4.07-29.49)

Diiethylphosphate: 9.49 (0.36-125.09,
400

4.29-20.45)

THethylt
1022
Hethyl
{0.03

Hophosphate: 7.5
2.93-19.95}
sphosphate: 0.78
541, 046-1.34)

ne {ng/

regnancy = 0.41

Conners’ Parent Rating
Scales-Revised (ADHD Index,
Global Restlessness/Impulsivity
ndex, and Hyperactivity/
fmpulsivity, Tnattention, and

-d ADHD sc
ines from Dic

and Sratistical Manual of

Mental Disorders, 41y Edition)

completed by parents

Rehavior Assessment System for

Children-Parental Rating Sca
completed by parents
Conners’ Continuous
Performance Test comipleted by

children

Neonatal Behavioral

essment

Nearological /

3 days, with

tone, active
reflexes, and g

combined as s

*Values shown are reported in the carliest available publi

ADHD attention def

iy tivity disorder

PNP 4-uitrophencl, PONI paraoxonase 1, S standard deviat

atiol

confidence inter

1L DAP dialkyl
ion, 7CPy 3,5

vhosphate, DEP disthyl

\G-trichlore-2-pyridinel.

i1 each study cohort, except for the Columbia cohort, where values changed substantia

phosphate, DMP dunethyl phosphate, JOR int

nartile range,

Iy over time and are shown from multipl
MDA malathi

thlications.

rboxylic acid, NCU neonat

intensive care unit, MR not reported
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Sierra Club v. EPA 18cv3472 NDCA

346 R Reiss et al.

2003). The inverse association with birth weight was statisti-
cally significant among African Americans but not Domini-
cans, whereas the reverse race/ethnicity patiern was observed
for birth length. In subscquent analyses based on 314 mother-
newborn pairs, cord plasma chlorpyrifos levels (In-pg/g)
were also significantly inversely associated with birth weight
(beta=—42.6 g, 95% confidence interval [Cl]=—8L8,

— (.01}, but not head circomference (heta = — 0.01 cm, 95%
Cl=—0.13, 0.11) (Whyatt et al. 2004). Slightly stronger
inverse associations were observed with cord plasma chlo-
rpyrifos and diazinon levels combined, but diazinon itself was
not significantly associated with any of the three cutcomes.
Maternal prenatal personal air levels of chlorpyrifos, diazinon,
and both OPs combined also were not significantly associated
with any of the three birth outcomes. The inverse associations
between cord plasma chlorpyrifos and birth weight and length
were restricted to newhorns born before January1, 2001, when
the UL.S. EPA instituted regulations to phasc out residential use
of these insecticides; exposure levels were substantially lower
and no associations were detected in newborns born in 2001 or
fater. Similar findings were reported in a slightly larger group
of mother—newborn pairs with cord plasma measures of chilo-
rpyrifos and diazinon (Whyatt et al. 2005). Specifically, birth
weight was 67.3 glower (93% Cl= — 116.6, — 17.8), and birth

each one-unit (lo-pg/g) increase in cord plasma chlorpyrifos
among 237 newborns born before January 1, 2001, but no such
association was detected among 77 newborns born after that

beta for birth length = 0.07 cm, 95% Cl = — (.65, (.79).

Substantial strengths of the CCCEH study inchude the use
of objective, individually measured metabolites to characterize
exposure to OP insecticides (a strength of all studies discussed
in this review), the availability of information on numerous
potential confounders, and the prospective design, with mater-
nal interviews and personal air monitoring conducted during
the third rimester of pregnancy, prior to the health outcomes
of interest.

Some methodological himitations of the CCCEH study
should be noted. First, a single maternal blood sample was
collected from each subject at or shortly after delivery. Normal
fetal growth is approximately linear between 18 and 37 weeks
of gestation, after which it plateaus; thus, maternal plasma OP
levels at delivery may oot reflect levels in past weeks or months,
and may be etiologically irrelevant to fetal growth. Although
maternal air samples were obtained in the third trimester of
pregnancy, it is unksown whether a single sample collected
aver two days is representative of exposure at other time points.
Second, the number of participants was modest, especially
after stratification by race/ethnicity or birth date, resulting in
several statistically unstable estimates of association (1.c., wide
confidence bounds). Third, given the many potential influences
on chlorpyrifos and diazinon levels in peripheral blood and air,
as well as on birth outcomes, uncontrofled confounding by diet
and other factors may partially explain some of the observed
results. However, without detailed knowledge of established
predictors of chlorpyrifos and diazinon exposure and of birth
outcomes in this study population, the direction of potential

Tier 3/4

Crit Rev Toxicol, 2015; 45(7): 531-641

confounding is difficult to predict, and the magnitude is prob-
ably limited by the adjustment for several major influences on
birth outcomes. Fourth, because numerous hypotheses were
tested, at least some statistically significant associations are
expected duc to chance. Neither this study nor any other study
of birth outcomes described in this review made statistical cor-
rections for multiple comparisons. Although such corrections
arc not standard in traditional epidemiology, authors who do
not correct for multiple comparisons should report the number
and nature of all associations tested, how certain associations
were selected for reporting, and the probable effect of such
selection on the results (Rothman et al. 2012). As evidence
i other arcas of research, particularly genetic epidemiol-
ogy, numerous exploratory analyses almost inevitably lead
to false-positive results and recent methodological hiterature
includes several practical ways of dealing with this problem
(Wacholder et al. 2004, Sudmberg et al. 2008, Weitkunat et al.
2010, Wakefield 2007).

Finally, the completeness of follow-up from enrollment
through delivery was not reported, but if follow-up varied by
uncontrolled factors, such as diet, that might be associated
with maternal OP exposuore and birth outcomes, then an unpre-
dictable degree of sclection bias could have occurred. Cohort
participation rates also were not reported (but were stated as
70% in an carlier publication [Whyatt ¢t al. 2002]), and could
have been a source of a moderate degree of selection bias if
participation were related to OP exposure and birth outcomes.
{Participation bias 13 usually considered not to be a major con-
cern in prospective cohort studies, because outcomes occur
after cohort entry, but with relatively short-term follow-up, it
is conceivable that participation could be associated with risk
of adverse birth outcomes.)

In summary, results in the CCCEH cohort suggest an
inverse association of maternal perinatal plasma levels of
chlorpyrifos, but not diazinon, with birth weight and birth
length, but not with head circumference, in an wrban, low-
income, minority population. The observation of associations
only among newborns born before 2001, when exposure lev-
els were higher, suggests a possible exposure threshold below
which chlorpyrifos is not associated with birth outcomes. The
detection of certain associations only in African Americans
but not Dominicans, or vice versa, indicates that the observed
associations may be attributable to excessive stratification.
The lack of associations with maternal prenatal personal air
levels of chlorpyrifos and diazinon raises the guestion of
whether route of exposure is an effect modifier of associations
between OP exposure and birth ouicomes. Forthermore, the
different results for chlorpyrifos and diazinon suggest that OP
insecticides should be analyzed separately, not combined, with
respect to birth outcomes, although this approach raises the
probiem of multiple comparisons. Overall, the inconsistent
results by outcome, racial/ethnic group, and exposure metric
render the findings difficult to interpret, and do not provide
compelling evidence o support an adverse effect of chlorpyri-
fos or diazinon on fetal growth.

Mount Sinai Children’s Environmemal Cohort Study

Another birth cohort based in New York City, the Mount Sinai
Children’s Environmental Cohort Study (CECS), enrolled
BIOgMTH

ED_002061_00046431-00016
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Table 2. Results of epidemiologic studies of organophosphorus insecticide biomarkers and birth ountcomes.

Reference

Outcome Exposure

Number of subjects/
events

Hstimate of
association (95% Ch

Adjustment factors

Conmnents

Perera et al. {2003)

Perera et al. (2003)

Perera et al. (2003)

Whyatt et al.
(2004}

Whyatt et al.
(2004)

Whyatt et al.
(2004)

Whyatt et al.
(2004)

Birth weight (g).
patural log scale

Maternal perinatal plasma
chlorpyrifos (pg/e)

Birth length (cmy), “
natural log scale

Head circumference “
(cmy), natoral log
scale

Birth weight (g} Cord plasma chlorpyrifos
{pg/g, natural log scale)

Cord plasma chlorpyrifos +
diazinon (pg/g, natural
log scale)

Cord plasma diazinon
(pg/g, natural log scale}
Maternal prenatal personal

air chiorpyrifos, diazinon,

or chlorpyrifos +
diazinon (ng/m’, natural
log scale)

263 total
116 African American
146 Dominican

263 total

116 African American

146 Dominican

263 total

116 African American

146 Dominican

314 total

237 born before 1
January 2001

77 born before 1
January 2001

Beta= —0.04, £=0.01
Beta= —0.05, F=0.04
Beta= ~0.02, #=0.20

Beta=—0.02, P=0.04
Beta= —0.01, P=0.15
Beta= —0.02, P =0.002
Beta= —0.005, P=0.28
Beta= —0.003, P=0.70
Beta = — 0.005, =031
Beta= —42.6 (—81.§, ~3.8)
Birth before 1 January 2001
beta = — 67.3 (—116.6, — 17.8)
Birth after 1 January 2001
beta = 30,7 (— 108.6, 169.9)
Group 2 vs. 1 beta =392
(—107.3,183.7)

Group 3 vs. 1 beta= — 309
(— 188.2, 86.3)
Group 4 vs. | beta= — 1501

(—287.7, — 12.5)

Beta— —49.1 ¢ 1.3,
Birth before 1 January 2001
beta = — 72.5 (— §

—20.0)

Birth after 1 January 2001
beta = 0.6 (— 144.7, 145.9)

Group 2 vs. 1 beta= —78.5
{—225.5, 68.5)

Group 3 vs. 1 beta= —33.1
(—173.7,107.4)

Group 4 vs. 1 beta = — 1863
(—327.2, —45.4)

Beta = —44.2(—119.5,31.0)

Chlorpyrifos beta = — 17.7
(—64.2, 2859

Diazinon beta = 13.8 (—23.2,
50.8)

Chlorpyrifos -+ diazinon
beta= — 5.1 (—50.7, 40.4)

Maternal body mass index,
parity, cotinine, infant sex,
gestational age, and maternal
prenatal aitborne polyeyclic
aromatic hydrocarbon levels

“

Gestational age, maternal pre-
pregnancy weight, maternal
weight gain during pregnancy,
newborn sex, parity, race/
ethnicity, environmental
tobacco smoke in home, and
season of delivery

No change after additional
adjustment for cord plasma
2-isopropoxyphenol levels
(results NR)

No signiticant interactions were

ed between chlorpyrifos and
polycyclic aromatic hydrocarbons,
although numbers were lmited
{results NR}

Except for plasma diazinon levels,
insecticide levels decreased
substantially for infants born after
1 January 2001 (after phase-

out of residential use by US.
Envirommental Protection Agency
regulatory action), despite no
significant change in self-reported
pesticide use habits

Group b <limt of detection (31%
of cord plasma chlorpyrifos levels,
48% of cord plasma diazinon

levels}; groups 2, 3, and 4: tertiles of

detectable levels

Group 1: <limit of detection (31%
of cord plasma chlorpyrifos levels,
48% of cord plasma diazinon

levelsy; groups 2, 3, and 4: tertiles of

detectable levels

Associations with maternal personal

air samples remained non-significant

after stratification by birth before or
after | January 2001 (results NR)

(Continued )
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Number of subjects/

Hstimate of

Reference Outcome Exposure events association (93% CI) Adjustmuent factors Conunents
Whyatt et al. Birth length (cm) Cord plasma chlorpyrifos 309 total Beta = — 0.24 {(— 0.47, - (0.01} “ Group 11 < himit of detection
(2004} (pg/g, natural log scale) 237 born before Birth before 1 January 2001 {31% of cord plasma chlorpyrifos
1 January 2001 beta = — 043 (—0.73, —0.14) levels, 48% of cord plasma diazinon
77 born after Birth after | January 2001 levels); groups 2, 3, and 4 tertiles of
I January 2001 beta = 0.07 (— 0.65, 0.79) detectable levels
Group 2 vs. | beta=0.17
(—0.70, 1.0y
Group 3 vs. | beta= — (.21
(—1.0,0.60)
Group 4 vs. 1 beta= — 075
{(—1.6,0.06)
Whyatt et al. “ Cord plasma chlorpyrifos + “ Beta = —0.27 (— 0.52, — 0.02) “ Group 1: < Himit of detection
(2004} diazinon (pg/g. nataral log Birth before 1 January 2001 (31% of cord plasma chlorpyrifos
scale) beta = — 046 (—0.77, — 0.14) levels, 48% of cord plasma diazinon
Birth after 1 January 2001 levels); groups 2, 3, and 4: tertiles of
beta = — .07 (— 0.82, 0.67) detectable levels
Group 2 vs. | beta= —0.06
(—0.93,0.81)
Group 3 vs. 1 beta = — 0.005
(—0.84, 0.82)
Group 4 vs. | beta= — (.80
(—1.6,0.02;
Whyatt et al. “ Cord plasma diazinon “ Beta= —0.32(—0.75,0.11) “
(2004} (pg/g. natural log scale)
Whyatt et al. “ Maternal prenatal personal Chlorpyrifos beta = — 0.02 “ Associations with maternal personal
(2004} air chlorpyrifos, diazinon, (—0.28,0.25) air samples remained non-significant

Head circumference
{em)

Whyatt et al.
(2004)

or chlorpyrifos +
diazinon ( n,g,/'m3, patural
log scale)

«

Cord plasma chlorpyrifos,
diazinon, or
chiorpyrifos + diazinon
(pg/g. natural log scale)

298 total

Diazinon beta = 0.07 (— 0.14,
0.28)

Chlorpyrifos -+ diazinon
bheta = — 0.01 (—0.27,0.25)

Chlorpyrifos beta = — 0.0
(—0.13,0.11)

Diazinon beta = — 0.07 (— 0.30,
0.16)

Chlorpyrifos -+ diazinon
beta =~ 0.02 (—0.15,0.11)

Gestational age, maternal pre-
pregnancy weight, maternal
weight gain during pregnancy,
newborn sex, parity. race/
cthnicity, environmental

tobacco stuoke in home, season

of delivery, and cesarcan
section delivery

No change after additional
adjustment for cord plasma
2-isopropoxyphenol levels
(results NR)

after stratification by birth before or
after | January 2001 (results NR)

13881 QS
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Whyatt et al.

(2004}

Whyatt et al.

£2005)

Whyatt et al.

(2005)

Whyatt et al.

(2005)

Whyatt et al.

(2005)

Whyatt et al.

(2005)

Whyatt et al.

(2005)

Birth weight (g)

Birth length (cm)
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Maternal prenatal personal
air chlorpyrifos, diazinon,
or chlorpyrifos +
diazinon (ng/m’, natural
log scale)

Cord plasma chlorpyrifos
(pg/g. natural log scale)

Cord plasma chlorpyrifos +
diazinon (pg/g, natural log
scale)

Materpal prenatal personal
air chlorpyrifos, diazinon,
or chlorpyrifos +
diazinon (ng/m’, natural
log scale)

Cord plasma chlorpyrifos
{pg/g, natural log scale)

Cord plasma chlorpyrifos
+ diazinon {pg/g, natural
log scale)

Materpal prenatal personal
air chlorpyrifos, diazinon,
or chlorpyrifos +
diazinon (ng/m’, natural
log scale)

237 born before
1 January 2001
77 born after
1 January 2001

237 born before
1 January 2001
77 born after
| January 2001

237 born before |
January 2001
77 born after
1 January 2001

237 born before

1 January 2001
77 born after

| January 2001
237 born before

| January 2001
77 born after

| January 2001

“

Chlorpyrifos beta = — 0.04
(- 0.18,0.10)
Diazinon beta = — .03 {(— 0.14,
(3.09)
Chlorpyrifos + diazinon
beta= — 0.03 (—0.17,0.11)
Beta= —67.3(— 116.6,— 17.8)

Beta = 30.7 (-~ 108.6, 169.9}

Beta = —T72.5 (—125.0, - 20.0)

Beta = 0.6 (— 144.7, 145.9)
Group 4 vs. 1 beta= —215.1
3847, —45.5)

“No association” (results NR)

Beta = —0.43 (—0.73, - 0.14)
Beta = 0.07 (— 0.65, 0.79)
Beta= — 046 (—0.77, —0.14)
Beta = — 0.07 {~ .82, 0.67)

“No association” (results NR)

Gestational age, maternal
pre-pregnancy weight,
maternal weight gain during
pregnancy, newborn gender,
parity, ethnicity, environmental
tobacco smoke in home, and
season of delivery

No change after additional
adjustment for cord plasma
2-isopropoxyphenal levels
{results NR)

“

Associations with maternal personal
air samples remained non-significant
after stratification by birth before or
after | January 2001 (results NR)

34% of newborns born before

I January 2001 and 1.5% of those
born after had cord plasma levels
of chlorpyrifos + diazinon in the
top tertile of detectable levels

(£ <<0.00D)

Group t: <limit of detection;
groups 2, 3, and 4: tertiles of
detectable levels

{Continued )
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0cC000-L£¥9%000 190200 a3

VOAN 2.rEn08L vd3 'A gnjD elISIS

v/ 1811

Number of subjects/

Hstimate of

Reference Outcome Exposure events association (95% CI) Adjustment factors Comments
Whyatt et al. Head circumference  Cord plasma or maternal “ “No association” (results NR) Gestational age, maternal -
(20035) {cm) prenatal personal air pre-pregnancy weight,

Berkowitz et al.
(2004)

Berkowitz et al.
(2004}

Berkowitz et al.
(2004)

Berkowitz et al.
(2004)

chiorpyrifos, diazinon, or
chlorpyrifos + diazinon
{natural log scale)

Maternal prenatal urinary
TCPy (ng/L)

Birth weight (g)

“ Maternal prenatal urinary
TCPy (ug/l) by maternal
PONT activity (tertile)

Maternal prenatal arinary
TCPy (ng/l)

Birth length (emy)

“ Maternal prenatal urinary
TCPy (ug/l) by materpal
PON1 activity {tertile)

216 <1110 ug/l
(limit of detection)
171> 11.0 pug/L

76 <110 ug/L. low
PONT

62<C11.0 ug/l.,
medinm PON1

71 << 11.0 ug/t, high
PONI

47> 11.6 ugfl., low
PONI

37> 11.0ug/l,
mediuvm PONI

55> 11.0 pg/L, high
PON1

216 <110 pg/L
{limit of detection)
171> 11.0 g/l

75 <110 pg/l, low
PONI

62<11.0 ug/l,
medium PONI

71 <C11.0 pg/L, high
PONI1

46> 11.0 ug/l, low
PONI

57> 11.0 pg/L,
medivin PONL

55> 11.0 ug/L, high
PON1

Mean & 8D = 3,284 =441

Mean 2 SD» = 3,296 + 434
£2>0.05

Mean = SD = 3,237 =456
Mean + S =3,255 +436
Mean + SD = 3,337 +444

P-trend > 0.05
Mean + S = 3,278 + 395

Mean + SD = 3,327 406
Mean + SD = 3,270 + 409

P-trend > .05
Mean + 8D =504 +24

Mean £ SD=50.8+2.4
P> 0.05
Mean *+ SD=50.3+23

3

I8

Mean * SD=350.1 222

Mean + 8D =503 +2.3

P-trend > .05
Mean * SD=3509+23

Mean + 8D =351.0+23

Mean £ SD =508 £24

P-trend > 0.05

maternal weight gain during
pregnancy, newborn gender,
parity, ethnicity, environmental
tobacco stuoke in home, season
of delivery, and delivery by
cesarean section
Racefethnicity, infant sex, and
gestational age

No difference after additional
adjustment for active and
passive cigarette smoking,
pre-pregnancy body mass
index, maternal weight gain,
blood lead levels, and cesarean
section delivery

“

Results for TCPy not reported by
infant PONT activity or maternal or
infant PONI genotype

013 881 Y (88
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Berkowitz et al.
(2004)

Berkowitz et al.
(2004)

Berkowitz et al.
(2004)

Wolff et al. (2007

~

Wolff et al. (2007)

Wolff et al. (2007

Head circumference

(omy)

Gestational age
{weeks)

Birth weight (g)
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Maternal prenatal arinary
TCPy (ng/l)

Maternal prenatal urinary
TCPy (ug/l) by maternal
PON1 activity {tertile)

Maternal prenatal urinary
TCPy (ng/L)

Maternal prenatal urinary
DAPs (nmol/L or nimol/g
creatinine, log,, scale)

Maternal prenatal urinary
DMPs (nmol/L or amol/g
creatinine, log , scale)

Maternal prenatal arinary
DEPs (nmmol/l. or nmol/g
creatinine, log,, scale)

216 <110 ug/ll
{limit of detection)

171> 11.0 g/l

76 <110 pg/l, low
PONI

62 <110 pg/l.,
mediuvm PONI

70 <C11.0 pg/L, high
PON1

47> 11.0 ug/L, low
PONI

57> 11.0 pg/L,
medivin PONL

55> 11.0 ug/L, high
PON1

216<11.0 pg/l.

(limit of detection)
171> 11.0 pug/L

318

Mean + SD =338 +1.7
Mean + SD=338+17

£>0.05
Mean * SD=33.6 1.8

Mean + SD =337 +1.7
Mean + 8D =341 +1.7

P-trend > .05
Mean * SD=333+%1.3

Mean + SD=34.0+1.5
Mean £ 8SD =341 %16

P-trend = (0.014
Mean £ 8D =393+ 1.8

Mean = SD =393 +17
P>0.05

Beta # SEH= 25434, P=04
(niot creatinine-adjusted)

Beta = SE=—27 334, P=043
(creatinine-adjusted)

Beta ® SE= —1.9229, P=0.95
{(not creatinine-adjusted)

Beta = SE=-2.7%29,
£ =0.92(creatinine-adjusted)

Beta = SE= — 52332,
P =(.099 (not creatinine-
adjusted)

Beta + SH = — 56 =32,
£ =0.082 (creatinine-adjusted}

-~

No difference after additional

adjustment for birth weight or

birth length, stratification by
race/ethnicity, or excluding
preterm births

Racefethnicity and infant sex
No difference after additional
adjustment for active and
passive cigarette smoking,
pre-pregnancy body mass
index, maternal weight gain,

blood lead levels, and cesarcan

section delivery
Race/ethnicity, maternal

PON1 activity, infant sex, and

gestational age

Test for interaction armong TCPy
level, PONI activity, and head
circumference was not statistically
significant (£ > 0.05)

Value of 0.5 was added to urinary
DAP before log-transformation; 23
samples with <20 mg/dL. creatinine
were excluded

(Continued )
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Number of subjects/

FEstimate of

Reference Outcome Exposure events association (95% CI) Adjustment factors Comments
Wollf et al. (2007) « Maternal prenatal urinary 60 DEPs < median, Mean * SE=3305 +353 Infant race, sex, gestational Lowest PON1 tertile = slow; highest
DEPs = vs. <C median by low PON1 age, and creatinine level PONT tertile = fast
maternal PONT activity 53 DEPs < median, Mean + SE = 3348 + 57 ONT .. RR = slow, PONI .,
(tertile) mediim PONI S{;’ L9 RR = slow. PON1,,
45 DEPs < median, Mean + SH=3396 =64
high PON1
53 DEPs = median, Mean * SE == 3233 + 56,
low PON1 P =0.323 within PON1
31 DEPs = median, Mean = SE=3282 =37,
medinm PON1 in ]
56 DEPs = median, Mean & SE=3270 &= 54,
high PONI £:=0.138 within PONI1
P for inte on term n
madel = 0.878
£ =0.042 for high PONHlow
DEP vs. low PONI/high DEP
Wolft et al. (20073 “ Maternal prenatal urinary 39 DEPs < median, Mean * SE = 3346 =69 “

Wollf et al. (2007

Wolff et al. (2007)

Wolff et al. (2007}

DEPs 2 vs. < median
by maternal FPONT
genotype

Maternal prenatal urinary
MDA >0.3 vs
{limit of detection}

Birth length (cm) Maternal prenatal urinary
DAPs (nmol/L or nimol/g

creatinine, log, scale)

“ Maternal prenatal urinary
DMPs (nmol/l. or nmol/g
creatinine, log,, scale)

< 0.3 pglL.

PONI,,, RR

84 DEPs < median,
PON1,,, RQ

33 DEPs << median,
PONI1,,, QQ

35 DEPs = median,

66 DEPs 2 median,
PONT 4, RQ

42 DEPs = median,

327

Mean -+ SE = 3278 + 46
Mean = SE=34533 =60

Mean & SE =3254 £ 63,
P =0.291 within PON1192
Mean + SHEH=3285 + 50,
P =0.907 within PON1192
Mean + 8B — 3232 £ 52,
£ = 0.005 within PON1192
P for interaction term in
model = 0.0755
P =0.020 for PON1192 QQ/low
DEP vs. PON1192 RR/bigh DEP
Beta * SE=39352 P=046
{not creatinine-adjusted)
Beta ¥ SE=59+53, P=0.27
{creatinine-adjusted)
Beta =~ SE= —0.13 =19,
£ =049 (not creatinine-
adjusted)
Beta * SE= (.13 =19,
P =049 (creatinine-adjusted)
Beta = SE=—0.12 =0.16,
P = 0.44 (not creatinine-
adjusted)
Beta = SE= —0.12 = (.16,
£ =044 (creatinine-adjusted)

Race/ethnicity, maternal -
PONT activity, infant sex, and
gestational age

Gy
b
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Wolff et al. (20073 “ Maternal prenatal urinary
DMPs = vs. < median
by maternal PON1
activity (tertile)

Woltf et al. (2007) “ Maternal prenatal arinary
DMPs = vs. < median
by maternal PONY

genotype

792

Wolff et al. (20073 “ Maternal prenatal urinary
DEPs (nmol/L or nmol/g

creatinine, log, , scale)

60 DMPs << median,
fow PON1

53 DMPs << median,
medium PONI

45 DMPs < median,
high PON1

33 DMPs = median,
low PONI1

51 DMPs = median,
medivin PONL

56 DMPs = median,
high PON1

39 DMPs < median,
PONI ,, RR

84 DMPs < median,
PONT . RQ

33 DMPs << median,
PONI . QQ

35 DMPs = median,
PONT ,,, RR

66 DMPs = median,
PONI ., R}

42 DMPs = median,
PONT ,, QQ

Mean + SE=51.1 £0.3

Mean + SE = 50.3 +0.

(98]

Mean = SE =504 +0.3

Mean + SH=30.2 = 0.3,
F=0.032 within PON1
Mean & SE =507 ={0.3,
P =0.258 within PON1
Mean + SE=50.8 +{.3,
£ =0.418 within PON1
P for interaction term in
miodel = 0.036
P =0.549 for high PONI/low
DMP vs. low PON1/high DMP
Mean = SE = 50.6 2 (.4

Mean = SE =504 £(.3
Mean + SE=51.0+0.3

Mean + SE =499 + (.3,
P =0.164 within PON1192
Mean + SH=30.7 = 0.3,
F=0.158 within PON1192
Mean & SE=50.8 (0.3,
P = 0695 within PON1192
P for interaction term in
madel = 0.230
P=0.019 for PON1192 QQ/ow
DMP vs. PON1192 RR/high
DMP
Beta + SE= —0.02 £0.18,
£ =093 (not creatinine-
adjusted)
Beta + SE=0.017 ~0.18,
£ =0.924 (creatinine-adjusted)

Infant race, sex, gestational

age, and creatinine level

Race/ethnicity, maternal
PONT activity, infant sex, and
gestational age

{Continued )
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w
2
o
@) Table 2. (Continued }
c
S Number of subjects/ Estimate of
: Reference Outcome Exposure events association (95% CI) Adjustment factors Comments
% Wolff et al. (2007} Maternal prenatal urinary 330 Beta = SE=—0.16 =0.28, “ -
> MDA > 0.3 vs. <0.3 pg/l. #=10.56 (not creatinine-
8 (limit of detection) adjusted)
Q Beta = SE = —0.032 230,
w £ :=0.91 {creatinine-adjusted}
'E, Wolff et al. (2007} Ponderal index Maternal prenatal urinary 318 Beta = SE = — 0.002 = 0.023, “ No significant interactions between
N (g/em’®) DAPs (nmol/L. or nmol/g £ =0.93 (not creatinine- DAPs and PON1 were detected for
% creatinine, Eogm scale) adjusted) ponderal index {results NR}
O Beta = SE = —0.003 2 0.023,
> £ =091 (creatinine-adjusted)
Wolff et al. (2007) Maternal prenatal arinary 327 Beta + SE=0.01 = 0.02, “ -
DMPs (nmol/L. or nmol/g £ =047 (not creatinine-
creatinine, Eogm scale) adjusted)
Beta = SE=0.01 = 0.02,
=048 {creatinine-adjusted}
Wolff et al. (2007) “ Maternal prenatal urinary 318 SE= —0.04 20.02, “
DEPs (nmol/L or nmiol/g = (.087 (not creatinine-
creatinine, log, , scale) adjusted)
Beta = SE= - 0.04 =0.02,
£ =0.077 (creatinine-adjusted)
Wolff et al. (2007) “ Maternal prenatal urinary 330 Beta + SE=0.039 +(.035, “ -
| MDA > 0.3 vs. <C0.3 P =0.27 (not creatinine-
@ ug/L. (limit of detection) adjusted)
w Beta = SE=0.035 £ 0.036,
B £ =033 (creatinine-adjusted)
Wolff et al. (2007) Head circurnference  Maternal prenatal urinary 318 Beta = SH=—0.26 20.13, “ Mo significant interactions between
(cm) DAPs (nmol/L or nimol/g £ =0.045 (pot creatinine- DBAPs and PON1 were detected for
creatinine, log, scale) adjusted) head circumference
Beta = SE= — (.25 £0.13, {results NR)
P =0.056 (creatinine-adjusted)
Wollf et al. (2007 “ Maternal prenatal urinary 327 Beta = SE= (.16 =0.11, “
DMPs (nmol/l. or nmol/g F=10.14 (not creatinine-
creatinine, log,, scale) adjusted)
Beta = SE=—-0.15%0.11,
£ =0.16 (creatinine-adjusted)
Woltf et al. (2007) Maternal prenatal urinary 318 Beta + SE= - 0.067 =0.12, “ -
DEPs (nmmol/l. or nmol/g £ =0.57 (not creatinine-
creatinine, log,, scale) adjusted)
Beta & SE = —0.052 (.12,
P =0.67 (creatinine-adjusted)
| Wolft et al. (20073 “ Maternal prenatal urinary 330 Beta = SE=0.15+0.19, “

¥2000-L£¥9%000 190200 A3

MDA > 0.3 vs. <<0.3
ug/L (imit of detection)

£ =044 (not creatinine-
adjusted)

Beta * SE=0.23 = 0.20,
£ =025 (creatinine-adjusted)

013 S Y PSS
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Wolff et al. (20073

Wolff et al. (20073

Wolff et al. (2007)

Wolff et al. (2007)

Hskenaziet al.
(2004)

Hskenazi et al.
(2004)

Hskenaziet al.
(2004)

Hskenazi et al.
(2004}
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Gestational age
{weeks)

Maternal prenatal urinary
DAPs (nmol/L. or nmel/g

creatining, log , scale}

Maternal prenatal urinary
DMPs (nmol/L. or nmol/g

creatinine, log,, scale)

Maternal prenatal urinary
DEPs (nmol/L or nmiol/g
creatinine, log, , scale)

Maternal prenatal urinary
MDA > 0.3 vs, <03
ug/L. (limit of detection)

Length of gestation
(weeks)

Maternal prenatal urinary
DAPs, DMPs. or DEPs
(nmol/L, log,, scale)

Maternal prenatal arinary
MDA (ug/L)

Maternal prenatal urinary
TCPy (ug/l)

Maternal prenatal urinary
PNP (ug/l)

318

s
&

318

330

485 with DAPs
485 with DMPs
486 with DEPs

233 undetectable

74 detectable <<
median

75 detectable =
median

41 undetectable

220 detectable <
miedian

221 detectable =
median

124 pndetectable

179 detectable <
median

179 detectable =
median

For personal use only.

Beta & SE=0.03 £0.14,
£ =081 (not creatinine-
adjusted)
Beta = SE=0.03 =0.14,
£ =043 (creatinine-adjusted)
Beta = SE = —0.0290 = (.12,
£ = 0.80 (not creatinine-
adjusted)
Beta & SE = —0.030 20,12,
F =080 (creatinine-adjusted)
Beta + SE =~ 0.006 = 0.13,
£ = 0.996 (not creatinine-
adjusted)
Beta = SE = —0.004 =0.13,
£ =0.97 (creatininc-adjusted)
Beta = SE= — (.28 = 0.21,
P =018 (not creatinine-
adjusted)
Beta + SE— —0.30 +0.22,
£ =016 (creatinine-adjusted)
Beta = —0.20(—0.553,0.15)

Beta 041 (—0.75, ~0.07)
Beta = —0.16 {~ {1.53, 0.22)

Beta = referent
Beta= —0.13 (— 0.55, (.30

Beta =~ 0.21 {~ 1.62, 0.20)

Beta — referent
Beta = ~ 017 (— 0.74, 0.40)

Beta = — 0.06 (— 0.63,0.51)

Beta = referent
Beta = — 0.37 (— .76, 0.02)

Beta = 0.18 (— 0.21, 0.57)

Racefethnicity, maternal PON]
activity, and infant sex

Timing of urine coliection,
timning of entry into prenatal
care, maternal age, parity,
maternal country of birth, and
poverty level

Gestational age based on medical
record; results similar when based
on maternal self-reported date of
last menstrual period

Results persisted when metabolite
levels were controlled for creatinine
Inverse association with DMPs

was most apparent for specimens
collected after 22 weeks of gestation
Associations of DEAMPY, IMPY,
CMHC, and CIT with birth
outcomes not analyzed due to

small percentage of women with
detectable levels

{Continued )
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Number of subjects/

Hstimate of

Reference Outcome Exposure events association (95% CI) Adjustment factors Comments
Eskenaziet al. Maternal/cord blood 340 maternal blood, Beta=0.01 (—0.15,0.17) “ When gestational age was based
(2004) cholinesterase (mol/ prenatal on maternal self-reported date
min/mb) 357 maternal blood, Beta = 0.09 (— 0.04, 0.23) of last menstrual period, beta for

delivery lower cholinesterase in maternal

Hskenaziet al.
(2004)

Hskenazi et al.

(2004)

Hskenazi et al.

(2004

Eskenarziet al.
(2004)

Hskenazi et al.
(2004)

Hskenaziet al.
(2004)

Hskenazi et al.
(2004)

Birth weight (g)

Materpal/cord plasma
butyrylcholinesterase
(umol/min/ml.)

Maternal prenatal arinary
DAPs, DMPs, or DEPs
{nmol/L, log,, scale)

Maternal prenatal urinary
MDA (1ug/L)

Maternal prenatal urinary
TCPy (ng/L)

Maternal prenatal arinary
PNP (ug/L)

Materpal/cord blood
cholinesterase (mol/
min/ml)

Maternal/cord plasma
butyrylcholinesterase
{umol/min/ml.)

292 cord blood

340 maternal plasma,
prenatal

357 maternal plasma,
delivery

292 cord plasma

485 with DAPs

485 with DMPs

486 with DEPs

233 undetectable

74 detectable <
median

75 detectable =
miedian

41 undetectable

220 detectable <<
median

221 detectable =
median

124 undetectable

179 detectable <<
median

179 detectable =
median

340 maternal blood,
prenatal

357 maternal blood,
delivery

292 cord blood

340 maternal plasma,
prenatal

357 maternal plasma,

elivery
292 cord plasma

Beta =
Beta =

0.34 (0.13, 0.55)
0.2 (- 0.64,0.27)

Beta = — 0.2 (—0.78, 0.32)
Beta =42 (— 46, 131)
Beta =41 (—40, 122)
Beta = 32 (— 40, 144)

Beta = referent

Beta = — 45 (—154,63)
Beta = 36 (— 49, 161)

referent
6 (138, 126)

Beta =27 (— 106, 159)

Beta = referent
Beta =34 (— 57, 125)

Beta =49 {~ 42, 140)

Beta = 12 (— 46, 70)
Beta = 536 (~ 67, 179)

Beta = — 90 (— 206, 25)

blood = 1.1 days, P=0.04

Timing of urine collection, -
timing of entry into prenatal

care, maternal age, parity,

infant sex, maternal country of

birth, pregnancy weight gain,

body mass index, poverty level,

gestational age, and gestational

age squared

“

g¢¢
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Hskenazi et al.

(2004)

Hskenaziet al.

(2004

Eskenarziet al.

(2004}

Hskenazi et al.

(2004)

Hskenaziet al.

(2004}

Hskenazi et al.
2004

Hskenazi et al.

(2004)

Hskenaziet al.

2004

Body length (cm)

Head circomference
{cm)

Critical Reviews in Toxicology Downloaded from informahealthcare.com by Kathi Lohmann on 07/20/15
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Maternal prenatal urinary
DAPs, DMPs, or DEPs
{amol/L, log,, scale)

Maternal prenatal urinary
MDA (1g/ty)

Maternal prenatal urinary
TCPy (ug/l)

Maternal prenatal arinary
PNP (ug/L)

Materpal/cord blood
cholinesterase (mol/
min/ml)

Maternal/cord plasma
butyrylcholinesterase
{umol/min/ml.)

Maternal prenatal urinary
DAPs, DMPs, or DEPs

(nmol/L, log, scale)

Maternal prenatal arinary
MDA (ug/L)

Maternal prenatal urinary
TCPy (pg/L)

485 with DAPs
485 with DMPs
486 with DEPs

233 undetectable

74 detectable <
median

75 detectable =
miedian

41 undetectable

220 detectable <
median

221 detectable =
median

124 undetectable

179 detectable <<
median

179 detectable =
median

340 maternal blood,
prenatal

357 maternal blood,
delivery

292 cord blood

340 maternal plasma,
prenatal

357 maternal plasma,
delivery

292 cord plasma

483 with DAPs

485 with DMPs

486 with DEPs

233 undetectable

74 detectable <<
median

75 detectable =
median

41 undetectable

220 detectable <
miedian

221 detectable =
median

Beta = 0.52 (— 0.01, 1.05
Beta = 042 (—0.07,0.91
Beta = 040 (— 0.15,0.94

3
J
)
\

]
7

Beta = referent
Beta = —0.53 (—1.18,0.11)

Beta = 0.14 (— 0.48, 0.76)

Heta = referent
Beta = 0.09 (— — 0.70, 0.87)

Beta = 0.44 (—0.35, 1.22)

Beta = referent
Beta = 0,60 (0.06, 1.13)

Beta = 0.41 (-~ 0.13, 0.94)
Beta = 0.05 (-~ 0.20, 0.29)
Beta = 0.05 (— 0.17, 0.27)

Beta= —0.01 (—0.35, 0.34)
Beta = 0.07 (- 0.63, 0.78)

Beta = 0.05 (— 0.65, 0.75)

Beta = 0.23 (- 0.65, 1.12)
Beta = 0.32 (0.03, 0.62)

Beta = 0.25 (—0.02, 0.52)
Beta = 0.28 (-~ 0.02, 0.59)

Beta = referent
Beta= —0.16 (—0.52,0.19)

Beta = 0.11 (- 0.24, 0.46)

Beta = referent
Beta = 0.06 (— 0.37, 0.49

~

Beta = 0.04 (— .39, 047)

No association when metabolite
fevels were controlled for creatinine
Positive association with DAPs did
not vary substantially by week of
prenatal urine collection

Results persisted when metabolite
levels were controlled for creatinine
Positive association with DAPs did
not vary substantially by weck of
prenatal urine collection

{Continued )
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Reference

Exposure

Number of subjects/
events

Hstimate of
association (95% Ch

Adjustment factors

Comments

Hskenazi et al.
(2004)

Eskenarziet al.
(2004}

Hskenazi et al.
(2004)

Hskenaziet al.
(2004)
Hskenaziet al.

(2004}

Hskenazi et al.
(2004)

Hskenaziet al.
(2004)

Hskenazi et al.
(2004)

Hskenaziet al.
(2004)

Hskenazi et al.
(2004)

Ponderal index

Preterm delivery

Maternal prenatal arinary
PNP (ug/l

Maternal/cord blood
chohnesterase {umol/
min/ml}

Maternal/cord plasma
butyrylcholinesterase
(umol/min/ml}

Maternal prenatal urinary
DAPs, DMPs. or DEPs
{nmol/L, log,, scale)

Maternal prenatal urinary
MDA (ug/L)

Maternal prenatal urinary
TCPy (ug/l)

Maternal prenatal urinary
PNP (ug/l

Maternal/cord blood
cholinesterase (umol/
minfml)

Materpal/cord plasma
butyrylcholinesterase
(umol/min/ml.)

Maternal prenatal arinary
DAPs, DMPs, or DEPs
{nmol/L, log,, scale)

124 undetectable

179 detectable <
median

179 detectable =
median

340 maternal blood,
prenatal

357 maternal blood,
delivery

292 cord blood

340 maternal plasma,
prenatal

357 maternal plasma,
delivery

292 cord plasma

485 with DAPs

485 with DMPs

486 with DEPs

233 undetectable

74 detectable <<
median

75 detectable =
median

41 undetectable

220 detectable <<
median

221 detectable =
median

124 undetectable

179 detectable <
miedian

179 detectable =
median

340 maternal blood,
prenatal

357 maternal blood,
delivery

292 cord blood

340 maternal plasma,
prenatal

357 maternal plasma,
delivery

292 cord plasma

32 (6.6%) preterm

Beta = referent
Beta = 0.18 (— (.12, 0.48)

Beta = 0.29 (—0.01, 0.58)
Beta = 0.06 (— 0.09,0.21)
Beta = — 0.07 (—0.19,0.05)

Beta= —0.04 (—0.23,0.14)
Beta =012 (—0.31, 0.56)

Beta = — 0.07 {(—0.45,0.31)

Beta =~ 0.03 {~ {1.30, 0.45)
Beta = —0.04 (— 0.12, 0.04)
Beta 0.03 (—0.10, 0.04)
Beta = —0.01 (— 0.09, 0.07)

Beta = referent
Beta = 0.05 (— 0.05, 0.14)

Beta =002 (—0.07,0.12)

Beta = referent
Beta= —0.01 (—0.12,0.11)

Beta = — 0.04 {~ {1.16, 0.08)

Beta = referent
Beta = —0.08 (—0.16, 0.0)

Beta = — 0.03 (— 0.11, 0.05)
Beta = 0.00 (— 0,03, 0.03)
Beta = 0.00 (— 0,03, 0.03)

Beta = 0.02 (— 0.03, 0.07)
Beta = 0.03 (— 0.06, 0.12)

Beta= —0.07 (— 0.16, 0.03)

Beta = 0.05 (— 0.07, 0.17)
“not associated” (results NR})

i

Preterm delivery: birth at <37
completed weeks of gestation

1012 SS1y Y Q66
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Eskenarziet al.

(2004}

Hskenaziet al.

(2004}

Eskenarziet al.

£2004)

Hskenaziet al.

(2004}

Harley et al.
(2011

Harley et al.
(2011)

Harley et al.
(2011)

Harley et al.
(2011)

Low birth weight

Small for
gestational age
birth

Gestational age
{weeks)

Critical Reviews in Toxicology Downloaded from informahealthcare.com by Kathi Lohmann on 07/20/15
For personal use only.

Maternal/cord blood
chohnesterase {umol/
min/ml.; per unit
decrease)

Maternal prenatal urinary
DAPs, DMPs. or DEPs
(nmol/L, log,, scale)

Cord blood cholinesterase
(wmol/min/ml: per unit
decrease)

Maternal prenatal urinary
DAPs, DMPs. or DEPs
{nmol/L, log,, scale)

Maternal prenatal urinary
DAPs (amol/L, Eogm
scale) by child genotype

Maternal prenatal urinary
DMPs (nmol/L. log,,
scale) by child genotype

Maternal prenatal urinary
DEPs {nmol/L, log,,
scale) by child genotype

Maternal prenatal urinary
DAPs {(amol/L, log
scale) by cord blood

PONT guantity

NR preterm with
maternal prenatal
blood

NR preterm with
cord blood

18 (3.7%) low birth
weight

11 low birth weight
with cord blood

23 (48%) small for
gestational age
birth

76 PONI _,, TT
225 PONI— ,, CT
131 PONI— ,, CC

108 FONI ,, Q0
222 PONI,,, QR

106 PONT 4, RR

16 PONI 0 TT
225 PONI s CT

131 PONI -~ ,,, CC

108 PONI ,,, QQ
222 PONI,,, QR
106 PONI,,, RR
16 PONI 0 TT

225 PONI s CT
131 PONI -~ ,,, CC

108 PONT ., QQ
222 PONT 5, QR
106 PONT ,,, RR
PON1 quantity:
108 tertile |
108 tertile 2
108 tertile 3

Odds ratio = 1.6 (1.0, 2.

%]

)

QOdds ratio = 2.3 (1.1, 4.8)

“not associated” (results NR)

Odds ratio = 4.3 (1.1, 17.5)

“not associated” (results NR)

Beta= —0.8 (—~2.0,0.2)
Beta = — 0.3 (— 0.8,0.3}
Beta=0.1 (—0.7,0.8)
P-interaction = (1,36
Beta = — 1.0 (— 2.0,0.0)
Beta= —0.2 (- 0.7,0.3)
Beta = 0.2 (— 0.7, 1.1)
P-interaction = 0.21

Beta= —0.6 (—1.6,0.4)
Beta = — 0.3 (- 0.8,0.2)
Beta = 0.0 (— 0.7, 0.7)
P-interaction = (.49
Beta= — 0.7 (~ 1.7,0.2)
» =—03{-07,01)
Beta=0.3(—0.5,1.2)
P-interaction = 0,25
Beta = — L.0{—2.1,0.1)
Beta 0.2 (—0.8,0.3)
Beta = 0.6 (— 0.2, 1.4)
P-interaction = (.09
Beta= — 1.0 (~2.1,0.2)
Beta = 0.1 (— 0.4, 0.6)
Beta= — 0.3 (—1.2,0.6)
P-interaction = 0,17

0.5,1.2)
Beta = — 0.4 (— 1.2,0.4)
Beta= 0.2 (- 0.9,0.5)

P-interaction = (.17

NR

NR

NR

NR

Timing of urine collection,
timing of entry into prenatal
care, maternal age, parity,
maternal country of birth, and
household income

Low birth weight: <<2,500 g

Six of 11 infants with low birth
weight were also preterm

Small for gestational age birth:
birth weight < 10th percentile

for gestational age according to
cthnicity, parity, and infant sex
Arylesterase activity (a marker

of PON1 enzyme quantity) was
lowest in mothers and infants with
PON} . TT (but highest in
mothers with PONT ., QQ)
Faraoxonase activity {a marker of
PON1 enzyme activity) was lowest
in mothers and infants with either
PONT .. TT ot PONT 5, Q,
especially both

{(Continued )
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Number of subjects/

Hstimate of

Reference Outcome Exposure events association (95% CI) Adjustment factors Comments
Harley et al. Maternal prenatal arinary PON] quantity: “ -
(2011 DMPs (amol/L, log,, 108 tertiie 1 Beta = 0.5 (—0.3,1.2)
scale} by cord blood 108 tertile 2 Beta=—0.4 (—1.1,0.4)
PON1 quantity 108 tertile 3 Beta= — 0.4 (— 1.0,0.3}
P-interaction = 0.16
Harley et al. “ Maternal prenatal urinary PONI quantity: “

(2011}

Harley et al.
(2011)

Harley et al.
(2011

Harley et al.
(2011

Harley et al.

(2011)

Harley et al.
(2011)

DEPs (nmol/L, log,
scale) by cord blood
PON]1 quantity

Maternal prenatal urinary
DAPs (nmol/L, log
scale) by child genotype

Birth weight (g)

“ Maternal prenatal urinary
DMPs (amol/L, log,,
scale) by child genotype

“ Maternal prenatal urinary
DEPs (nmol/L, log,,
scale) by child genotype

“ Maternal prenatal urinary
DAPs (nmol/L, log,,
scale) by cord blood
PONT quantity

“ Maternal prenatal urinary
DMPs (nmol/L, log,
scale) by cord blood
PON1 quantity

108 tertile 1

108 textile 2

108 tertile 3

76 PONI_ p TT
225 PONI _,, CT
131 PONI _,,, CC

108 PONT 5, QQ
222 PONI,,, QR
106 PONT ,, RR

192

76 PONI _,, TT
225 PONI _,,, CT
cC

131 PONT g

108 FONI ,, Q0
222 PONI,,, QR
106 PONI ,,, RR
76 PONI _,, TT
225 PONI _,,, CT
131 PONI _ 3 CC

108 PONIT,,, QO
222 PONI,,, QR
106 PONT o, RR
PON1 quantity:
108 tertile §

108 tertile 2

108 tertile 3

PONI quantity:
108 tertile 1
108 tertile 2
108 tertile 3

Beta = — 0. (— 1.2, 0.4}

Beta= —0.7 (— 1.5,0.1)

Beta = 0.5 (— 0.3, 1.2)
P-interaction = (.69

Beta = —131.3 (—393.3, 130.8)
Beta = 147.2 (18.5, 2757
Beta = 22.1 (-~ 182.0, 226.3)
P-interaction = 0.06

Beta — —60.2 (—266.3,145.9)
Beta = 79,4 {(—48.5, 207.3)
Beta = 142.3 (— 114.6, 399.3)
P-interaction = (1,20

Beta = 1352 (-~ 373.8, 103.3)
Beta = 134.6 (14.9, 254.2)

Beta =46.8 (— 132.5,226.1)
P-interaction = (1,05

Beta = — 80.6 (—269.2, 107.9)
= 89.9 (—27.8, 207.5)

9 (-~ 169.2,315.0}
P-interaction = 0.16

35.3 (— 320.5, 209.8)
120.8 (— 14.8, 256.4)
4 (—174.6,2654)
P-interaction = (.35

= 258.8 (23.9,
P-interaction = 0.30

P-interaction = (1L.39

Beta = 14.8 (—216.2, 2457}
Beta = 83.9 (— 94.8, 262.6}
Beta = 60.2 (— 120.2, 240.7)
P-interaction = (.29

Timing of urine collection,
timing of entry into prenatal
care, maternal age, parity,
materpal country of birth,
household fncome, pre-
pregnancy body mass index,
maternal weight gain during
pregnancy, infant sex,
gestational age, and gestational
age squared

“

01 I Y (0€
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Harley et al.
(2011}

Harley et al.
(2011

Harley et al.
(2011)

Harley et al.
(2011)

Harley et al.

(2011)

Harley et al.
(2011}

Harley et al.
(2011)

Barr et al. (2010)

Barr et al. (2010}

Head circumference
(omy)

Birth weight (g)

Head circumiference
{cm)

Critical Reviews in Toxicology Downloaded from informahealthcare.com by Kathi Lohmann on 07/20/15
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Maternal prenatal urinary
DEPs (amol/L. log,,
scale) by cord blood
PON1 quantity

Maternal prenatal urinary
DAPs (amol/L, Eogm
scale) by child genotype

Maternal prenatal urinary
DMPs (nmol/L, log,
scale) by child genotype

Maternal prenatal urinary
DEPs (nmol/L, log,,

scale) by child genotype

Maternal prenatal urinary
DAPs (nmol/L, log,
scale) by cord blood
PON1 quantity

Maternal prenatal urinary
DMPs (ameol/L, log,,

scale) by cord blood

PON1 quantity

Maternal prenatal arinary
DEPs (nmol/L, log |,
scale} by cord blood

PON1 quantity

Maternal pre/perinatal or
cord serum chlorpyrifos
(ng/g) >75th vs. == 75th
percentile

“

PONI quantity:
108 tertile 1
108 tertile 2
108 tertile 3

76 PONT _,,,TT
225 PONT _ 0o CT
131 PONE_ ,, CC
108 PONIT,,, QO
222 PONI,,, QR
106 PONT o, RR
76 PONT _,,, TT
225 PONT_ , CT
31 PONT _,, CC
108 PONT ,,, QQ
222 PONT ,, QR
106 PONI ,,, BR
76 PONT _,,, TT
225 PONT_ , CT
31 PONT _,, CC
108 PONT ,,, QQ
222 PONT ,, QR
106 PONI ,,, BR
PONI quantity:
108 tertile 1
108 tertile 2
108 tertile 3

PONI quantity:
108 tertiie 1

108 textile 2

108 tertile 3

PON] quantity:
108 tertile 1

108 tertile 2

108 tertile 3

138 maternal serum
148 cord serum

138 maternal serum

148 cord serom

18,7 (—134.4,231.8)
Beta = 2314 (19.1, 443.6)
P-interaction = 0.31

Beta = 0.1 (— 0.6, 0.9)
Beta = 0.2 (— 0.2, 0.6)
Beta=0.6(—-0.1,1.3)
P-interaction = (1,08
—0.3(—1.0,04)

Beta = 0.7 (— 0.1, 1.5)
P-interaction = 0.01

Beta = 0.2 (—0.5,0.8)
Beta = 0.1 (—0.3,0.5)
Beta = 0.5 (— 0.2, 1.1)

P-interaction = (1,12
Beta = — 0.4 1.0,0.2)
Beta = 0.2 (—0.2,0.5)
Beta=0.5(—0.3,1.3)
P-interaction = (.01

Beta = — 0.1 (—0.8,0.7}
Beta = 0.2 {—0.2,0.6)
Beta = 0.6 (— 0.2, 1.4)
P-interaction = (.19

Beta = 0.1 (— 0.7, 0.9)
Beta = 0.1 (—0.3,0.5)
Beta = 0.7 (0.0, 1.5}
P-interaction = (.27

Beta= — 0.2 (— 1.0,0.5)
Beta = 0.3 (— 0.3,0.9)

P-interaction = (.32

Beta = — 0.1 (- 0.8,0.5)
Beta=0.1 (~0.4,0.7)
Beta = 0.7 (3.1, 1.3)
P-interaction — (.36

Beta= —0.5(—1.2,0.2)
Beta =04 (—02,1.0)
Beta= 07 (- 0.1,1.4)
P-interaction = 0,48
Mean & SD = 3053 £ 111 vs.
3548 =448, P (0,268
Mean + SD = 14422 vs.
3544 + 433, P = (408
Mean = S =334 £ 0.6 vs.
35.0+1.3, P=0.229
Mean + SD =341 + 1.4 vs.
350512, P=0989

2(~295.6,185.2)

Maternal age, primigravida,

race, pre-pregnancy body
mass index, infant sex, and
gestational age

“

Results were similar when pesticide
levels were dichotormized at the 90th
percentile (results NR)

{Continued )
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Number of sabjects/

Hstimate of

Reference Outcome Exposure events association (95% C) Adjustment factors Comments
Barr et al. (2010) Abdominal “ 138 maternal serum Mean + SD =292 + (.8 vs. “

circumference 32.0527, 0.201

(in) 148 cord serum Mean = 8D =732.5 2.3 vs.

Barr et al. (2010)

Wang et al. (2011)

Wang et al. (2011)

Wang et al. 2011)

Birth length (cm)

Length of gestation
{weeks)

I3

Birth weight (g)

Maternal perinatal urinary
DAPs (log scale)

[unit (nmol/L or nmol/g
creatinine) and log base
not specified]

138 maternal serum
148 cord serum

187

91 infant gitls

320227, P={.346
Mean £ SD=49.8 0.2 vs.
513230, P=0.686
Mean £ 8D =309%1.7 vs.
514 %31, P=0318
Dimethylphosphate beta = — 0.05
(—0.52-0.33)
Dimethylthiophosphate
beta =015 (—1.21-1.03)
Diethylphosphate beta = .11
{(—1.27-0.52)
Diethylthiophosphate beta = 0.13
(—(.92-0.64)
Diethyldithiophosphate
beta = — .03 (— 0.04-0.06)
DAPs beta = 0.04 (— 0.35-0.59)
Dimethylphosphate beta =0.39
(—0.13,0.63)
Dirpethylthiophosphate
beta = 0.31 (—0.08-0.63)
Diethylphosphate beta = — 1.79
(—2.82 10— 0.76)
[Boys: diethyiphosphate
beta = 0.17, P=0.164)
Diethylthiophosphate beta = 0.72
{(—0.28,1.16)
Diethyldithiophosphate
beta = 0.09 (— 0.35-.53)
DAPs beta = — 0.03 (— 0.81-
0.61)
Dimethylphosphate beta = — 18
{(—151-10%
Dimethylthiophosphate beta = 84
(— 50-304)
Diethylphosphate beta = 135
(— 143-402)
Diethylthiophosphate
beta= — 112 (— 315-139)
Diethyldithiophosphate beta = 4
(- 161-313)
DAPs beta =69 (— 74-212)

Maternal height, pregnancy
weight gain, and family incore

Gestational age, maternal
height, pregnancy weight gain,
and family income

Some apparent reporting errors
{e.g., missing “—” signs} are
corrected here based on reported
P-valaes

Results were unchanged when
preterm infants were excluded
{results NR}

013 881 Y
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Wang et al. (2011}

Wang et al. (2011)

Wang et al. (2011)

Body length (cmy)

Critical Reviews in Toxicology Downloaded from informahealthcare.com by Kathi Lohmann on 07/20/15

51 infant gitls

187

91 infant gitls

For personal use only.

Dimethylphosphate beta = — 48

{— 192-218)
Dimethylthiophosphate

beta = 166 (—40-473)
Diethylphosphate beta = 174

(—287-529)
Diethylthiophosphate

beta = — 272 (— 499-208)
Diethyldithiophosphate beta = 45

(—278-412)
DAPs beta = — 6 {— 286-240)
Dimethylphosphate beta = — 0.01

(—0.67-0.61)
Dimethylthiophosphate

beta = — (.04 (— 0.67-1.07)
Diethylphosphate beta = 0.12

{(—0.65-2.02)
Diethylthiophosphate

beta = — 0,16 (— 2.03-0.31)
Diethyldithiophosphate

beta = — 0.01 (—1.22-1.10)
DAPs beta = 0.03 (— 0.47-0.73)
Dimethylphosphate beta = — 0.06

(—0.73-0.48)
Dirpethylthiophosphate

beta = 0.24 (—0.11-1.40)
Diethylphosphate beta == .33

(— LO0-1.41)
Diethylthiophosphate

beta = — (.16 (— 1.54-0.55)
Diethyldithiophosphate

beta = ~ (.09 (— 1.40-0.64)
DAPs beta = — 0.17(— 1.84—

0.21)

Gestational age, maternal
height, pregnancy weight gain,
and family income

{(Continued )
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Number of subjects/

Hstimate of

Reference Outcome Exposure events association (93% CI) Adjustmuent factors Conunents
Rauch et al. (2012)  Length of gestation Maternal prenatal arinary 306 total Beta=—0.5(— 0.8, — 0.1} Mother's age, mother’s race Results were similar when excluding

Rauch et al. (2012)

Rauch et al. (2012)

Rauch et al. (2012)

Raach et al. (2012}

{weeks) DAPs (nmol/L, logy,
scale, creatinine-
standardized)

“ Maternal prenatal urinary
DMPs (nmol/L., 10{;1 0
scale, creatinine-
standardized)

“ Maternal prenatal urinary

DEPs (nmol/L, log,,
scale, creatinine-
standardized

Maternal prenatal arinary
DAPs (nmol/L, log
scale, creatinine-
standardized)

Birth weight (g)

16

93 black mothers
213 white mothers

55 PONI ,,, RR
107 PONT 5, QR
111 PONI, QG

118 PONJ
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306 total
93 black mothers
213 white mothers

306 total
93 black mothers
213 white mothers

306 totad
93 black mothers
213 white mothers

Beta= —0.1(—0.9,0.6)
Beta= —0.7(—1.1,—-0.3)
P-interaction by race = .10

Beta= ~ 0.3 (- 1.2,0.5)
Beta=—0.9 (- 1.6, —0.3)
Beta=—0.5(—1.1,0.0)
P— interaction by

genotype = 0.04 for QR, 0.09

for QO
Beta= 0.3 (—0.9,0.3)
Beta=—1.0(— 1.6, ~0.4)
Beta= — 0.1 (—1.0,0.8)
P interaction by

genotype = 0.04 for CT, 0.31

for TT
Beta= 0.4 (~0.7,0.0)
Beta = 0.0 (— 0.7, 0.6)
Beta=—0.6 (- 0.9, —0.2)
P-interaction by race = 0.09
Beta= ~ 0.2 (- 0.5,0.1}
Beta= 0.1 (—0.8,0.5)
Beta=—0.3 (—0.7,0.0)
P-interaction by race = 0.47
Beta= 151 (— 287, — 16)
Beta= — 188 (— 395,19}
Beta = — 118 (— 296, 6()
P-interaction by race = {3.46

(unless stratified), household
income, marital status, parity
category, log, -transformed
blood lead, and log, -
transformed cotining

mothers with abruptio placenta,
placenta previa, chorioamnionitis,
pre-eclampsia, or pregnancy-
induced hypertension, or when
excluding mothers with urinary
creatinine < 20 mg/dL.

Results were similar or attenuated
(beta for DAPs and gestational
age = — 0.2 [ (0.4, 0.0]; beta for
DAP and birth weight= — 0.88
[— 213,37} when restricted to full-
term births

Results did not vary significantly by
child sex (P-interaction > G.3)
Results were “modestly attenuated”
when based on non-creatinine-
adjusted DAPs (beta for gestational
age = —{.3 [~ 0.7, 0.0]; beta for
birth weight = — 100 [— 232, 321},
and “slightly attenuated” when
based on individual urine specimens
from 16 or 26 weeks of gestation
When stratified by race, effect
estimates were also stronger in
heterozygous groups
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Maternal prenatal urinary
DMPs (amol/L, log
scale, creatinine-
standardized)

Maternal prenatal arinary
DEPs (nmol/L, log,
scale, creatinine-
standardized

Birth weight, Maternal prenatal urinary

adjusted for DAPs (nmol/L, log,
gestational age scale, creatinine-
(2 standardized)

Maternal prenatal urinary
DMPs (nmol/L, log,
scale, creatinine-
standardized)

“ Maternal prenatal urinary
DEPs (nmol/L, fogy,
scale, creatinine-
standardized

Number of
organophosphate
pesticides {of § tested)
detected in cord serom

Birth weight (g)

Chlorpyrifos, diazinon,
fonofos, malathion,
parathion-ethyl,
parathion-methyl,
profenofos, or terbufos
in cord serum, detectable
vs. non-detectable or
3-level ordinal variables

306 total
93 black mothers
213 white mothers

306 totad
93 black mothers
213 white mothers

306 total
93 black mothers
213 white mothers

55 PONI ,,, RR
107 PONI 5, QR
111 PONIT,,, QQ

118 PONI _, CC
106 PONI 0 CT
46 PONT _,,, TT

306 total
93 black mothers
213 white mothers

306 total
93 black mothers

213 white mothers

112

P-interaction by race = 0.46
Beta = — 63 (— 180, 51) “
Beta= — 162 {— 340, 16)
Beta= —39(—189,111)
P-interaction by race = .39
Beta = — 40 (— 146, 65) “
Beta = — 138 (— 297, —18)
Beta = 60 (— 84, 204)
P-interaction by race = 0.02
Beta = — 71 {—384,242) “
Beta = — 454 (=707, — 201)
Beta 2(—231,228)
P interaction by

genotype = 0.02 for QR, 0.76

for QQ vs. RR
Beta = — 119 (— 340, 103)
Beta = — 299 (- 520, —78)
Beta = §5 (— 361, 530
P~ interaction by

genotype = 0.15 for CT, 0,12

for TT vs. CC
Beta = — 38 (— 133, 56) “
Beta = —139(— 267, — 10
Beta =49 (— 78, 177)
P-interaction by race = 0.02
Beta= — 9 (— 99, 80) “
Beta= —131(—251, —11)
Beta = 41 (— 78, 160)
P-interaction by race = (.08
Beta = 6.39 (210, 222)

£

Gestational age, maternal age,
maternal body mass index at
early pregnancy, and maternal
hemoglobin at delivery

No significant associations “
(results NR)

When stratified by race, effect
estimates were also stronger in
heterozygous groups

Of 20 pesticides measured, the
mean * 8D number detected in cord
serum per subject was 4.6 + 1.9,
with a maximum of 10; 98.3% had
at least one pesticide detected

TCPy 3,5 6-trichloro-2-pyridinol.

* DAP dialkyl phosphate, DEP diethyl phosphate, DMFP dimethy! phosphate, MDA malathion dicarboxylic acid, VR not reported, PNF 4-nitrophenol, #FONI paraoxonase 1, §I3 standard deviation, S¥ standard error,
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404 consecutive healthy, primiparous pregnant women with a
singleton pregnancy at =26 weeks of gestation in 1998-2001
(Table 1) (Berkowitz et al. 2004, Wolff et al. 2007). OP
metabolites, including TCPy (a metabolite of chlorpyrifos and
chiorpyrifos methyl), MDA {(a metabolite of malathion), and
six DAP metabolites were measured in maternal urine col-
lected during the third trimester. Median concentrations were
7.6 ug/l (below the limit of detection [LOD] of 11.0 ug/L)

MDA, 75.9 nmol/L (range = < 1-4 [LOD]-4987) for DAPs,
42.2 nmol/L (range = 1-4-4903) for DMPs, and 18.8 nmol/L

tion, five genctic polymorphisms (7928, L55M, C-909 G,
A-162 G, and C-108 Ty in the PONI gene, PON1 enzymatic
activity against phenyl acetate, and butyrylcholinesterase
(BChE) enzymatic activity against butyrylthiocholine were
assessed in the third-trimester maternal blood and umbili-
cal cord blood. PONI acts as a detoxifying enzyme for OP
metabolites, and higher-activity alleles (e.g., PONI ,, QQ
and PON! . CC) and higher enzyme levels are hypothesized
to protect against potential adverse health effects of OP expo-
sure. A recent paper has found that PONT activity with phenyl
acetate as a substrate may not be a reliable index of the quan-
tity of PON1 protein, because the hydrolysis of phenyl acetate
is not independent of genotype (McDaniel et al. 2014).

When maternal prepatal urinary TCPy concentration was
dichotomized at the LOD (11.0 pg/L). no significant associa-
tion was observed with birth weight, birth Jength, or head cir-
cumference after multivariate adjusiment, based on 387 sub-
jects (Table 2) (Berkowitz et al. 2004). Morcover, none of the
three birth outcomes differed significantly by the presence of
maternal prenatal urinary TCPy within strata of low, medium,
or high maternal PON1 activity. Log, -transformed concentra-
tion of maternal prenatal urinary DAPs, with or without crea-
tinine adjustment, was not significantly associated with birth
weight, birth length, ponderal index, or gestational age, but
it was significantly inversely associated with head circumfer-
ence (beta = — (.26 cm, standard errvor [SE] = (.13, P =0.045
without creatinine adjustment; similar results with creatinine
adjustment) (WollT et al. 2007). Log, ,-transformed concentra-
tions of maternal prenatal urinary DMPs and DEPs also were
not significantly associated with birth weight, birth length,
ponderal index, head circumference, or gestational age, nor
was maternal prenatal urinary MDA concentration, dichoto-
mized at the LOD (0.3 ug/l.), significantly associated with any
of these outcomes. There was some evidence that maternal
prenatal urinary DEPs interacted with maternal PONT1 activity
and PONT . genotype. Birth weights were significantly lower
among those with higher DEP concentrations and lower PON1
activity or the PON! , RR (low-activity) genotype, compared
with those with lower DEP concentrations and higher PON1
activity (£ = 0.042) or the PONT ,, QQ (high-activity) geno-

among those with higher maternal prenatal vrinary DMP con-
centrations than among those with lower DMP concentrations
within the stratum of lower maternal PON1 activity (2 = 0.032),
and among those with higher maternal prenatal urinary DMP
concentrations and the PONJ . RR genotype, compared with
those with lower prenatal DMP and the PON/ |, QQ genotype

Tier 3/4

Crit Rev Toxicol, 2015; 45(7): 531-641

detected {(or at Jeast were not reported) for total DAPs or for
other birth cutcomes.

Notable strengths of the Mount Sinai CECS are comparable
to those of the CCCEH study, and include the personal mea-
surement of OP metabolites, the detailed characterization of
the study cohort, and the prospective design, with exposuores
measured during the third trimester of pregnancy. Participants
were enrolled during a narrower time window, preventing
evaluation of associations hefore and after 2001, but informa-
tion on PONT genotypes and PONT and BChE activity enabled
the assessment of putatively susceptible subgroups. Several
limitations are also shared between the cohorts, including the
collection of single biospecimens for exposure assessment, the
small number of subjects and nmltiple hypothesis testing in
stratified analyses, and possible modest confounding. Thirty-
three percent of cligible women consented to participate, and
74% of participants were ultimately included in the analysis
after exclusions due to medical issues, lack of biospecimens,
change of hospital or residence, or refusal, with shorter
follow-up for younger and less-educated mothers. If participa-
tion and/or follow-up were associated with both OP exposure
and subscquent birth outcomes, then selection bias could have
distorted the results in an unpredictable direction. Maternal
prenatal urinary TCPy and MDA levels were analyzed as
dichotomous variables {detectable or non-detectable), preclud-
ing analyses of exposure—response trends. As described earlier
1n this paper, urinary DAP concentrations are unlikely to accu-
rately reflect Jong-term exposure to OF insecticides. They also
do not enable identification of associations with specific OP
insecticides, which differ substantially in acute toxicity.

Taken together, the results in the Mount Sinai CECS cohort
show no association between maternal prenatal levels of TCPy
or MDA and birth outcomes. Higher maternal prenatal DAP
fevels were associated with smaller head circumiference, but
not birth weight, birth length, ponderal index, or gestational
age, while maternal prenatal DMP and DEP levels were not
significantly associated with any of these outcomes in the
combined cohort. The association with head circumference
alone could be interpreted as indicative of a neurotoxic effect
or, alternatively, a chance for finding amid predominantly mull
results. Some interactions in the expected direction (assum-
ing greater susceptibility in those with lower PON1 activity)
were detected between prenatal DMPs or DEPs and maternal
PON1 activity or PONI ,,, genotype in association with birth
weight or birth length. However, no explanation was provided
for why DMPs would interact with PON1 activity and geno-
type in relation to birth length but not weight or other birth
outcomes, whereas DEPs would interact with PON1 activity
and genotype in relation to birth weight but not length or other
birth outcomes. The internally inconsistent findings indicate
no clear relationship between prenatal exposure to OF insect-
cides and fetal growth or gestational age.

Center for the Health Assessiment of Mothers and
Children of Salinas

The CHAMACOS prospectively enrolled pregnant women
entering prenatal care at <<20 weeks of gestation between
1999 and 2000 in a primarily Latino, low-income, farm-
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worker population in the Salinas Valley of California (Table 1)
{Eskenazi et al. 2004, Harley et al. 2011). Six DAP metabolites
were measured in maternal spot urine specimens collected at
approximately 13-14 weeks and 26-27 weeks of gestation
and averaged over the two time points. In addition, seven OP
insecticide metabolites, inchuding TCPy, MDA, 4-nitrophenol
(PNP; a metabolite of methyl parathion, parathion, and other
chemicals), 2-dicthylamino-4-hydroxy-6-methylpyrimidine
{a metabolite of pirimiphos methyl). 2-isopropyi-4-methyl-6
-hydroxypyrimidine (& metabolite of diazinon), 3-chloro-4-
methyl-7-hydroxyecoumarin (a metabolite of coumaphos and
coumaphos methyl), and 5-chloro-1-isopropyl-3-hydroxytri-
azole (a metabolite of isazophos and isazophos methyl), were
meastred in the same maternal prenatal urine specimens. The
last four were detected in fewer than 11% of subjects and there-
fore were not studied further. Median conceantrations {range)
in materpal prenatal urine were 136 amol/L (10-6834) for
DAPs, 101 nmol/L (5-6387) for DMPs, 22 amoVL (2-680)
for DEPs, 3.3 ug/L (0.2-56.1) for TCPy, 0.2 ug/l. (0.2-28.9)
for MDA, and 0.5 (0.1-34.7) for PNP (Eskenazi et al. 2004).
AChE and BChE activities were measured in maternal blood
taken at ~26-27 weeks of gestation and before delivery, and in
umbilical cord blood taken at delivery. In addition, PONI 102
and PONI . polymorphisms were genotyped in maternal
and cord blood specimens, and PONI arylesterase activity
against phenyl acetate (as a measure of PONI qguantity) and
paraoxonase activity against paraoxon {(as a measure of PON1
activity) were measured i maternal post-delivery and cord
blood specimens.

After multivariate adjustment in 485 mother-newborn
pairs, a 10-fold increase (i.e.. 1 log,,-nmol/l. increase) in
maternal prenatal urinary DAP concentration was positively,

tively associated with head circumference (beta=0.32 cm,
95% CI=0.03, 0.62) (Table 2) (Eskenazi et al. 2004). After
urinary DAP levels were controlled for creatinine, the asso-
ciation with birth Jength was no longer evident; however, the
result for head circumference did not change. Maternal prena-
tal urinary DAP concentrations were not significantly associ-
ated with length of gestation, preterm delivery (birth at <37
weeks of gestation), birth weight, low birth weight (<2500
2, ponderal index, or small size for gestational age at hirth
(<< 10th percentile for birth weight at gestational age), nor were
maternal prenatal vrinary DMP or DEP concentrations signifi-
cantly associated with these outcomes, other than an inverse
association between prenatal DMPs and length of gestation
(beta = — 0.41 weeks, 95% Cl=-—0.75, — 0.07). In analyses
by timing of prenatal DMP measurement, the latter association
appeared to be stronger after 22 wecks of gestation. Maternal
prenatal urinary TCPy and MDA levels were not significantly
associated with any outcome evaluated. When maternal pre-
natal urinary PNP levels were categorized as undetectable,
detectable, and below the median, or detectable and at or above
the median, newborns in the middle category of exposure, but
not the highest category, had a shorter length of gestation and
ionger birth length than those in the lowest category. However,
the authors cautioned that “PNP may derive from compounds
other than parathion” (Eskenazi et al. 2004). AChE activities
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significantly associated with Jonger gestation, and lower levels
were associated with a significantly higher odds of preterm
birth and low birth weight. However, activities in maternal
prenatal and delivery blood were not significantly associated
with length of gestation, birth weight, or the other outcomes
assessed. Activities of BChE in maternal prenatal plasma,
materpal plasma at delivery, and cord plasma at delivery also
were not significantly associated with any of the ouicomes
exanuned. The authors did not have baseline AChE data; thus,
AChHE and BChE inhibition was not measured. Furthermore,
AChE and BChE levels may vary significantly across time due
to changes in OP insecticide exposure and/or natural variabil-
ity. In stratified analyses by PONT genotype or PONT activity,
maternal prenatal wrinary DEP levels were associated with
shorter gestational age only among infants with the PON/
TT (low-activity) genotype (P . =0.09; Table 2) (Har-
fey et al. 2011). Maternal prenatal vrinary DAP and DMP
fevels were (non-significantly) associated with higher birth
weight only among those with the PONT . CT genotype
(P, oracrion = 0-06 and (.05, respectively), whereas associations
with birth weight were statistically non-significant among
those with the TT genotype. Positive associations with head
circumference were detected only among those with PONT
CT or PONI,,, RR (low-activity) genotype. Cord blood
PON1 arylesterase and paraoxonase activity levels were not
significant modifiers of the associations between maternal pre-
natal DAP, DMP, or DEP concentrations and birth outcomes,
although a significant positive association between prenatal
DEPs and birth weight was detected only among those with
high cord blood levels of PONI.

The CHAMACOS stmdy has several methodological
strengths, including its relatively large size, evaluation of
numerous potential confounders, and collection of several
individual-level OF metabolites around the beginning of the
second and third trimesters of pregnancy.

Limitations of CHAMACOS include use of on only two
averaged biospecimens to characterize exposure and the other
concerns identified above for the CCCEH and CECS studies, as
well as the inherent shortcomings of DAP metabolites as bio-
markers of OP insccticide exposure. Additionally, the 33.2%
participation rate (with a follow-up rate of approzimately 88%)
raises concerns about selection hias, although the direction and
magnitude of such bias canmot be guantificd. The main analy-
ses in the whole CHAMACOS cohort indicate that maternal
prenatal levels of DAPs, DMPs, DEPs, TCPy, and MDA, and
activities of AChE or BChE, were not associated with most
birth outcomes examined. The only exceptions were the posi-
tive association between DAPs and head circumference and
the inverse association between DMPs and length of gestation,
especially when DMP concentrations were measured after the
midpoint of pregnancy. The associations of maternal prenatal
PNP levels with shorter gestation and greater body length were
not consisient with a monotonic exposure-response trend, and
the findings for AChE activities in cord blood were not con-
sistent with the findings for activities in maternal prenatal and
perinatal blood. The observed associations were not modified
by PONI1 quantity or activity, but some evidence of modifi-
cation by PONT genotype was found, albeit with somewhat
contradictory patterns (c.g., positive associations with birth
weightin FON! . CT carriers, but positive associations with
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head circumference in PON/ o, RR carriers). The authors not
only interpreted the inverse association between DMPs and
length of gestation as being consistent with a stimulatory
effect of OP insecticides on uterine contraction, but also noted
that the 6.4% rate of preterm delivery in this population was
lower than the U.S. average (Eskenazi et al. 2004). Informa-
tion is lacking on effects of OP insecticides on uterine smooth
muscle. However, in mouse uterus, regulation of acetylcholine
levels is dominated by BChE and activity changes in excess
of 50%. which can occur during the estrus cycle, appear 1o
be required to cause substantial changes in uierine contractile
activity {Medina et al. 1993). In light of the scattered positive
associations with some but not all indicators of fetal growth
and the internally inconsistent associations with fength of ges-
tation, the overall results do not demonstrate an adverse effect
of prenatal exposure to OF insecticides on hirth outcomes.

New Jersey birth cohort

In a convenience sample of 130 New Jersey women with a
non-anomalous singleton pregnancy schedoled for an elec-
tive cesarcan birth at =37 weeks of gestation in 2003-2004,
chlorpyrifos and other pesticides were measured in preop-
crative maternal serum and wmbilical cord serum (Table 1)
(Barr et al. 2010). The mean chlorpyrifos concentration was

and 0.55 ng/g (SD =0.73, range = 0.0007-1.84) in cord serum.
After multivariate adjustment, mean birth weight, head circum-
ference, abdominal circumderence, and birth length did not dif-
fer significantly between newborns with maternal prenatal or
cord serum chlorpyrifos concentrations =75th versus <<75th
percentile (0.0007 ng/g), nor did they differ significantly when
the cutoff was set at the 90th percentile (Table 2).

Strengths and lmitations of the New Jersey birth cohort
study are comparable to those described above for other pro-
spective birth cohort studies. Chlorpyrifos levels measured in
maternal blood just before cesarcan section may not be accu-
rate indicators of earlier prenatal levels, which are probably
more ctiologically relevant to fetal growth. Because subjects
were recruited by convenience sampling, the participation rate
was not stated, and selection hias is a possibility if participa-
tion was related to factors associated with both chlorpyrifos
exposure and birth outcomes (e.g., sociceconomic status,
diet, and place of residence). It is unclear whether resulis for
newborns delivered by elective cesarean section would be
expected to differ from those for newborns delivered vaginally
or by unplanned cesarcan section. Finally, the scope of the
study with regard to OP insecticides was limited by the mea-
surement of only chlorpyrifos. As a whole, the results of this
study do not demonstrate an association between detectable
chiorpyrifos in maternal perinatal serum and birth cutcomes.

Shanghai birth cohort

Among 187 healthy women in Shanghai with an uncompli-
cated singleton pregnancy in 2006-2007, five DAP metabo-
lites were measured in maternal spot urine specimens col-
lected at the onset of labor (Table 1} (Wang ot al. 2012).
Geometric mean concentrations were 17.19 po/l. (range = <
LOD-269.15) for DMP, 8.01 pg/L (range = <LOD-109.65)
for DMTP, 6.03 pg/l. (ange = <LOD-109.65) for DEP,
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6.31 ug/l. (range = < LOD-131.83) for DETP, and undetect-
able (range = < LOD-5.1; 5.34% detectable) for DEDTP.
In mwmltivariate adjusted models inchuding all 187 newborns,
no significant association was detected between any mater-
pal prenatal urinary DAP metabolite or all DAPs com-
bined and length of gestation, birth weight, or body length
(Table 2). Among the 91 guirls, log-transformed DEP con-
centration was significantly inversely associated with length
of gestation (beta = — 1.79 weeks, 95% Cl= —2.82, —.76;
log scale not specified), but o such association was observed
among boys (beta=0.17 weeks, £ =0.164). No other signifi-
cant associations were reported among girls or boys oaly.

The strengths and limitations of the Shanghai birth cohort
study have been described in the context of other prospective
birth cohort studies. The high participation rate (stated as 97%
among eligible subjects) is a strength, although the derivation
of this rate (i.c., the definition of the eligible source popula-
tion) is not clear.

As stated carlier, DAP metabolite levels measured at the
time of labor may not reflect earlier exposure levels, which
may be more relevant to fetal development. In addition, the
Iimitations of DAP metabolites for OP exposure assessment
were discussed previously. The authors noted that DAP metab-
olite levels observed in this study were substantially higher
than those reported among pregnant or postpartum women in
the United States (Bradman ot al. 2003) and the Netherlands
(Ye et al. 2008), yet only one statistically significant associa-
tion was detected. The authors did not hypothesize why levels
of DEP, but not other DAP metabolites, maght plausibly be
related to shorter length of gestation, but not other birth out-
comes, only among girls. With at least 54 associations tested,
chance appears to be a more reasonable explanation for this
single statistically significant result.

Health Ourcomes and Measures of the Environmer Study

In the Health Outcomes and Measures of the Environment
(HOME) Study, based in Cincinnati, Chio, 389 healthy preg-
nant women living in a home built before 1978 were enrolled
at =19 weeks of gestation and followed through delivery of
a live-born singleton infant in 2003-2006 (Table 1} {(Rauch
et al. 2012). Six DAP metabolites were measured in mater-
nal spot urine samples collected from 344 participants at
approximately 16 and 26 weeks of gestation {averaged for
analysis) and within 24 h of delivery. Median concentrations

(IQR = 26-185) for DMPs, and 17.7 nmol/L (IQR = 8-37) for
DEPs. In addition, umbilical cord blood was genotyped for the
PONI ,, and PON]_,, polymorphisms.

Statistically significant inverse associations were detected
in multivariate adjusted models between log, -transformed,
creatimne-standardized maternal prenatal urinary DAP or
DMP concentrations and length of gestation (beta for DAPs =
— 0.5 weeks, 95% Cl= — (.8, —0.1; beta for DMPs = —04
weeks, 95% (Cl=-—0.7, 00) and birth weight (bota
for DAPs= 151 g 95% Cl=-287, - 16; beta for

et al. 2012). However, the associations with birth weight
were substantially attenuated and not statistically signifi-
cant after adjustment for gestational age. Maternal prenatal
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urinary DEP concentrations were not significantly associated
with cither outcome. After stratification by race, the inverse
associations of prenatal DAPs and DMPs with length of ges-
tation were detected only for white mothers (P, . =0.10
and (.09, respectively), whereas the inverse associations of
prenatal DAPs and DMPs with birth weight were detected
only for black mothers and only after additionally adjusting
for gestational age (P, . =0.02 and 0.02, respectively).
In models stratified by genotype, maternal prenatal urinary
DAP concentrations were inversely associated with length of
gestation only among newborns with the PON/ ,,, QR or QQ
(not the low-activity RR) genotype (P, . =0.04 and 0.09,
respectively) or the PONJ 0 CT (not the high-activity CC
or low-activity TT) genotype (P, . =0.04). The inverse
association between maternal prenami urmarv DAP coacen-
tration and birth weight was observed only among newborns
with the PONI,,, QR genotype (P =0.02) or the

interaction

PONI . CT genotype (P . =0.15). Models siratified
by both race and genotype were not only based on small num-
bers and were thercfore statistically unstable, with wide Cls,
but also suggested stronger associations among heterozygotes.
Results were modestly attenuated when restricted to full-term
births, based on non-creatinine-standardized DAP concentra-
tions, or based on DAP concentrations from either 16 or 26
weeks only.

Besides the previously noted strengths and limitations of
prospective birth cohort studies, this study benefits from the
measurerent of maternal urinary DAP metabolite levels at two
time points near the beginning and end of the second trimester.
The 37.1% participation rate among 1263 eligible women, com-
bined with the 86% follow-up rate through delivery (including
twins and stilibirths) and the 88% biospecimen availability
rate, raises the possibility of selection bias, with an unknown
direction and magnitude of influcnce. Only DAP metabolites,
not specific OP insecticides, were measured, and results were
reported only for two birth outcomes. Several anomalous resulis
were reported, including the detection of some associations
only among white mothers and others only among black moth-
ers; the detection of significant inverse associations between
materpal prenatal urinary DAP and DMP levels and birth
weight only in the absence of adjustment for gestational age, but
the detection of these associations among black mothers only
with adjustment for gestational age: and the stronger observed
associations among PONT ) and PONI |, heterozygotes than
among low-activity homozygotes. Overall, the results suggest
possible inverse associations between maternal prenatal urinary
DAP and DMP (but not DEP) concentrations and length of
gestational age and birth weight, perhaps restricted to specific
racial groups or those with intermediate (but not Jow or high)
PON1 activity. As in other studies with internally inconsistent
associations, these findings may be explained at least in part
by chance or bias, especially given the sumerous hypotheses
tested, and do not offer convincing support for an adverse effect
of OP insecticides on birth ouicomes.

Zhejiang hivih cohort

In rural Zhejiang Province, 116 consecutive healthy women
with a healthy, uncomplicated, singleton pregoancy at
36 weeks of gestation, eight OP insecticides (and other
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pesticides) were measured in umbilical cord serum at delivery,
including chlorpyrifos, diazinon, fonofos, malathion, parathion,
methylparathion. profenofos, andterbufos(Table 1} {(Wickerham
et al. 2012). The proportion of serum samples with detectable
fevels(LOD = 0.05 ng/mL except for malathion and profencfos,
where LOD = 0.50 ng/mL) were 23.3% for chlorpyrifos (90th
percentile = 0.17 ng/ml), 14.7% for diazinon (90th percen-
tle =0.27 nv/mL) i6. 4"‘7 for Ebnofm (@Oﬂ’x percemile ={.30

2.6% for par athmn (90111 pz,rccn tile << 0.05 n(g/m};_,), 25.0%
for profenofos (90th percentile =0.68 ng/ml), and 31.0%
for terbufos (90th percentile = (.27 ng/mL). After multivari-
ate adjustment, no significant associations with birth weight
were detected for any of these pesticides, whether analyzed as
detectable versus non-detectable, three-level ordinal variables,
or the total number detected (Table 2).

In general, some of the strengths and fimitations of the
Zheiiang birth cohort study are similar to those of other birth
cohort studies. Additional strengths include the nearly 100%
participation rate among eligible subjects (althoogh the basis
for calculating this rate is not clear) and the measurement of
specific OP insecticides rather than non-specific DAP metabo-
fites, countered by limitations, including the cross-sectional
measurement of pesticide levels in umbilical cord serum col-
lected at delivery, the analysis of pesticide exposure as simpli-
fied categorical variables, and the evaluation of only a single
birth outcome {weight). In summary, the results of this stdy
suggest no association between concurrent exposure o any of
eight different OP insecticides and birth outcomes.

Bradford Hill evaluation of weight of evidence

Strength. The strength of observed associations between OP
metabolites and birth outcomes cannot be compared easily
across studies, given differences in the unit of exposure mea-
surement, the logarithmic base used for transformation (if any),
and the format in which results were presented (e.g., as regres-
sion betas or adjusted means). The distinction between a weak
and a strong association, especially with a continuous outcome
such as birth weight or length of gestation, is also subjective
and hard to define. Nevertheless, moqt reporied associations
inyolved birth weight differences of <100 g, birth length and
head circumference differences of < () 5 cm, and gestational
iength differences of <5 days (<<0.7 weeks), in association
with exposures classified on various scales (e.g., detectable,
natural log, or log, ). In general, weak associations are more
likely than strong associations to be explained by confounding,
bias, or chance. Furthermore, the majority of reported results
were not statistically significantly different from the null value.

Consistency. An examination of the consistency of associa-
tions with specific birth outcomes reveals mostly null findings,
with no uniformity of positive or inverse associations across
(as well as within) studies. In particular, associations with
birth weight were inconsistently reported as inverse (Perera
et al. 2003, Rauch et al. 2012, Whyatt ct al. 2005, Whyatt
et al. 2004}, positive (Eskenazi et al. 2004, Harley et al. 2011),
or in most cases, null (Barr et al. 2010, Berkowitz et al. 2004,
Eskenazi et al. 2004, Harley et al. 2011, Perera et al. 2003,
Wang et al. 2012, Whyatt et al. 2005, Whyatt et al. 2004, Wolff
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et al. 2007y (Wickerham et al. 2012). Associations with birth
length were also heterogeneous, including inverse (Perera
et al. 2003, Whyatt et al. 2005, Whyatt et al. 2004}, positive
(Eskenazi et al. 2004), and mostly null findings (Barr ¢t al.
2010, Berkowitz et al. 2004, Hskenazi et al. 2004, Perera et al.
2003, Wang et al, 2012, Whyatt et al. 2005, Whyatt et al. 2004,
Wolff et al. 2007). Likewise, head circumference was variously
mversely associated (Berkowitz et al. 2004, Wolff et al. 2007),
positively associated (Eskenazi et al. 2004, Harley et al. 2011),
and most often not significantly associated (Barr et al. 2010,
Berkowitz et al. 2004, Eskenazi et al. 2004, Harley et al. 2011,

Perera et al. 2003, Whyatt et al. 2005, Whyatt ot al. 2004, Wolff

et al. 2007} with OP metabolite Jevels. The reported associa-
tions of individual OP metabolites with ponderal index were
statistically null in both studies of this outcome (Eskenazi
et al. 2004, Woltf et al. 2007).

Although inverse associations between a few selected OP
metabolites and length of gestation were reported in multiple
studics (Eskenazi et al. 2004, Harley et al. 2011, Rauch et al.
2012, Wang et al. 2012), these associations were inconsistent
across participant subgroups by race, sex, and genotype, with
no cogent biological explanation for the observed heterogene-
ity. For example, a significant inverse association with maternal
prenatal urinary DAPs was detected among white mothers but
not black mothers in the HOME Stady (Rawch et al. 2012), and
an inverse association with maternal prenatal urinary DEPs
was detected among infant girls but not boys in the Shanghai
birth cohort study (Wang et al. 2012). Moreover, most OP
metabolites measured in these and other studies (Berkowitz
et al. 2004, Wolff et al. 2007) were not significantly associated
with length of gestation. Thus, the most consistent findings
were statistically mull, and the lack of consistency of signifi-
cant associations between OP metabolites and specific birth
ocutcomes does not sapport a causal interpretation of the few
statistically significant associations observed.

Temporality. As discussed above, an assessment of the tempo-
ral relationship of measured OP and DAP metabolite levels in
prenatal or perinatal maternal biospecimens in relation to fetal
growth and other birth outcomes is limited, for several rea-
sons. First, exposores measured soon before birth are unlikely
to have a major influence on fetal growth over the course of
40 weceks of gestation. Second, because these metabolites have
a short biclogical half-lfe and vary considerably within indi-
viduals, one or two samples are unlikely to reflect past or long-
term average exposure for a given person. Third, itis uoknown
whether the time points selected for blood, vrine, or personal
air collection in varicus studies are eticlogically relevant or
whether exposures eatlier or later in gestation have a greater
influence on fetal growth or length of gestation. Consequently,
the measurement of metabolite levels prior to birth does not
necessarily strengthen the evidence in favor of a causal inter-
pretation of observed associations, especially if measurements
were taken only hours or minutes before birth, but even if they
were made months in advance.

Biological gradient. Few studies explicitly evaluated the shape
of the biological gradient between OP metabolites and birth
outcomes; instead, using linear regression models, nearly all
nvestigators assumed a log-linear exposure—outcome rela-
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tionship, without testing the appropriateness of this model.
Only two studies cxamined exposure-response gradients
by categorizing exposures into at least three ordinal groups
{Eskenazi et al. 2004, Whyatt ¢t al. 2004). (This observa-
tion also highlights the problem of inconsistency of analytic
approaches among studies.) In the CCCEH study, where cord
plasma concentrations of chlorpyrifos (and chiorpyrifos plus
diazinon, but not diazinon alone) were inversely associated
with birth weight and birth length, the strength of the inverse
associations increased across tertiles of detectable levels com-
pared with non-detectable levels, a pattern consistent with a
monotonic exposure—response gradient (Whyatt et al. 2004).
In the CHAMACOS study, maternal prenatal urinary levels of
MDA, TCPy, and PNP, which were categorized as undetect-
able, detectable below the median, or detectable at or above
the median, did not show evidence of a monotonic association
with fength of gestation, birth weight, birth length, or pon-
deral index (Eskenazi et al. 2004). The middle category of
PNP appeared to be inversely associated with length of gesta-
tion and ponderal index and positively associated with body
length; however, the results for the highest category were not
significantly differcat from the null value. Some evidence of a
positive exposure-response trend was observed between PNP
and head circumference. Although significant lincar regression
coefficients may be consistent with a monotonic biological
gradient, the dearth of information on the shape of exposure—
response relationships between OF metabolites and birth out-
comes prevents a thorough evaluation of such gradients.

The commonly applied mechanism for OP toxicity is AChE
inhibition. As discussed earlier, the levels in the epidemiologic
studies are orders of magnitude below what would result in
clinically meaningful AChE inhibition. There are a few other
postulated mechanisms for non-cholinergic OP toxicity, but
effects at the levels observed in the epidemiologic studies have
not been established for these mechanisms either.

Plausibility. The biological plausibility of the associations
is not established. While OP insecticides are known to cause
neurctoxicity in mature subjects at doses higher than reported
in the epidemiologic studies, the mechanism of OP-induced
neurodevelopmental toxicity has vet to be established.

Coherence, In the evaluation of the coherence of evidence,
another important consideration is whether observed interac-
tions with PON1 activity levels or genotypes are consistent
with the hypothesis of increased susceptibility to potential
adverse health effects of OP insecticides in those with lower
PON1 activity. In the three studies that evaluated these inter-
actions—the Mount Sinai CECS (Berkowitz et al. 2004, Wolff
et al. 2007y, CHAMACOS (Harley et al. 201 1), and the HOME
Study (Rauch et al. 2012)—results were variable. One study
reported the expected stronger inverse associations, albeit only
hetween selected metabolites and birth outcomes, in those with
homozygous low-activity PON1 genotypes or low measured
PON1 activity (Wolff et al. 2007). Another study found mostly
no apparent heterogencity by PONI genotype, level, or activ-
ity, but some evidence of stronger positive associations, again
between only selected metabolites and hirth outcomes, in
those with heterozygous or homozygous high-activity PON1
genotypes or higher PON1 levels, and an inverse association
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between DEPs and gestational age among those homozygous
for the low-activity PONI_,, genotype (Harley et al. 2011).
In another study, stronger inverse associations between DAPs
and birth outcomes were observed among PONI heterozy-
gotes than among low- or high-activity homozygotes (Rauch
et al. 2012). Finally, one study found no evident heterogeneity
in associations by PON1 activity (Berkowitz et al. 2004). As a
whole, these mixed results are not coherent with a protective
effect of high PON1 detoxifying activity against adverse effects
of OP insecticides on fetal growth and other birth outcomes.

Specificity, experiment, and analogy. The other Bradford Hill
guidelines—asapecificity, experiment, and analogy—are less
informative for the evaluation of causality. Especially in light
of the non-specificity of DAP metabolites, the many influences
on birth outcomes, and the numerous associations tested, no
specific relationship has emerged between any particular OP
insecticide and any particular birth ovtcome. Relevant quasi-
experimental evidence in humans, such as a study of birth
outcomes in women who adhere o an organic diet, is unavail-
able. Drawing analogies with other prenatal exposures that
cause adverse birth outcomes {e.g.. ethanol, methylmercury,
certain prescription medications, and dictary factors) is not
warranted, just like existence of numerous exposures shown to
be safe cannot be used to refute a causal association between
0P insecticides and adverse birth outcomes. On balance, such
analogies do not sway the evaluation of causality.

Neurodevelopmental outcomes

Twenty studies in ten study populations have examined associ-
ations between OP or OP metabolites and neurodevelopmental
outcomes (Bouchard et al. 2010, Bouchard et al. 2011, Engel
et al. 2007, Engel et al. 2011, Eskenazi et al. 2010, Eskenazi
et al. 2007, Fortenberry et al. 2014, Guodong et al. 2012,
Horton et al. 2012, Lizardi ¢t al. 2008, Lovasi et al. 2011,
Marks et al. 2010, Culhote and Bouchard 2013, Quiros-Alcala
et al. 2011, Rauh et al. 2011, Rauh et al. 2006, Rauh et al,
2012, Yolton et al. 2013, Young et al. 2005, Zhang et al. 2014).
Most studies were conducted in birth cohorts enrolled prior
to delivery—including four cohorts described earlier in the
section on birth outcomes-—whereas other studies were cross-
sectional in design. Measures of newrodevelopment varied
among studies, with several using standard clinical scales or
questionnaires, and others using measurement tools that were
not used by any other studies reviewed, although all studies
reported some degree of validation of the assessment tools
used. Table 3 summarizes the analyses in the studies evaluat-
ing neurodevelopmental onicomes.

Columbia Center for Children’s Environment and Health

In the CCCEH birth cohort study, which was described earlier
with respect to birth outcomes, childhood newrodevelopmen-
tal outcomes were measured using the Bayley Scales of Infant
Development, 2nd Edition, including the Mental Development
Index and the Psychomotor Development Index, to assess
cognitive and psychomotor development at ages 12, 24, and
36 months; the mother-reported Child Behavior Checklist
for ages 1.5-5 years, including syndrome scale scores, inter-
nalizing and externalizing scores, and scales oriented to the
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Diagnostic and Statistical Manual of Mental Disorders, 4th
Edition (DSM-IV), to assess recent behavioral problems at age
36 months; the Child Behavior Checklist for ages 618 years to
assess recent behavioral problems at age 7 years; the Wechsler
Intelligence Scale for Children, 4th Edition, including the Ver-
bal Comprehension Index, the Perceptual Reasoning Index,
the Working Memory Index, and the Processing Speed Index,
which were combined to determine the Full-Scale Intelligence
Ouotient (1), at age 7 years; and magnetic resonance imaging
for brain morphology at ages 5.9-11.2 years (Table 1) (Horton
et al. 2012, Lovasi et al. 2011, Raub et al. 2011, Rauh et al.
2006, Rauh et al. 2012).

After multivariate adjustment, significant or borderline
significant inverse associations were observed between the
highest detectable tertile (>6.17 pg/g) versus lower levels
of cord plasma chlorpyrifos and the Bayley Mental Devel-
opment Index (beta= —3.327, SE= L.76, P=0.06) and the
Psychomotor Development Index (beta = — 6.46, SE=2.18,
P=0.003) at age 36 months (Table 2) (Rauh et al. 2006).
The inverse association with the Mental Development Index
at 36 months was observed only among African American

(beta = — 170}, whereas the inverse association with the Psy-
chomotor Development Index at 36 months was observed in

actions were detected with other covariates tested. When the
Bayley indices were dichotomized at 85 points (one SD below
the mean) to indicate developmental delay, cord plasma chio-
rpyrifos levels in the highest detectable tertile were associated
with a significantly increased odds of mental delay (odds ratio
[OR] =237, 95% Cl=1.08, 5.19) and psychomotor delay
(OR =4.52, 95% Cl=1.61, 12.70) at 36 months. However,
cord plasma chlorpyrifos was not significantly associated with
the Mental Development Index at 12 or 24 months (beta at
12 months = — .344, 5F = 1.66; beta at 24 months = — 1480,
SE =2.03) or with the Psychomotor Development Index at

at 24 months = 1.17, SE = 1.98), nor were significant associa-
tions detected with mental or psychomotor delay at those ages.
At 36 months, significant associations were detected hetween
clevated chlorpyrifos levels and Child Behavior Checklist
measures of attention problems (OR = 11.26, 95% CI = 1.79,
70.99), attention deficitvhyperactivity disorder (ADHD;
OR =6.50, 953% Cl=1.09, 38.69), and pervasive devel-

or nternalizing behavior problems (omadjosted P =0.444).
A subsequent analysis of neighborhood characteristics based
on U.S. census data for poverty, education, race, language, and
housing showed no substantial confounding (<< 10% change in
beta) or modification (P =(.20) of the associations between
cord plasma chiorpyrifos and the Bayley Mental Develop-
ment and Psychomotor Indices at 36 months (Table 2) (Lovasi
etal. 2011).

Based on results of the Wechsler Intelligence Scale test-
ing at age 7 years, with outcomes analyzed on the natural
iog scale, no significant adjusted associations were detected
between cord plasma chiorpyrifos levels and Wechsler Full-
Scale 1Q, Verbal Comprehension, Perceptual Reasoning, or
Processing Speed, nor were any significant interactions with
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Reference Outcome Hxposure subjects/events Estimate of association (95% CI) Adjustment factors Commients
Rauh et al. Bayley Mental Cord plasma 254 total Beta = SE at 12 Prenatal environmental tobacco Cutoff for cord plasma chlorpyrifos was
(2006} Development chlorpyrifos months : 344 + 1.66, P=0.836 smoke, race/ethnicity, infant gender,  set at the highest tertile of detectable
Index at 12, 24, or >6.17 vs. 229 at 12 months Beta *+ SE at 24 maternal intelligence quotient by Test  levels because “the only group for
36 months =6.17 pg/g months =—1.480 +2.03, P=0.466 of Nonverbal Intelligence (Second which mean 36-month [Bayley Scales
223 at 24 months Beta + SE at 36 Hdition), maternal education, and of Infant Development 1] scores were
months = -3.327 2 1.76, £ = 0.060 Home Observation for Measuremment  significantly lower was the group with
1t 36 months Beta at 36 months, African of the Environment score the highest exposure level (> 6.17
Americans = -6.34, £ << 0.05 pg/g)”
Beta at 36 months, Bayley scores are standardized to
i ey e o o :
Dontnicans = -1.70, £ = 6.03 . a mean = SD of 100 = 15, with
intc}ractmn terms for the interaction scores < &5 indicating developmental
0? chlorpyrifos exposure delay (minimum score = 50, maximum
\Mﬂ:ﬁ tjie other e;(j;)osur‘e S’id score = 150)
sociodemographic variables were . - R
. grap o ) “When administered at 3 vears of
tested in the full model, and none N
e Comifieant age, the [Bayley Scales of Infant
was significant. = :
~ e e ) Development 11} demonstrates
Generalized linear models showed o
o . . only moderate predictive power for
no significant within-subject y . .
o T subsequent intelligence and school
association with chlorpyrifos over . e
o D3 performance but is clinically usefl for
age groups (P =0.23) ] .o
children performing in the subnormal
range.”
Rauth et al. Bayley Psychomotor “ Beta + SE at 12 months = “
(2006} Development =-3.30x2.11, P=012

Index at 12, 24, or
36 months

Beta = SE at 24
months = 1.17 2 1.88, P=0.36
Beta £ SE at 36
months = -6.46 22,18, P=0.003
Beta at 36 months, African
Americans = -7.15, P <0.05
Beta at 36 months,
Dominicans = -5.18, £<C0.05
“All interaction terms for the
interaction of chlorpyrifos
exposure with the other exposure
and sociodemographic variables
were tested in the full model, and
none was significant.”
Generalized linear models showed
a significant within-subject
association with chlorpyrifos over
age groups (F=0.01), with a
difference emerging between 24
and 36 months (P = 0.003)
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Rauh et al.

{2006)

Rauh et al.

(2006)

Rauh ¢t al.

(2006)

Rauh et al.

{2006)

Rauh et al.

(2006}

Rauh et al.

(2006)

Rauh ¢t al.

(2006}

Bayley mild/
significant mental
delay at 12,24, or
36 months

Bayley muild/
significant
psychomotor delay
at 12, 24, or
36 months

Child Behavior
Checklist attention
problems at
36 months

Child Behavior
Checklist ADHD
problers at
36 months

Child Behavior
Checkdist
pervasive
developmental
disorder problems
at 36 months

Child Behavior
Checklist
externalizing
behavior problems
at 36 months

Child Bebhavior
Checkdist
internalizing
behavior problems
at 36 months
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Odds ratio at 12 months = 1.22 (048,
3.06)
Odds ratio at 24 roonths = 1.75 (.36,

3.60}

Odds ratio at 36 months = 2.37 (1.08,
5.19)

Odds ratio at 12 months = 1.88 (0.78,
4,53)

Odds ratio at 24 months = 1.01 (0.37,
2.76)

Odds ratio at 36 months = 4.52 (1.61,
12.70)

Odds ratio = 11.26 (1.79,70.99)

Odds ratio = 6.50 (1.09, 38.69)

Odds ratio = 5.39 (1.21, 24.11)

% >6.17=149%

% =6.17=13.0%
P=0.444

None

Child Behavior Checklist collects
information on behaviors occurring in
the past 2 months, with the cutoff for
borderline or clinical problems set at
98th percentile

(Continued )
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Number of

Reference Outcome Exposure subjects/events Estimate of association (95% CI) Adjustment factors Comments
Lovasi et al Bayley Mental Cord plasma 266 Model 1 beta = Infant gender, gestational age, Residential neighborhoods

(2011)

Lovasi et al
(2011

Rauh et al.
(2011)

Ragh et al.
(2011

Development
Index at
36 months

Bayley Psychomotor

Development
Index at 36
months

Wechsler full-scale

intelligence
quotient at 7 years,
natural log scale

Wechsler verbal

comprehension at
7 years, nataral
log scale

chlorpyrifos > 6.17

Cord plasma 265
chlorpyrifos (pg/g)

Model 2 beta —
Model 3 beta

Model 4 beta =
Model 5 beta =

Model T beta = -6.9 (-11.1,-2.7}
Model 2 beta = 7.0 (-11.0, -2.9)
Model 3 beta = -7.3 (~11.5, -3.0)
Model 4 beta = ~7.2 (~11.3, -3.0)

Model 5 beta =-6.9 (-11.1, -2.8)
Model 6 beta = -7.1 (~11.4, 2.7}

(=0.006, 0.001)

Fually adjusted beta = -0.003 (-0.006,
0.000)

Change per SD (4.61 pgfg) increase
in exposure = ~1.4%

“No significant interactions” between
chlorpyrifos and any covariates

Parsirnonious model beta = none;
chlorpyrifos dropped from model
Fally adjusted beta = -0.002 (=0.003,

(3.001)
“No significant interactions” between
chlorpyrifos and any covariates

Dominican ethuicity, maternal
education, maternal intelligence
quotient, prenatal environmental
tobacco smoke exposure, and index of
building disrepair plus:

Model 1: none additional

Model 2: neighborhood % poverty and
% high school graduates

Model 3: neighborhood % African
American

Meodel 4: neighborhood % linguistic
isolation

Meodel 3: neighborhood % crowded
household

Model 6: neighborhood inadequate
phurnbing and % vacant housing

»

Parsimonious model (least absohite
shrinkage and selection operator):
maternal edocation, maternal
intelligence quotient, and Home
Observation for Measurement of the
Environment score

Tally adjusted model: child sex,
race/ethnicity, maternal intelligence
quotient, maternal education,
household income, child age at
testing, prenatal environmental
tobacco smoke exposure, and prenatal
polycyclic aromatic hydrocarbons
eXposure

characterized by mothers’ self-report
and U.S. Census data within geocoded
network buffers

Neighbotrhood poverty did not
significantly modify the association
of chlorpyrifos exposure with Bayley
Mental Development Index (P = 0.2)

Neighborhood poverty did not
significantly modify the association
of chlnrpyrifos exposure with Bayley
Psychomotor Development Index
(P=04)

Full-scale intelligence quotient is the
sum of four composite indices;

mean + SD=100+15

£ = (.08 for smoothed cubic spline
model vs. linear model for chlorpyrifos
(unadjusted)

Verbal comprehension index measures
verbal concept formation and

predicts school readiness; mean *
SD= 10015

£ =0.07 for smoothed cubic spline
model vs. linear model for cldorpyrifos
(unadjusted)

(95
1
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Rauh et al.
(2011)

Ragh et al.
(2011)

Rauh et al.
(2011)

Horton et al.

(2012)

Wechsler perceptual
reasoning at
7 years, natural
log scale

Wechsler processing
speed at 7 years,
natural log scale

Wechsler working
memory at
7 years, natural
log scale

Wechsler working
memory at 7 years
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chlorpyrifos (pg/g,
natural log scale)
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Parsimonious model beta = none;
chlorpyrifos dropped from model
Fually adjusted beta = -0.002 (-0.006,

0.002)
“No significant interactions” between
chlorpyrifos and any covariates
Parsirnonious model beta = none;
chlorpyrifos dropped from model
Fally adjusted beta = 0.001 (-0.004,
0.003)
“No significant interactions” between
chlorpyrifos and any covariates

Parsimonious model beta = -0.006
(—0.009, -0.002)

Fully adjusted beta = -0.006 (-0.010,
~0.002)

Change per SD (4.61 pg/g) increase
in exposure = -2.8%

“No significant interactions” between
chlorpyrifos and any covariates

Model 0 beta, males = — 2.382
(—3.88, —0.88)

Model O beta, females = — (0.524
(-~ 1.90, 0.85)

Model I beta = —1.451 (—2.265,
¥ )

Model 2 beta = — 1.355 (— 2.368,
-~ 0.341)

Model 3 beta == — 1.478 {— 2.496,
—0.459)

i

No change after additional adjustment
for log-transformed Wechsler General
Ability Index or Child Behavior
Checklist problem scales or exclusion
of imputed chlorpyrifos values based
on maternal prenatal plasma levels

Model (: None

Family income, maternal education,
and child sex plus:

Model 1: total Home Observation
for Measurement of the Environment
score

Model 2: parental nurturance
composite scale of the Home
Observation for Measurement of the
Environment score

Model 3: environmental stimulation
composite scale of the Home
Observation for Measurement of the
Environment score

Perceptual reasoning index measures
nonverbal and fluid reasoning;
mean £ SD =100+ 15

£ = (.08 for smoothed cubic spline
model vs. linear model for chlorpyrifos
(unadjusted)

Processing speed index assesses
ability to focus attention and quickly
scan, discriminate, and sequentially
order visual information; mean +
SD= 100 =15

P = .59 for smoothed cubic spline
model vs. linear model for chlorpyrifos
(unadjusted)

Working memory index assesses ability
to memorize new information, hold

it in short-ferm memaory, concentrate,
and manipulate information; mean *
SD=100>153

£ = (.40 for smoothed cubic sphine
model vs. linear model for chlorpyrifos
(unadjusted)

Home Observation for Measurement
of the Environment score based on
evaluation of child home environment
atage 3 years

Parental nurturance: sum of z-scores of
responsivity, modeling, and acceptance
subscales, which measure such
maternal behaviors as attentiveness,
displays of physical affection,
encouragement of delayed gratification,
lirnit setting, and the ability of the
mother to control her negative reactions

Environmental stimudation: sum of
z-scores of learning materials, language
stimulation, academic stimulation, and
variety subscales, which measure the
availability of intellectually stimulating
materials in the home and the mother’s
encouragement of learning

{(Continued )
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Number of

Hstimate of association (#3% CI)

Adjustment factors

Comments

Reference Outcome Exposure subjects/events
Horton et al. “ Cord plasma “
(2012} chlorpyrifos (pg/g,

natural log scale)
with interaction
terrms

Overall brain size
{cor’) at
5.9-11.2 years

Cord plasma
chlorpyrifos
=4.39 vs.
< 4.39 pg/g

Ragh et al.
(2012)

20=4.39 pg/e

20<4.39 pg/g

Rauh et al.
(2012}

Morphology of “
cerebral surface
{enlargement) at
5.9-11.2 years

Model 2a beta = ~0.553 (— 1.943,
0.836)

Muodel 2a interaction beta — — 1.714
(-~ 3.753, 0.326) for chlorpyrifos
X child sex

Model 2b beta = — 1.248 (—2.270,
0.227)

Model 2¢ beta — — 1.35¢
- 0.339)

Model 2¢ interaction beta = (0,024
(-~ 0.690, 0.738) for chlorpyrifos
X parental nurturance

Mean = ST =1,265.1 =17.7

Mean = 8D =1,242.1 £ 16.8

P=037

69,

I
(5]

(—2.

Significant enlargement, especiallly
of white matter, of superior
temporal, posterior middle
temmporal, and inferior postcentral
gyri bilaterally; supramarginal
gyrus and inferior pariental
fobule of right hemisphere;
supramarginal gyrus and
inferior parietal lobule of right
hemisphere: and superior frontal
gyrus, gyrus rectus, cuneus, and
precuneus along mesial wall
of right hemisphere in those
with = 4.39 vs. << 4.39 pg/g

Significant positive dose-response
relationship between chlorpyrifos
and enlargement of mesial
surface of superior frontal
gyrus bilaterally among those
with=4.39 pg/g

43

Family income, maternal education,
child sex, and parental nurturance
composite score plus:

Meodel 2a: chlorpyrifos X child sex
interaction

Model 2b: parental nurturance X
child sex interaction

Model 2e: chlorpyrifos /4 parental
narturance interaction

Age, sex, and height

Age and sex, with or without overall
brain size

Cutoff for cord plasma chlorpyrifos was
set at the highest tertile (4.39 pg/g)
P-values were corrected for muitiple
comparisons using a false discovery
rate P<(.05

~d

9
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Rauth et al. “ Cord plasma
(2012} chlorpyrifos

4.39 vs.

39 pg/g with

interaction terms

with full-scale

intelligence
guotient
Rauh et al. “ Cord plasma 192439 pe/e
(2012) chlorpyrifos 18 <0439 pgig

24,39 vs,

< 4.39 pg/g with
interaction terms
with sex

Rauh et al. Morphology of Cord plasma 20=4.39 pglg
(2012} cerebral surface chiorpyrifos 20439 pg/e
{deformation) at =4.39 vs.
5.9-11.2 years <(4.3% pg/g
Rauh et al. Cortical thickness at “ “
(2012 5.9-11.2 years

For personal use only.

Significant interaction between Age and sex
chlorpyrifos and intelligence quotient
on surface measures in saperior
temporal, inferior frontal, inferior
precentral, and inferior posteentral
gyri bilaterally, and precuncus
of left hemisphere, with positive
correlation with intelligence quotient
among those with <C4.39 pg/g but no
correlation among those with

chlorpyrifos and intelligence
quotient on surface measures in
right fusiform gyrus, with inverse
correlation with intclligence
quotient among those with

< 4.39 pg/e but positive correlation
among those with 39 pelg

Significant interaction between “
chiorpyrifos and sex on surface
measures in right inferior parictal
Iobule, right superior marginal
gyrus, and right mesial superior
frontal gyruas, “reflecting disruption
of normal, female-larger-than-
male sex differences in the right
parietal lobe and a reversal of
normal, male-larger-than-female
differences in the right mesial
superior fromtal gyrus”

Significant interaction between
chlorpyrifos and sex on surface
measures in right dorsal parietal
lobe, with positive correlation with
chlorpyrifos in gitls but inverse
correlation in boys

Inward deformations in dorsal and “
mesial surfaces of left superior
frontal gyrus in group with
=439 pe/g

“Scattered reductions” in cortical “
thickness in dorsal parietal
and frontal cortices in group
with = 4.39 vs. <(4.39 pg/g

Toverse dose-response relationship
between chlorpyrifos and cortical
thickness in frontal pole, dorsal
parietal, and orbitofrontal cortices
in those with = 4.39 pg/e

{Continued )
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Table 3. (Continued }
Number of
Reference Outcome Exposure subjects/events Estimate of association (95% CI) Adjustment factors Comments
Engel et al. Brazelton Maternal prenatal 144 with DAPs Beta = 0.168 (-0.230, 0.566) Drug use during pregnancy, examiner, Habituation = ability to respond to and

£2007)

ngel et al.

(2007)

Engel et al.

(2007)

Engel et al.

(2007)

Engel et al.

(2007)

Engel et al.

(2007)

Engel et al.

(2007)

habituation cluster
before hospital
discharge

Brazelton orientation
cluster before
hospital discharge

Brazelton motor
cluster before
hospital discharge

Brazelton range of
state cluster before
hospital discharge

of stale dusm
before hospital
discharge

Brazelton autonomic
stability cluster
before hospital
discharge

Brazelton nomber of
abnormal reflexes
before hospital
discharge

urinary DAPs

(amol/L, log,,
scale) or MDA
{detectable vs.
nondetectable)

“

Maternal prenatal

urinary DAPs
{nmol/L, log,,
scale or by
guartile) or MDA
{detectable vs.
nondetectable)

153 with DMPs
144 with DEPs
148 with MDA

233 with DAPs
244 with DMPs
233 with DEPs
240 with MDA

249 with DAPs
260 with DMPs
249 with DEPs
257 with MDA

253 with DAPs
264 with DMPs
253 with DEPs
256 with MDA

253 with DAPs
“64 with DMPs

233 with DEPs
256 with MDA

253 with DAPs
264 with DMPs
253 with DEPs
256 with MDA
239 with DAPs
250 with DMPs
239 with DEPs
242 with MDA
APs quartile 2
DAPs quartile 3
DAPs quartile 4
DMPs goartile 2
DMPs guartile 3
DMPs quartile 4
DEPs quartile 2
DEPs quartile 3
DEPs quartile 4

Beta =

0,024 (-0.335, 0.288)
= (.08 (~0.300, 0.460)
Beta = 0.440 (=0.145

,1.025)

-0.106 (-0.414, 0.201)

Beta = 0.018 (-0.249, 0.285)

Beta = -0.028 (-0.3
0.100 (-0.597, 6.405)

Beta = -

Beta =

0.049 (-0

36, 0.279)

77,0174

Beta = 0.039 (-0.068, 0.146)
Beta = 0.048 (-0.078, 0.174)
Beta = -0.050 (-0.233, 0.156)

Beta = 0.035 (-0.120, 0.189)

Beta =

0.035 (-0.096, 0.167)

Beta = 0.015 (-0.140, 0.169)
Beta = -0.040 (-0.281, 0.199)

Beta = -0.047 (-0.300, 0.207)
Beta =-0.072 (-0.283, 0.138)
Beta = -0.026 (-0.279, 0.227)
Beta = -0.090 (-0.480, 0.303)

Bctu
Beta = -0.106 (-0.334, 0.122)

Beta = 0.090 (0.2

Relative risk = 1

Relative risk = 1.
Relative risk — 1.32
2.24 (1.55,3.24)
1.91 (1.1
22(0.70,2.11)

Relative risk =
Relative risk =
Relative risk =1

Relative risk = 1.
.58 (0,94, 2.65)
1.46 (0.83, 2.54)
1.62 (0.98, 2.66)

Relative risk — 1
Relative risk =
Relative risk =
Relative risk = 1
Relative risk = 2
Relative risk = 1.

=154 (-0.382, 0.075)
= 0.000 (-0.192, 0.193)

74, 0.463)

49 (1.12,1.98)

13 (0.90, 1.41)
(0,99, 1.77)

A

3.28)

38 (0.96,2.58)

290,71, 2.33)
.59 (1.54,4.35)

33}

53 (0.88, 2.66)

PON1 enzyme activity, and urinary
creatinine; all models other than for
DEPs also adjusted for overdispersion

Pre-pregnancy body mass index,
cxaminer, neonatal jaundice,

PONI1 enzyme activity, and urinary
creatinine; all models other than for
DEPs also adjusted for overdispersion

Infant age at examination, caffeine
consumption during pregnancy, drug
use during pregnancy, examiner,
PONI enzyme activity, and urinary
creatinine; all models other than for
DEPs also adjusted for overdispersion
Infant age at exaniination. exanuner,
PONI1 enzyme activity, and urinary
creatinine; all models other than for
DEPs also adjusted for overdispersion

Maternal education, exarminer,

PON]1 enzyme activity, and urinary
creatinine; all models other than for
DEPs also adjusted for overdispersion

Infant age at exaniination. exanuner,
smoking during pregnancy, PONI
enzyme activity, and urinary
creatinine; all models other than for
DEPs also adjusted for overdispersion
Examiner, anesthesia during delivery,
PON1 enzyme activity, and urinary
creatinine; all models other than for
DEPs also adjusted for overdispersion

inhibit discrete stimuli while asleep
No significant associations with DAPs,
DMPs, or DEPs categorized by quartile

Orientation = attention to visual and
aunditory stimuili and quality of overall
alertness

No significant associations with DAPs,
DMPs, or DEPs categorized by quartile
Motor = motor performance and
equality of movement and tone

No significant associations with DAPs,
DMPs, or DEPs categorized by quartile

Range of state = measure of infant
arousal and state lability

No significant associations with DAPs,
DMPs, or DEPs categorized by quartile
Regulation of state = ability to regulate
state in the face of increasing levels of
stimulation

No significant associations with DAPs,
DMPs, or DEPs categorized by quartile
Autonomic stability = signs of stress
related to homeostatic adjustments of
the central nervous system

No significant associations with DAPs,
DMPs, or DEPs categorized by quartile
In exploratory analyses of specific
abnormal reflexes, detectable MDA
levels were significantly associated with
abnormal “crawling” and “resist arms”
refiexes, and higher DEP levels were
associated with an abnormal “crawling”
reflex

(95
3
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Maternal prenatal
urinary DAPs
(nmol/L., log.i 9

Brazelton=2
abnormal reflexes
before hospital

discharge scale) or MDA
{detectable vs.

nondetectable)

“ Maternal prenatal

urinary DAPs
{nmol/L., log} o
scale} by maternal
PONI expression
level

120 with DAPs at
age 1 day

118 with DAPs at
age 2 +days

126 with DMPs at
age 1 day

123 with DMPs at
age 2 +days

129 with DEPs at
age 1 day

118 with DEPs at
age 2 +days

120 with MDA at
age 1 day

121 with MDA at
age 2 +days

NR

For personal use only.

Examiner, anesthesia during delivery,
PONI enzyme activity, and urinary

crevaatinine; all models other than for
DEPs also adjusted for overdispersion

Relative risk = 1.15 (0.80, 1.63)

Relative risk = 1.69 (1,11, 2.59)

P-interaction > .10 by age
Relative risk = 1.00 (0.75, 1.32)

Relative risk = 1.44 (1,02, 2.03)

P-interaction = 0.10 by age
Relative risk = 1.39 (0.96, 2.01)

Relative risk = 1.60 {(0.98, 2.60)

P-interaction > .10 by age
Relative nisk = 2.51 (1.61, 3.90)

Relative risk = 1.34 (0,72, 2.49)

P-interaction = 0.10 by age
DIAPs, low PON1: relative risk = 2.38  Examiner, anesthesia during delivery,
(1.37,4.15) and wrinary creatinine; all wodels
DAPs, medium PON1: relative other than for DEPs also adjusted for
risk = 1.73 (0.96, 3.17) overdispersion
DAPs, high PON1: relative
risk = (.76 (0.48, 1.20)
P-interaction of low and medium vs.
high PON1 = <(0.03 and = 0.05
DMPs, low PONI: relative
risk = 1.96 (1.27, 3.03)
DMPs, medium PON1: relative
risk = 1.66 (1.03, 2.65)
DMPs, high PON1: relative
risk = 0.73 (0.56, 0.96)
P-interaction of low and medium vs.
high PONI = 0.002 and 0.001
DEPs, low PONI: relative risk = 1.78
(1.01,3.14)
DEPs, medium PONI: relative
risk = 1.42 (.83, 2.35)
DEPs, high PONI: relative
risk = 1.36 (1.01, 2.39)
P-interaction = 0.05
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Reference

Hxposure

Number of
subjects/events

Hstimate of association (#3% CI)

Adjustment factors

Comments

Engel et al.

(2011)

Engel et al.

(2011}

Bayley Mental

Maternal prenatal

urinary DAPs
(amol/L, log,,
scale)

Maternal prepatal

urinary DMPs
(nmol/L, log,,
scale)

144 total
111 blacks/Hispanics
38 whites

149 total

111 blacks/
Hispanics

38 whites

Tertile 1 adj. mean, total =97.0
(93.7, 100.3)

Tertile 2 adj. mean. total = 95.8
(82.5,99.1)

Tertile 3 adj. mean, total = 96.1
(931, 99.0)

Beta, total = —1.00 (-3.28, 1.28)

Tertile 1 adj. mean. blacks/
Hispanics = 96.2 {92.9, 99.4)

Tertile 2 adj. mean, blacks/
Hispanics = 94.4 (91.2, 97.5)

Tertile 3 adj. mean, hj(‘s.k‘-/'
Hispanics = 3, 847

Beta, biacks/ Hispamt.s ——————— 3.29
{-5.88, -0.70)

Tertile 1 adj. mean, whites =92.0
(85.4,98.7)

Tertile 2 adj. mean, whites =93.9
(90.6, 101.3)

Tertile 3 adj. mean, whites = 103.7
(98.5,108.8)

P- imcra».ﬁon bv race < 0.001

P- mtcrautmn by race = 0.001

Tertile 1 adj. mean. total = 96.8
(93.5-100.0)

Tertile 2 adj. mean, total = 96.1
(92.9-99.3)

Tertile 3 adj. mean, total = 96.1
(93.4-99, ())

Beta, total = ~1.12 (-3.14-0.89)

Tertile 1 adj. mean, blacks/
Hispanics = 96.3 (93.0-99.5)

Tertile 2 adj. mean, blacks/
Hispanics == 94.2 (91.0-97.4)

Tertile 3 adj. mean, blacks/
Hispanics = 92.1 (§9.0-95.2)

Beta, blacks/Hispanics = -3.35
{—5.64 t0 —-1.06)

Tertile 1 adj. mean, whites=92.2
(85.6-98.7

Tertile 2 adj. mean, whites = 97.2
®1.1-102.6)

Tertile 3 adj. mean, whites = 103.3
(97.9-108.7}

P-interaction by race << 0.01

Beta, whites = 4.45 {0.82-8.08)

P-interaction by race << 0.001

Maternal age at enrollment, child sex,

cxaminer, maternal PON] enzyme
activity, season of urine collection,
laboratory batch, Home Observation
for Measurement of the Environment
score, alcohol consumption during
pregnancy, urinary creatinine, and
race/ethnicity (if not stratified; also
adjusted for biomarker X race/
ethnicity if stratified)

Mental Development Index rates
cognitive ability in arcas including

merory, habituation, problem-solving.

carly number concepts, generalization,
classification, vocalizations, language,
and social skills; age-standardized to
mean of 100 and SD of 15

Distinct patterns by race/ethnicity at
12 months were also observed

by public vs. private housing

{results NR)

No significant interactions (£ = 0.20)
were detected between metabolite
fevels and PONT L35SM or -18C > T
polymorphisms or with PON1 enzyme
activity on neurodevelopment at any
age (data not shown)
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Engel et al.
(2011

Engel et al.
(2011)

Engel et al.
(2011}

Engel et al.
(2011)
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“ Maternal prenatal 149 total
arinary DEPs 111 blacks/
(nmol/L, log,, Hispanics
scale) 38 whites

Bayley Mental Maternal prenatal 208
Development urinary DAPs
Index at 24 (amol/L, log,,

months scale)

Maternal prenatal 208
urinary DMPs
(nmol/L, log,,
scale)

“ Maternal prenatal 208
urinary DEPs
(nmol/L., log.i 9
scale}

For personal use only.

Tertile 1 adj. mean, total = 95.9
(92.9.98.9)

Tertile 2 adj. mean, total =95.4
(92.3, 98.6)

Tertile 3 adj. mean. total = 97.5
(94.3, 100.6)

Beta, total = 0.03 (-2.23, 2.29)

Tertile 1 adj. mean, blacks/
Hispanics = 94.3 {90.9, 97.6)

Tertile 2 adj. mean. blacks/
Hispanics = 93.8 {90.4, 97.1)

Tertile 3 adj. mean, blacks/
Hispanics = 95.2 (31.9, 98.6)

Beta, blacks/Hispanics = .33
(—3.00, 2.35)

Tertile 1 adj. mean, whites == 97.3

(91.8,102.7)

Tertile 2 adj. mean, whites = 96.8

(90.8, 102.9)

Tertile 3 adj. mean, whites = 100.6

(94.6, 106.5)
P-interaction by race = (.82

Beta, whites = 0.86 (=3.16, 4.87}

P-interaction by race = (.62

Tertile 1 adj. mean =93.6 (§9.1,
98.0)

Tertile 2 adj. mean =90.8 (86.3,
85.3)

Tertile 3 adj. mean =90.3 (85.9,
94.7)

Beta = -2.08 (—4.60, 0.44)

Tertile 1 adj. mean = 92.5 (§8.0,
56.9)

Tertile 2 adj. mean = 92.9 (88.6,
97.1)

Tertile 3 adj. mean =91.1 (86.9,
05.3)

Beta = -0.93 {-3.11, 1.25)

Tertile 1 adj. mean =92.6 (88.2,
97.0)

Tertile 2 adj. mean = 90.5 (86.1.
94.9)

Tertile 3 adj. mean = 91.2 (86.6,
95.7)

Beta = ~1.47 (-3.99, 1.04)

Maternal age at enrollment, child
sex, examiner, maternal education,
maternal PONI enzyme activity,
season of urine collection, iaboratory
batch, Home Observation for
Measurement of the Environment
score, alcohol consumption during
pregnancy, urinary creatinine, and
race/ethnicity

“

Results were not heterogeneous by
exact age at 24-month testing (results

NR)

{(Continued )
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Reference

Outcome

Hxposure

Number of
subjectsfevents

Hstimate of association (95% CI)

Adjustment factors

Comments

Engel et al.

(2011}

ngel et al.

(2011}

Engel et al.

(2011}

Bayley Mental
Development
fndex at 12 or
24 months

Maternal prepatal
urinary DAPs
(nmol/L, log,,
scale) by maternal

PONI 144, genOtype

Maternal prenatal
urinary DMPs
(nmol/L, log,,
scale) by maternal

PONI,,, genotype

Maternal prenatal
urinary DEPs
(mmol/L, log,,
scale) by maternal

PONI 144, genOtype

28 blacks/Hispanics
with PONT .,
Q0. 12 months

82 blacks/Hispanics
with PONT .
QR/RR, 12
months

57 adl races with
PONT ,,, QQ, 24
months

140 all vaces with
PONT ., QR/RR,
24 maonths

28 blacks/Hispanics
with PONT .
QQ, 12 months

32 blacks/ Hlspamus
with PONI ¢
QR/RR, 12
months

57 all races with
PONT . QQ, 24
months

140 all races with
PONI ., QR/RR,
24 months

28 blacks/Hispanics
with PONT .,
Q0. 12 months

82 blacks/Hispanics
with PONT .
QR/RR, 12
months

57 adl races with
PONT ,,, QQ, 24
months

140 all vaces with
PONT o, QR/RR,
24 maonths

Beta =572 (-0.48, 11.92}

Beta =—4.94 (-7.81,-2.07)

P-interaction by genotype < (1.01
Beta = —~1.04 (-6.06, 3.99)

Beta =-1.27 (-4.40, 1.84)

P-interaction by genotype = .93
Beta = 3.69 (-0.97, 8.36)

Beta =-1.95 (=5.36,1.47)

P-interaction by genotype = 0.06

Beta =-0.55 (-4.79,3.70)
Beta = -0.15 (~3.51,3.21)

P-interaction by genotype = 0.88
Beta = 2.76 (-2.44, 7.97)

Beta = —4.47 (-7.05, -1.89)

P-interaction by ge mi‘ype =0.0.02
Beta = 0.12 (—4.17, 4.42

Beta =-0.48 (=3.27,2.30)

P-interaction by genotype = 0.81

Maternal age at enrollment, child

sex, examiner, Home Observation

for Measurement of the Havironment
score, alcohol consumption during
pregnancy, laboratory batch.

season of urine collection, urinary
creatinine, and biomarker X genotype
interaction; 24-month model also
adjusted for maternal race/ethnicity

Interactions between DAPs, DMPs,
and DEPs and PONT ,, genotype were
detected among blacks and Hispanics
at 12 months, but not at 24 months
(results NR)

Results were similar when stratified by
child genotype (available for 57% of
subjects; results NR)

14
[N
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Engel et al. Bayley Psychomotor  Maternal prenatal 149 total Tertile 1 adj. mean, total = 93.3 Maternal age at enrollment, child sex, Psychomotor Development Index rates
(2011 Development urinary DAPs 111 blacks/ (90.9, 99.8) cxaminer, maternal PON] enzyme fine and gross motor coordination;
index at {nmol/L, log,, Hispanics Tertile 2 adj. mean, total = 96.6 activity, season of urine collection, age-standardized to a mean of 100 and
12 months scale) 38 whites 92.1, 101.1) laboratory batch, Home Observation  SDof 15
Tertile 3 adj. mean, total = 92.3 for Measurement of the Environment  pgerabolites were not associated with

3a7n30d X0 IPUOISUL JG (A4

(§8.5, 96.6) score, aicobol consumption during Psychomotor Developraent Index at 24
Beta, total = -0.52 (-3.66. 2.62) pregnancy, .uri,r'},'a:ry creatii'ﬁnes and mgmhs (results NR)
Tertile 1 adj. mean, blacks/ racefethnicity (if not stratified; also

Hispanics = 97.7 {93.1, 102.4) adjusted for biomarker X race/
Tertile 2 adj. mean. blacks/ ethnicity if stratified})

Hispanics = 97.5 (93.0, 102.1)
Tertile 3 adj. mean, blacks/
Hispanics = 94.2 (89.5, 98.9)

(~5.21,2.16)

Tertile 1 adj. mean, whites = 90.0
(80.5, 99.6)

Tertile 2 adj. mean, whites =97.0
(89.2, 104.7)

Tertile 3 adj. mean, whites == 90.8
(83.3,98.2)

P-interaction by race = 0.65

Beta, whites — 2.07 (-3.83, 7.96)

P-interaction by race = i
Engel et al. ” Maternal prenatal 149 total Tertile 1 adj. mean, total =933 “ -
(2011} urinary DMPs 111 blacks/Hispanics  (91.2, 99.5)
(amol/L, log,, 38 whites Tertile 2 adj. mean, total == 94.3
scale) (901, 93.9)

Tertile 3 adj. mean, total =93.6
(89.3,98.0)

Beta, total = (.20 (-3.28, 2.87}

Tertile 1 adj. mean. blacks/
Hispanics = 97.7 (93.1, 102.4)

Tertile 2 adj. mean, blacks/
Hispanics = 95.9 (91.2, 100.6)

Tertile 3 adj. mean, blacks/
Hispanics = 95,6 (91.0, 100.2)

Beta, blacks/Hispanics = -0.48
(—4.11, 3.16)

Tertile 1 adj. mean, whites = 92.1
(84.6, 99.6)

Tertile 2 adj. mean, whites = 94.4
(86.0, 102.7)

Tertile 3 adj. mean, whites = 91.7
(83.5,99.9)

P-interaction by race = (.25

Beta, whites = 0.46 (-5.12, 603}

P-interaction by race = 0.78
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Reference Cutcome Exposure subjects/events Estimate of association (95% CI) Adjustment factors Comments
Engel et al. “ Maternal prenatal 149 total Tertile 1 adj. mean, total = 95.1 “
(2011) arinary DEPs 111 blacks/Hispanics  (90.7, 99.5)
(nmol/L., log, 38 whites Tertile 2 adj. mean, total = 93.7
scale) (89.3, 98.0)
Tertile 3 adj. mean, total = 94.5
(80.6, 98.5)
Beta, total = -0.92 (-3.68, 1.85)
Tertile 1 adj. mean, blacks/
Hispanics = 97.8 (93.2, 102.4)
Tertile 2 adj. mean, blacks/
Hispanics = 94.5 {90.1, 99.0)
Tertile 3 adj. mean, blacks/
Hispanics = 96.4 (92.0, 100.8)
Beta, blacks/Hispanics = —1.81
(—5.07, 1.45)
Tertile 1 adj. mean, whites == 92.5
(84.9, 100.2)
Tertile 2 adj. mean, whites =94.4
(86.7, 102.1)
Tertile 3 adj. mean, whites = 89.5
(80.2, 98.8)
P-interaction by race = (.83
Beta, whites = 1.36 (-3.83, 6.56)
P-interaction by race = 0.31
Engel et al. Bayley Psychomotor  Maternal prenatal 210 Tertile 1 adj. mean = 94.8 (90.5, Maternal age at enrollment, child Results were not heterogeneous by
(2011 Development urinary DAPs 99.1) sex, examiner, maternal education, exact age at 24-month testing
Index at 24 (nmol/L, log,, Tertile 2 adj. mean =94.5 (90.2, maternal PONI enzyme activity, {results NR)
months scale) 9%.8) season of urine collection, iaboratory
Tertile 3 adj. mean = 95.1 (96.9, batch, Home Observation for
09.2) Measurement of the Environment
Beta = 0.93 (-1.41, 3.28) score, alcohol consumption during
pregnancy, urinary creatinine, and
race/ethnicity
Engel et al. Maternal prenatal 210 Tertile 1 adj. mean = 94.7 (0.3, “ -
{2011) urinary DMPs 9%.9)
(amol/L, log,, Tertile 2 adj. mean =94.9 (90.6,
scale) 99.1)
Tertile 3 adj. mean = 94.8 (90.5,
9.1}
Beta = (.36 (-1.70, 2.43)
Engel et al. “ Maternal prenatal 210 Tertile 1 adj. mean = 94.8 (90.53, “ -

(2011)

urinary DEPs
(nmol/L., log.i 9
scale)

99.0)

Tertile 2 adj. mean =95.4 (914,
99.5)

Tertile 3 adj. mean = 94.2 (90.2,
98.1)

Beta = 0.67 (-1.72, 3.06)
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Engel et al.

{2011)

Engel et al.

(2011)

ngel et al.

2011

Engel et al.

{2011)

Engel et al.

(2011)

ngel et al.

(2011}

Engel et al.

2011

Engel et al.

(2011)

Wechsler full-scale
intelligence
quotient at
6-9 years

Wechsler perceptual
reasoning at
6-9 years

3
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Maternal prepatal
urinary DAPs
(nmol/L, log,,
scale)

Maternal prepatal
urinary DAPs
(nmol/L, log,,
scale) by PONI (92
genotype N

Maternal prenatal
urinary DMPs
(amol/L, log,,
scale)

Maternal prepatal
urinary DMPs
(amol/L, log,,
scale) by PONT
genotype

Maternal prenatal
urinary DEPs
{nmol/L, log,,
scale)

Maternal prenatal
urinary DEPs
(amol/L, log,,
scale) by PONT
genotype

Maternal prenatal
arinary DAPs
(nmol/L, log,,
scale)

Maternal prenatal
urinary DAPs
(nmol/L, log,,
scale) by PONI
genotype

140 ages 6-9 years
114 ages 7-9 years
96 age 6 years

101 PON ,,, QR/RR
39 PON,,, QQ

ages 6-9 vears
ages 79 years
98 age 6 years

101 PON ,,, QR/RR
39 PON ., QQ

140 ages 6-9 years
114 ages 7-9 years
96 age 6 years

101 PON, ,, QR/RR
39 PON,,, QO

140 ages 6-9 years
114 ages 7-9 years
96 age 6 years

101 PON,,,, GR/RR
39 PON,,, QQ

For personal use only.

Beta = ~1.39 (-4.54, 1.77)
Beta = ~1.10 (~5.01, 2.81)
Beta = —1.14 (—4.55. 2.28)

Beta = -0.66 (-4.33, 3.00)
Beta = -2.33 (-8.40, 3.74)
P-interaction = 0.64

Beta = -0.46 (-3.17, 2.26)
-, %9 (—# ()4 8()

Beta = 0.28 (~2.89, 3.44)
Beta == ~1.79 (~6.83, 3.25)
P-interaction = (.49

Beta = -2.89 (=6.15, 0.36)
Beta = -3.15 (~7.19, 0.89)
Beta = —1.40 (=5.27, 2.47)

Beta = -2.32 (-6.49, 1.86)
Beta = -3.13 (-8.21, 1.96)
P-interaction = 0.80

Beta = -2.36 (-6.04, 1.
Beta ".39 (-6.97, Z
Beta = -2.07 (-5.66, 1.5 Z

Beta =-0.56 (-4.80, 3.68)

Beta =~7.32 (-=14.53, -0.51)

P-interaction = 0.09

Sex, race/ethnicity, maternal
education, language in the home,
alcohol consumption during
pregnancy, laboratory batch, season
of urine collection, urinary creatinine,
Wechsler version (if combined), and
maternal PON1 enzyme activity
{unless stratified by genotype)

Subtests of Wechsler Preschool and
Primary Scale of Intelligence, 3rd
Edition: Block Design, Information,
Matrix Reasoning, Vocabulary, Pictare
Concepts, Symbol Search, Word
Reasoning, and Coding

Subtests of Wechsler Intelligence
Scale for Children, 4th Edition: Block
Design, Similarities, Digit Span,
Picture Concepts, (‘odmo Vocabulary,
Letter-Number Sequence, Matrix
Reasoning, Comprehension, and
Symbol Search

Associations with Wechsler outcormes

were not heterogeneous by race/
ethnicity (results \IR)

{(Continued )
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Reference

Outcorme

Hxposure

Mumber of
subjects/events

Estimate of association (85% CI)

Adjustment factors

Comments

Engel et al.

(2011)

Engel et al.

(2011)

Engel et al.

(2011}

Engel et al.

(2011)

Engel et al.

{2011)

Engel et al.

(2011)

ngel et al.

(2011)

Engel et al.

{2011)

Engel et al.

(2011)

ngel et al.

{2011)

Engel et al.

2011

13

Wechsler verbal
comprehension at
6-9 years

Wechsler processing
speed at 6-9 years

Maternal prenatal
arinary DMPs
(nmol/L., log,
scale)

Maternal prenatal
urinary DMPs
(nmol/L., log.i 9
scale) by PONI o,
genotype

Maternal prepatal
urinary DEPs
(nmol/L, log,,
scale)

Maternal prenatal
urinary DEPs
(mmol/L, log,,
scale} by PONI 102
genotype

Maternal prepatal
urinary DAPs
(nmol/L, log,,
scale)

Maternal prepatal
urinary DAPs
(nmol/L, log,,
scale) by PONI,
genotype N

Maternal prenatal
urinary DMPs
(amol/L, log,,
scale)

Maternal prepatal
urinary DMPs
(amol/L, log,,
scale} by PONT
genotype

Maternal prenatal
urinary DEPs
{nmol/L, log,,
scale)

Maternal prenatal
urinary DEPs
(amol/L, log,,
scale) by PONI .
genotype

Maternal prenatal
arinary DAPs
(nmol/L, log,,
scale)

142 ages 6-9 years

101 PON
39 PON, ., Q0

QR/RR

192

140 ages 6-9 years
114 ages 7-9 vears
96 age 6 years

101 PON ,,, QR/RR
39 PON, ,, QQ

140 ages 6-9 years
114 cg; s 7-9 years
96 age 6 years

101 PON ,,, QR/RR
39 PON,,, QQ

2 ages 6-9 years
Sages 7-9 years
98 age 6 years

101 PON ,,, QR/RR
39 PON ., QQ

140 ages 6-9 years
114 ages 7-9 years
96 age 6 years

101 PON, ,, QR/RR
39 PON,,, QO

114 ages 7-9 years
96 age 6 years

Beta = ~1.15 (~4.31,2.02)
Beta = —1.24 (-5.05, 2.57)
Beta = —1.46 (—4.74, 1.83)

=0.71 (-2.96, 4.38)

P-interaction = .05

Beta = -3.51 (-7.31, 0.30)
Beta = —4.37 (<9.10, 0.36)
Beta = —1.59 (-5.68, 2.50)

Beta =-3.24 (-8.11, 1.62}
Beta = —4.80 (-10.73, 1.13)
P-interaction — 0.68

Beti = ~0.42 (<3.45. 2.62)
Beta = (.36 (3.1, 4.23)
Beta = —1.16 (-4.59, 2.27)

Beta = -0.33 (~3.87,3.20)
Beta = 0.73 (=512, 6.59)
P-interaction = 0.76

Beta = -0.0% (-2.64, 2.34)
)%9(—7()5 3.42)
=.03.52 (~3.67. 2.62)

Beta = 0.12 (-2.93, 3.16)
Beta = (.24 (-~4.60, 5.09)
P-interaction = (.97

Beta =-1.20 (-4.35,1.96)
Beta = -0.08 (3. ()1 3.76)
Beta =-2.27 (—(}.]4, 1 60

Beta = -0.453 (-4.51, 3.60)
Beta = -1.20(-6.13, 3.74)
P-interaction = 0.81

Beta = -1.05 (-5.57, 3.46)
Beta = —1.22 (-5.12, 2.67)

&7

=-6.15 (~11.99, -0.31)

“

93¢

013 881 Y

7 TOOTYOT, A 1L



VOAN 2.rEn08L vd3 'A gnjD elISIS

v/ 1811

£S000-L€¥9%000 190200 a3

Engel et al. “
(2011)

Engel et al. “
(2011)

Engel et al.
(2011

Wechsler working
memory at 7-9
years

Engel et al. “
(2011)

Engel et al.
(2011}

Brazelton
habituation cluster
at < 2 months

Young et al.
(2003)

Young et al.
(2003)

Young et al. “
(2003)

Critical Reviews in Toxicology Downloaded from informahealthcare.com by Kathi Lohmann on 07/20/15

Maternal prenatal
urinary DMPs
{nmol/L, log,,
scale)

Maternal prenatal
urinary DEPs
(nmol/L., log,
scale)

Maternal prenatal
arinary DAPs
{nmol/L, log,,
scale)

Maternal prenatal
urinary DMPs
(nmol/L, log,,
scale)

Maternal prenatal
urinary DEPs
(amol/L, log,,
scale)

Maternal prepatal
urinary DAPs
(nmol/L, log,,
scale)

Maternal prenatal

urinary DMPs
{nmol/L., log} o
scale)

Maternal prenatal

urinary DEPs
{nmol/L., log} o
scale)

115 ages 7-9 years
98 age 6 years

114 ages 7-9 years
96 age 6 years

114

115

114

175 total

107 age =3 days

66 age > 3 days
&

175 totad

107 age =3 days

66 age > 3 days
&

175 totad

107 age =3 days

66 age > 3 days
&

For personal use only.

Beta =-0.79 (-4.52, 2.94)
Beta = -0.84 (—4.35, 2.67)

Beta = -2,
Beta =

Beta = -0.53 (-4.24,3.18)

Beta = 0.29 (-2.81, 3.38)

Beta = -3.48 (=7.29,0.34)

Beta = 0.03 (-0.34, 0.40)

Beta, age =<3 days =0.10
(~0.40, 0.60)

Beta, age™ 3 days = 0.06
(-0.54, 0.66)

No association with maternal

post-delivery urinary metabolites

{results NR)

Beta = ~0.06 (-0.39, 0.27)

Beta, age =3 days = -0.04
(.49, 0.40)

Beta, age ™ 3 days = 0.04
(-0.50, 0.58)

No association with maternal

post-delivery urinary metabolites

(results NR)
Beta = 0.33 (~-0.06, 0.72)
Beta, age =3 days = .47
(-0.03, 0.99)
Beta, age days = .20
(-0.43, 0.83)

No association with maternal

post-delivery urinary metabolites

(results NR)

Age at assessment, smoking, alcohol,
method of delivery, minutes since fed
at assessment, and Interviewer

No change after additional adjustment
for maternal post-delivery urinary
metabolite levels, birth weight, or

gestational age; some attenuation after

adjustroent for creatinine (results NR)

Habituation cluster includes light,
rattle, bell, and pin-prick

Median age at assessment: 3 days (IQR:

126}

“Urinary metabolite levels measured
at the two points during pregnancy
were not significantly correlated with
cach other or with the post-delivery
measurement, with all estimated
correlations below 0.1 for total DAP,
dimethyl, and diethylphosphate
metabolite levels.”

{(Continued )
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Table 3. (Continued }
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Reference

Outcorne Exposure

Number of
subjects/events

Hstimate of association (#3% CI)

Adjustment factors

Comments

Young et al.
(2003)

Young et al.
(2005)

Young et al.
(2005)

Young et al.
(2005)

Young et al.
(2005}

Young et al.
(2005}

Brazelton orientation
cluster at
<2 months

Maternal prenatal
urinary DAPs
(amol/L, log,,
scale)

“ Maternal prenatal
urinary DMPs
(nmol/L., log,
scale)

“ Maternal prenatal
urinary DEPs
(nmol/L., log.i 9
scale)

Brazelton motor
performance
cluster at
<2 months

Maternal prenatal
urinary DAPs
(nmol/L., log.i 9
scale)

Maternal prenatal
urinary DMPs
(amol/L, log,,
scale)

Maternal prenatal
urinary DEPs
(amol/L, log,,
scale)

379 1otal
197 age =3 days
182 age > 3 days

379 total
197 age =3 days
1

82 age> 3 days

381 total

197 age = 3 days

184 age > 3 days

Beta = -0.17 (-0.50, 0.17)

Beta, age==3 day

Beta, age > 3 days = -

No association with maternal
post-delivery urinary metabolites
(results NR)

Beta = -0.12 {(-0.43, 0.19)

Beta, age =3 days = -

Beta

No association with maternal
post-delivery urinary raetabolites
(results NR)

Beta = —0.32 (-0.66, 0.03)

Beta, age =3 days = -0.11 (-0.65,
(3.43)

Beta, age > 3 days = -0.33 {-0.73,
0.08)

No association with maternal
post-delivery urinary raetabolites
(results NR)

Beta = -0.03 (-0.19, 0.14)

Beta, age =3 days = 0.04 (-0.20,
0.28)

Beta, age > 3 days = -0.07 (-0.28, 6.15}

No association with maternal
post-delivery urinary metabolites
(results NR)

Beta = -0.05 (-0.20, 0.10)

Beta, age =3 days = 0.03 (-{(.19,
0.24)

Beta, age > 3 days = -0.11 (-0.31,
0.09)

Mo association with maternal
post-delivery urinary metabolites
{results NR)

Beta = 0.10 (-0.06, 0.27)

Beta, age =3 days = 0.08 (-0.17,
0.33)

Beta, age > 3 days = 0.17 (-0.05,
0.38)

Mo association with maternal
post-delivery urinary metabolites
{results NR)

Age at assessment, interviewer, and
number of prenatal care visits

No change after additional adjustment
for maternal post-delivery arinary
raetabolite levels, birth weight, or
gestational age; some attenuation after
adjustment for creatinine (results NR)

“

Age at asscssment, poverty level,
gestational age at initiation of prenatal
care, and interviewer

No change after additional adjustiment
for maternal post-delivery arinary
raetabolite levels, birth weight, or
gestational age: some attenuation after
adjustment for creatinine (results NR)

“

Orientation cluster includes inanimate
visual, inantmate auditory, inanimate
visual-auditory, animate visual, animate
auditory, animate visoal-auditory, and
alertness

Motor performance cluster includes
tonus, maturity, pull-to-sit, defense, and
activity

P19 5510 ' 986
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Young et al.
(2003)

Young et al.
(2005)

Young et al.
(2005)

Young et al.
(2005)

Young et al.
(2003)
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Brazelton range of
state cluster at<(2
months

Maternal prenatal
urinary DAPs
{nmol/L, log,,
scale)

“ Maternal prenatal
arinary DMPs
(nmol/L., log,
scale)

“ Maternal prenatal
arinary DEPs
(nmol/L., log,
scale)

Brazelton regulation
of state cluster
at < 2 months

Maternal prenatal
arinary DAPs
(nmol/L., log,
scale)

“ Maternal prenatal
urinary DMPs
{nmol/L., log} o
scale)

381 total
197 age =3 days

184 age >3 days

381 total
197 age =3 days

184 age >3 days

381 total
197 age =3 days

184 age >3 days

381 totad

197 age = 3 days

184 age > 3 days

For personal use only.

Beta = 0.09 (-0.16, 0.34)

0.40)

No association with maternal
post-delivery urinary metabolites
(results NR)

Beta = 0.08 (~0.15, 0.32}
Beta, age =3 days =0.17 (-0.12,
0.46)

Beta, age> 3 days = ~0.12 (-0.51,
0.27)

No association with maternal
post-delivery urinary metabolites
(results NR)

Beta = ~0.02 (~0.27, 0.24)

Beta, age =23 days = -0.21 (-0.54,
0.12)

Beta, age> 3 days = 0.20 (-0.21,
0.62)

No association with maternal
post-delivery urinary metabolites
(results NR)

Beta = ~0.07 (~0.39, 6.24)

Beta, age =3 days = -0.07 (-0.50,
0.36)

Beta, age> 3 days = ~0.10 (-0.3§,
0.37)

No association with maternal
post-delivery urinary metabolites
(results NR)

Beta =-0.03 (.34, 0.24)

Beta, age =3 days = -0.06 (-0.45,
0.33)

Beta, age > 3 days = -0.06 {-0.50,
3.39)

sociation with maternal

post-delivery urinary metabolites

(results NR)

Age at assessment, number of
prenatal care visits, gestational age
at initiation of prenatal care, alcohol,
and interviewer

Range of state closter includes peak
of excitement, rapidity of build-up,
irritability, and lability of state

No change after additional adjustiment
for maternal post-delivery arinary
raetabolite levels, birth weight, or
gestational age: some attenuation after
adjustment for creatinine (results NR)

“

Age at assessment, pre-pregnancy
body mass index, infant sex, parity,
caffeine use, and interviewer

Regulation of state cluster includes
cuddliness, consolability, self-quieting,
and hand-to-mouth

No change after additional adjustment

for maternal post-delivery vrinary

metabolite levels, birth weight, or

gestational age; some attepuation after

adjustment for creatinine {results NR)

i

{Continued )
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Reference

Outcome

Bxposure

Nuomber of
subjects/events

Hstimate of association (95% Cl)

Adjustmoent factors

Comments

Young et al.
(2005)

Young et al.
(2005}

Young et al.
(2003)

Young et al.
(2003)

Young et al.
(2005)

Young et al.
(2005)

Brazelton autonomic
stability cluster
at < 2 months

HBrazelton reflexes
closter at << 2

months

"

Maternal prenatal
urinary DEPs
(nmol/L, log,,
scale)

Maternal prenatal
urinary DAPs
(nmol/L, log,,
scale)

Maternal prenatal
urinary DMPs
{nmol/L., log} o
scale)

Maternal prenatal
urinary DEPs
{nmol/L., log} o
scale)

Maternal prenatal
arinary DAPs
(nmol/L., log,
scale)

Maternal prenatal
arinary DMPs
{nmol/L, log,,
scale)

381 totad

197 age = 3 days

184 age > 3 days

381 totad

O7 o 3
197 age =

184 age™> 3 days

381 totad

381 total
197 age =3 days

184 age >3 days

381 total
197 age =3 days

184 age >3 days

Beta =-0.15(-0.47.0.17)

Beta, age =3 days = —-0.08 (-0.52,
0.37)

Beta, age > 3 days = -0.24 {-0.72,
0.24)

No association with maternal
post-delivery urinary raetabolites
(results NR)

Beta = -0.16 (-0.36, 0.05)

Beta, age =3 days = -0.09 (-0.35,
0.20)

Beta, age > 3 days = -0.19 (-0.49,
0.12)

Mo association with maternal
post-delivery urinary metabolites
{results NR)

Beta =-0.17 (~0.35, 0.02}
Beta, age =3 days = -0.15 (-0.42,
0.11)

03.14)

sociation with maternal
post-delivery urinary metabolites
(results NR)

Beta = 0.06 (~-0.15, 0.27)

Beta, age =3 days = 0.31 (0.01, 0.61)

Beta, age> 3 days = ~0.16 (-0.47,
0.143

No association with maternal
post-delivery urinary metabolites
(results NR)

Beta = 0.23 (0.05, 0.4

9]

0.22)
Beta, age> 3 days = (.53 (.23, 0.82)
Mo association with maternal
post-delivery urinary metabolites
{results NR)

Beta = (.18 (0.02, 0.34}

Beta, age =3 days = -0.00 (-0.21,
0.20)

Beta, age> 3 days = 0.41 (0.12, 0.69)

No association with maternal
post-delivery urinary metabolites
{results NR)

i

Age at assessment, infant sex, parity,
vitamin use, minutes since fed at
assessment, interviewer, and illicit
drag use during pregnancy

No change after additional adjustment
for maternal post-delivery vrinary
metabolite levels, birth weight. or
gestational age; some attepuation after
adjustment for creatinine {results NR)

“

Age at assessmient, maternal age

at delivery, smoking, vitamin ase,
interviewer, and roean diastolic and
systolic blood pressure

No change after additional adjustment
for maternal post-delivery urinary
metabolite levels, birth weight, or
gestational age; some attenuation after
adjustroent for creatinine (results NR)

“

Autonomic stability cluster includes
tremors, startles, and skin color

Reflex cluster includes plantar,
Babinski, ankle clonus, rooting,
sucking, glabella, passive resistance of

legs, passive resistance of arms, palmar,

placing, standing, walking, crawling,
incurvation, tonic deviation of head and
eyes, nystagmus, tonic neck reflex, and
moro reflex
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Young et al.
(2005}

Young et al.
(2005)

Young et al.
(2003)

Young et al.
(2005}

Brazelton™>3

abnormal reflexes
at> 3 days to
<. 2 months
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Maternal prenatal
urinary DEPs
(amol/L, log,,
scale)

Maternal prenatal
urinary DAPs
(nmol/L, log,,
scale):

1.07-1.65

Maternal prepatal
urinary DMPs
(nmol/L, log,,
scale):

0.08-1.48
1.48-1.69
1.70-1.95
1.95-2.19
2.19-3.15

Maternal prenatal
urinary DEPs
(amol/L, log,,
scale):

(.51-0.90
3.90-1.10
1.11-1.27
1.28-1.58
1.58-2.35

30f37
Sof37
6 of 37
Sof37
12 0f 36

3of37
Sof37
6 of37
9 of 37
8 of 36

Sof37
12 of 36

For personal use only.

Beta = 0.22 (0.04, 0.40)

Beta, age =3 days = 0.08 (-{0.16,
0.32)

Beta, age > 3 days = 0.37 (0.09, 0.64)

No association with maternal
post-delivery urinary raetabolites
(results NR)

Proportion = 8%

Proportion = 14%

Proportion = 16%

Proportion = 14%

Proportion = 33%

P-trend = 0.01

Odds ratio per unit increase = 4.9
(1.5,16.1)

No association with maternal
post-delivery urinary metabolites
{results NR)

Proportion = 8%

Proportion = 14%

Proportion = 1

Proportion = 2

Proportion = 229

P-trend = 0.03

Odds ratio per gnit increase = 3.2
(1.1,9.8)

Mo association with maternal
post-delivery urinary metabolites
{results NR)

Proportion = 16%

Proportion = 5%

Proportion = 16%

Proportion = 14%

Proportion = 33%

P-trend = 0.05

Odds ratio per unit increase = 3.4
(1.2,9.9)

No association with maternal
post-delivery urinary metabolites
(results NR)

%
7o

{Continued )
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Table 3. (Continued )

For personal use only.

Reference Cutcome Bxposure

Nuomber of
subjects/events

Hstimate of association (95% Cl)

Adjustmoent factors

Comments

Maternal or child
urinary DAPs
(nmol/L, log,,
scale)

Hskenazi et al.
(2007)

Bayley Mental
Development
Index at 6, 12, or
24 months

“ Maternal or child
urinary DMPs
(nmol/L, log,,
scale)

Hskenaziet al.
(2007)

Maternal or child
urinary DEPs
(nmol/L, log,,
scale)

Eskenarziet al.
(2007}

Maternal urinary
MDA (pg/L)

Hskenazi et al.
(2007)

395 at 6 months

393 at 12 months

369 at 24 months

393 at 6 months

393 at 12 months

369 at 24 months

395 at 6 months

393 at 12 months

369 at 24 months

39% detectable

Prenatal beta = —1.15 (-2.89, 0.59}
Child beta = -0.17 (-1.23, 0.90)
Prenatal beta = —1.34 (-3.59, 0.92)
Child beta = 1.36 (-0.05,2.7
Prenatal beta = -3.54 (-6.59, -0.49)
Child beta = 2.37 (0.50, 4.24)

Prenatal beta = —{3.95 (-2.52, 0.62}
Child beta = -0.31 (— } 23 0.67)
Prenatal beta 3.12,06.99)
Child beta =
Prenatal beta — —3 64 { —6 3@ —0 1)
Child beta = 2.01 (0.24, 3

Prenatal beta = ~(1.16 ( 1 96 1 65}
Child beta = 0.24 (0. 7‘3 1.25}
Prenatal beta = -1.14 {—3 51, 1 223
Child beta = 1.89 (0.21, %)

Prenatal beta = ~0.85 (- 3 98,2.27)
Child beta = 1 2.57)

At 6 months:

Undetectable: beta = referent

Detectable < median: beta = (.98
(-0.85,2.81)

Dete ».tabk‘ = median: beta = —0.23
(-2.10, 1.60)

At 12 months:

Undetectable: beta = referent

Dietectable < median: beta — 0.95
(~1.55, 3.46)

Detectable = median: beta — 2.40
(~0.13, 4.94)

At 24 months:

Undetectable: beta = referent

Detectable < median: beta —-1.09
(—4.51,2.32)

Ddcetabls = msdian: beta = .24
(-3.03.3.52)

Psychometrician, location, exact age
at assessmient, sex, breast-feeding
duration, score on Infant-Toddler
Home Observation for Measurement
of the Environment instrument,
household income above poverty
threshold, parity, and maternal
Peabody Picture Vocabulary Test
score

Mean * SD age (months) at child

assessments: 6.6 £ 1.1, 12.8 £ 1.6, and
24.6+1.1

Bayley Scales of Infant Development
are standardized by age to a mean *
S of 100 + 13; scores << 83 indicate
possible developmental delay
Longitudinal analyses of DAPs and
Bayley scores produced similar findings
{not reported)

765
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Eskenarziet al.
(2007}

Hskenazi et al.
(2007)

Eskenarziet al.
(2007)

Hskenazi et al.
(2007
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Maternal urinary
TCPy (ug/l)

Bayley Psychomotor  Maternal or child

Development urinary DAPs
Index at 6, 12, or {nmol/L., logm
24 months scale)

Maternal or child
urinary DMPs
(nmol/L, log,,
scale)

Maternal or child
urinary DEPs
(amol/L, log,,
scale)

91% detectable

396 at 6 months
392 at 12 months
371 at 24 months
396 at 6 months
392 at 12 months
371 at 24 months
396 at 6 months

392 at 12 months

371 at 24 months

For personal use only.

At 6 months:

Undetectable: beta = referent

Detectable < median: beta — 0.24
(-2.12,2.61)

Detectable = median: beta — 0.08
(~2.29, 2.443

At 12 months:

Undetectable: beta — referent

Detectable < median: heta = -0.45
(—3.67,2.76)

Detectable = median: beta = -0.65
(~3.88, 2.38)

At 24 months:

Undetectable: beta — referent

Detectable << median: beta ——-1.02
(~5.34,3.31)

(-6.26, 2.37)
Prenatal beta = —{1.71 (-3.28, 1.86}

Child beta =0.39 (-1.18, 1.97)
Prenatal beta = —0.60 (-3.77, 2.57)
Child beta = 1.22 (-0.78,3.21)
~1.28 (~4.01, 1.46)
Child beta = 1.06 (-0.62,2.74)
Prenatal beta = -{(1.55 (~2.88, 1.77})

Child beta = 0.28 (~1.17, 1.72)
Prenatal beta = —1.15 (~4.03, 1.74}
Child beta = 0.46 (-1.22, 2.13)
Prenatal beta = —1.24 (-3.70, 1.21)
Child beta = 1.01 (-0.38, 2.60)
Prenatal beta = 0.02 (-2.63, 2.67)
Child beta = 0.60 (-0.89, 2.09)
Prenatal beta = .30 (-3.03, 3.63)}
Child beta = 1.91 (-0.46,4.27)
Prenatal beta = —{3.86 (-3.64, 1.92}
Child beta = 0.30 (-1.07, 1.67)

(Continued )
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Table 3. (Continued }

For personal use only.

Mumber of

Reference Outcome Hxposure subjects/events Estimate of association (95% CI) Adjustmoent factors Comments
Hskenazictal “ Maternal urinary 39% detectable At 6 months: “ -
(2007) MDA (ug/l) Undetectable: beta = referent
Detectable <O median: beta = 0.42
(~2.34,3.18)
Detectable = median: beta = -1.45
{(—4.21,1.32)
At 12 months:
Undetectable: beta = referent
Detectable <0 median: beta = (.33
(~4.05, 3.00)
Detectable = median: beta = 0.73
(-2.81,4.31)
At 24 months:
Undetectable: beta = referent
Detectable <X median: beta = -0.73
(-3.87,2.41)
Detectable = median: beta = 0.33
(~2.68,3.35)
Eskenazietal. “ Maternal urinary 51% detectable At 6 months: “
(2007) TCPy (ng/L} Undetectable: beta = referent
Detectable <0 median: beta = -0.56
(—4. 91}
Detectable = median: heta = -0.21
(~3.69,3.27)
At 12 months:
Undetectable: beta = referent
Detectable < median: beta =-0.70
Detectable = median: beta = —-1.62
(-6.20, 2.96)
At 24 months:
Undetectable: beta = referent
Detectable < median: heta = —-2.65
{(—6.50, 1.21)
Detectable = median: beta = -2.72
(-6.57,1.12)
Eskenazi et al. Child Behavior Maternal or child 30 (8.4%) borderline  Prenatal odds ratio = 0.77 (0.27, Sex, exact age at assessment, “Bordertine” score > 93rd percentile
(2007} Checklist urinary DAPs 2.24) breast-feeding duration. score on “Clinical” score > 97th percentile

attention problems
syndrome score at
24 months

(nmol/L, log,,
scale)

Child odds ratio = 1.41 (0.75, 2.64)

Infant-Toddler Home Observation
for Measurement of the Environment
instrument, household income above
poverty threshold, parity, maternal
Peabody Picture Vocabulary Test
score, and maternal depression

(N="17,2.0%)

013 8S1Y Y Y6S
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Eskenarziet al.

(2007)

Hskenazi et al.

{2007)

Eskenarziet al.

(2007)

Hskenaziet al.

(2007)

Hskenazi et al.

(2007)

Hskenazi et al.

{2007)

Eskenarziet al.

{2007)

Hskenaziet al.

(2007)

Hskenazi et al.

{2007)

Eskenarziet al.

{2007)

Hskenazi et al.

(2007)

Child Behavior
Checklist ADHD

score at 24 months

Child Behavior
Checklist
pervasive
developmental
disorder score at
24 months

Critical Reviews in Toxicology Downloaded from informahealthcare.com by Kathi Lohmann on 07/20/15

Maternal or child
urinary DMPs
(nmol/L, log,,
scale)

Maternal or child
urinary DEPs
(amol/L, log,,
scale)

Maternal urinary
MDA or TCPy
{(ng/l)

Maternal or child
arinary DAPs
(nmol/L., log,
scale)

Maternal or child
urinary DMPs
{nmol/L, log,,
scale)

Maternal or child
urinary DEPs
(amol/L, log,,
scale)

Maternal urinary
MDA or TCPy
{(bg/l)

Maternal or child
arinary DAPs
(nmol/L., log,
scale)

Maternal or child
urinary DMPs
(amol/L, log,,
scale)

Maternal or child
urinary DEPs
(nmol/L, log,,
scale)

Maternal urinary
MDA or TCPy
(gL

30 (8.4%) borderline

30 (8.4%) borderline

30 (8.4%) borderline

34 (9.6%) borderline

34 (9.6%) borderline

34 (8.6%) borderline

34 (9.6%) borderline

51 (14.4%) clinical

51 {14.4%) clinical

51 (14.4%) clinical

51 (14.4%) clinical

For personal use only.

Prenatal odds ratio = 0.78 {0.31,
1.96)
Child odds ratio = 1.54 (0.85, 2.76)

Prenatal odds ratio = 0.78 (0.26,
230
Child odds ratio = 1.02 (0.61, 1.71)

“no significant associations” (resuits
NR)

Prenatal odds ratio = .34 (0.50,
3.59)
Child odds ratio = 1.11 {0.61, 2.03)

Prenatal odds ratio = 1.27 (.53,
3.04)
Child odds ratio = 1.10 {0.63, 1.94)

Prenatal odds ratio = 0.59 (0.21,
1.68)
Child odds ratio = 1.18 (.72, 1.94)

“no significant associations” (resuits
NR)

Prenatal odds ratio = 2.25 (.99,
5.16)
Child odds ratio = 1.71 (1.02, 2.87)

Prenatal odds ratio = 2.19 (1.05,
4.58)
Child odds ratio = 1.52 (.94, 2.45)

Prenatal odds ratio = 0.88 {0.37,
2.07)
Child odds ratio = 1.72 (1.12, 2.64)

“no significant associations” (results
NR)

“Borderline™ score > 93rd percentile

“Chnical” score > 97th percentile
(N=10, 2.8%)

“Borderline™ score > 93rd percentile
(N = 105, 29.6%)

“Chinical” score > 97th percentile

{Continued )
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Table 3. (Continued )
Number of
Reference Cutcome Exposure subjects/events Estimate of association (95% CI) Adjustment factors Comments
Eskenazi et al. Bayley Mental Maternal prenatal 1Y PONT ,pg CC Beta = -3.2 (9.8, 3.5) Age at assessment, sex, parity, breast-  Interactions were statistically non-
(2010) Development arinary DAPs 179 PONI ;. C Beta =-3.7 (8.0, 0.6} feeding duration, Infant-Toddler significant whether genotype was coded
index at {nmol/L, log,, 74 }(}1'\,[7]% T i‘ Beta=-5.5(-11.1,0.1) Home Observation for Measurernent  as a categorical or ordinal variable
24 months scale) by child P-interaction = 0.9§ of the HEavironment score, maternal Associations were “similar, albeit
genotype 94 PONI ,, RR Beta = 6.5 (~15.6, 2.6} Peabody Picture Yocabulary Test weaker” when stratified by maternal
188 PONT ,,, QR Beta =~1.2 (~5.2,2.9) score, hous;h‘o}d povertysstatus, ‘ genotype (not shown here“)
86 PONT ,, Q0 Beta =-6.9(-12.8,-0.9) psychometrician, and testing location
P-interaction = .33
Eskepazietal. " Maternal prenatal 111 PONT s © Beta =-2.2 (-8.0, 3.6) “ -
(2010) urinary DMPs 179 PONI ,% (,E Beta =-3.4 (<74, 0.6)
(nmol/L, log,, 74 PONI ;T Beta = -5.9 (-11.1, -0.6)
scale} by ¢ hﬂd P-interaction == (.91
genotype 94 PONI,,, RR Beta = 4.4 (124, 3.6)
188 PONT ,, QR Beta =-1.3 (4.9, 2.4}
86 PONI ., QQ Beta =74 (-13.0, -1.9)
P-interaction = 0.3§
Eskenazi et al. “ Maternal prenatal L PONT . C Beta =-0.3 (-7.2,6.7) “ -
(2010) urinary DEPs 179 PONI ,% (,E Beta = -1.7 (6.3, 3.0)
(nmol/L, log,, 74 PONI ;T Beta = -3.4 ¢ 8,8, 2.1)
scale} by ¢ hﬂd P-interaction = (.84
genotype 94 PONI, ., RR Beta=14(-8.4,1 ] b
188 PONT ,, QR Beta=-1.1(-5.2, 3.0)
86 PONI ,, QQ Beta = 2.5 (~8.7, 3.6)
P-interaction = 0.47
Eskenazietal. “ Maternal prenatal PONT quantity: “ Associations across maternal PONI
(201) urinary DAPs 89 tertile 1 =34 (-11.9, 1.1} enzyme levels and activities at delivery

Eskenarziet al.
(2010)

(nmol/L, log,,
scale} by cord
blood PONI
quantity or activity

Maternal prepatal
urinary DMPs
(nmol/L, log,,
scale) by cord
blood PONI

quantity or activity

88 tertile 2
88 tertile 3

PON] activity:
91 tertile 1
85 tertile 2
87 tertile 3

PON1 quantity:
89 tertile |
88 tertile 2
38 tertile 3

PON1 activity:
91 tertile |
835 tertile 2
37 tertile 3

43 (-11.6,3.0)
ota = - 1.2 (-8.7,6.4)
P-interaction = 0.89

=-6.6 {(-12.9, 0.2}
1.0(-79,.59)
3.8 (~13.9,2.2)
P-interaction = (.72

Beta =-4.5(-11.2, 2.
Beta = 0.5 (-7.0,6.1)
P-interaction = 0.72

Beta = - 5 (114,03
33
)

Beta = -6.7 (~12.6, -0.8)
Beta =-0.8 (-7.2, 54)
Beta =42 (-11.2,2.9)
P-interaction = 0.97

were “similar to those for cord blood
enzyme levels” (not shown here)}

96¢
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Eskenazi et al.

(2010)

iskenazi et al.

2010

Eskenazi et al.

(2010)

Eskenazi et al.

(2010)

Eskenazi et al.

(2010)

Fskenazi et al.

(2010)

Bayley Psychomotor
Development

Index at

24 months scale) by

Critical Reviews in Toxicology Downloaded from informahealthcare.com by Kathi Lohmann on 07/20/15
For personal use only.

“ Maternal prenatal
urinary DEPs
(nmol/L., logio
scale) by cord
blood PONT

quantity or activity

urinary DAPs
{nmol/L, log,

genotype

Maternal prenatal
urinary DMPs
(nmol/L, log,,
scale) by child
genotype

Maternal prenatal
urinary DEPs
(nmol/L, 1o
scale) by chil
genotype

“ Maternal prenatal
urinary DAPs
(nmool/L, log,

blood PON |
quantity or activity

Maternal prenatal
urinary DMPs
(nmol/L, JogEO
scale) by cord
bleod PONT
quantity or activity

PONT guantity:
89 tertile 1
38 tertile 2

88 tertile 3

PONT activity:
G1 tertile 1
33 tertile 2
37 tertile 3

111 PONI_,, CC
179 PONI_,, CT

74 PONI_,, TT

94 PONT 5, RR
188 PONI ,, QR
86 PONI ,,, QQ

111 PONI_,,,, CC
179 PONI ,qgu
74 PONI ., TT

94 PONI ,,, RR
188 PONT ,,, QR
86 PONI ,,, QQ

111 PONT Ec

179 PONI
74 PONI_,,

94 PONI ,, RR
188 PONT ,,, OR
86 PONI ,,, QQ

PON1 quantity:
39 tertile 1
88 tertile 2
g8 tertile 3

PON1 activity:
G1 tertile 1
85 tertile 2
87 tertile 3

PONT guantity:
89 tertile 1

PONT activity:
91 tertile |

87 terti

Beta=-3.2(-9.7,3.3)
Beta=0.2 (-6.8,7.2)
Beta=2.7 (-5.2, 10.5)
P-interaction == .23

Beta =-3.0 (~10.0, 3.9}
Beta=-1.7 (7.8, 4.5)
Beta = -{.5 (8.5, 7.6)
P-interaction == (.68

Beta ,3.3)
Beta ~4.8,3.3)
Beta = - IO(”’ESE)

P-interaction = 0.89
Beta=-1.7(-8.7,5.4)
Beta = 0.1 (-3.5, 3.8)
Beta=-3.1 {(~1L1, 1.0}
P-i
Beta=~1.6 (6.4, 3.3)
Beta=-0.3 (-4.0,3.4)
Beta=-1.2 (6.9, 4.4)

: —E 9 (—3 6 1.8
Beta = -3.8 (-9.9, 2‘3)
P-interaction = (.14

Beta=-2.4 (-8.3,3.4)
Beta = 1.8 (8.3, 4.6)
Beta= 1.2 (3.7, 8.1)
P-interaction = 0.46

Beta=-4.7 (-10.6, 1.3)
Beta=10.0 (-6.6, 6.7}
Beta= 1.5 (5.4, 8.4)
P-interaction = 0.69

Beta=~1.1 {(-6.5, 4.3)
Beta=-3.2(-9.2,2.8)
Beta = 1.7 (4.3, 1.7}
P-interaction = (.41

Beta=-4.1{-8.6, 1.4)
Beta= 0.4 (-5.7, 65)
Beta = 1.4 (— 46 7.4)
P-interaction = U.59

Interactions were statistically non-
gnificant whe ype was coded
as a categorical or O”dlﬂdl variable

Associations ware ar, albeit
weaker” when stratified by maternal
genotype (not shown here)

1o those

enzyme levels” (not shown h

(Continued )
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Number of

Reference Outcome Hxposure subjects/events Estimate of association (95% CI) Adjustment factors Commients
Eskenazietal. Maternal prepatal PON1 quantity: “
(2010} urinary DEPs 39 tertile 1 Beta =-5.0 (-10.7, 0.7}
(nmol/L, log,, 88 tertile 2 Beta = 1.6 (-4.5,7.8)
scale) by cord 88 tertile 3 Beta = 1.6 (5.6, 8.8}
blood PONI P-interaction = 0.42
quantity or activity PON1 activity:
G1 tertile 1 Beta =47 (~11.1, 1.6}
835 tertile 2 Beta = -2.5(-8.3,3.4)
87 tertile 3 Beta = 3.7 (3.1, 10.5)
P-interaction = (.33
Eskenazi et al. Child Behavior Maternal prenatal 1 PONT , CC 0=4.2(0.5,36.8) Age at assessmient, sex, parity, breast-  Interactions were statistically non-
(2010) Checklist urinary DAPs 179 PONI . CT Odds ratio = 2.0 (0.6, 6.0) feeding duration, Infant-Toddler significant whether genotype was coded
pervasive (omol/L, log,, 74 PONI_, T Odds ratio = 1.9 (0.3, 10.4) Home Observation for Measurernent  as a categorical or ordinal variable
d.eve}opmenta} scale) by child ) P-interaction = 0.91 of the I:?nvi.ronmm*it score, mqtemal Associations were “similar, albeit
disorder score at genntype 94 PONI,, RR Odds ratio = 5.4 (0.7, 44.0} Peabody Picture Vocabulary Test weaker” when stratified by maternal

Hskenaziet al.
(2010}

Hskenaziet al.

(2010

Hskenaziet al.

(2010

24 months

Maternal prenatal

urinary DMPs
(nmol/L., log.i 9
scale} by child
genotype

Maternal prenatal

urinary DEPs
(nmol/L., log.i 9
scale} by child
genotype

Maternal prenatal

urinary DAPs
(nmol/L., log.i 9
scale} by cord
blood PONI
quantity or activity

188 PONT,, QR
86 PONI ,,, Q0

111 PONI_,,, CC
179 PONI_,, CT
74 PONI 3 TT
94 PONI,;, RR
188 PONT 5, QR
86 PONI,,, QQ

111 PONI_,,, CC
179 PONI_,, CT
74 PONI 3 TT
94 PONI,;, RR
188 PONT 5, QR
86 PONI,,, QQ

PONI quantity:
89 tertile 1
88 tertile 2
88 tertile 3

PONT activity:
91 tertile 1
85 tertile 2
87 tertile 3

Odds ratio = 1.2 (0.4, 3.6)
Odds ratio = 5.2 (1.8, 35.1)
P-interaction — .29

Odds ratio = 3.3 (0.5, 21.3)
Odds ratio = 2.2 (0.8, 5.9)
Odds ratio = 1.9 (8.4, 9.8)
P-interaction = 0.94

Odds ratio = 4.8 (0.8, 31.1)
Odds ratio = 1.2 (1.5, 3.3)
Odds ratio = 6.1 (1.0, 39.3)
P-interaction = 0.20

Odds ratio = 7.4 (.6, 93.9}
Odds ratio = 0.5 (0.2, 2.8)
Odds ratio = 0.8 (0.1, 4.3)
P-interaction = 0.44

Odds ratio = 1.0 (0.1, 8.2)
Odds ratio = 0.8 (0.2, 2.6)
Odds ratio = 1.2 (0.2, 7.7)
P-interaction = 0.97

Odds ratio = 3.7 (0.5, 30.8)
Odds ratio = 2.5 (0.3, 25.0)
Odds ratio = 1.8 (.3, 11.8}
P-interaction — 0.48

Odds ratio = 13.2 (1.4, 128.3)

(dds ratio = 0.4 (0.0, 3.9)
Odds ratio = 4.7 (0.5, 41.6)
P-interaction — .88

score, household poverty status, and
maternal depression

i

genotype (not shown here)

Associations across maternal PON1
enzyme levels and activities at delivery
were “similar to those for cord blood
enzyme levels” (not shown here)}
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Eskenarziet al.
(2010)

Maternal prepatal
urinary DMPs
(nmol/L, log,,
scale) by cord
blood PONI

quantity or activity

Hskenazi et al.
(2010)

Maternal prenatal
urinary DEPs
(amol/L, log,,
scale) by cord
blood PON1
quantity or activity

Marks et al. Child Behavior Maternal prenatal
(2010) Checklist urinary DAPs,
attention problems DMPs, or DEPs
borderline at 3.5 (nmol/L., log.i 9
years scale)
Marks et al. “ Child urinary DAPs,
(2010 DMPs, or DEPs
{nmol/L, log,,
scale)
Marks et al. Child Behavior Maternal prenatal
(2010) Checklist urinary DAPs,

attention problems
continuous score
at 3.5 years

DMPs, or DEPs
(nmol/L., log.i 9
scale)

PON1 quantity:

89 tertile |
88 tertile 2
38 tertile 3

PON1 activity:
91 tertile |
835 tertile 2
37 tertile 3

PON1 quantity:

89 tertile |
88 tertile 2
38 tertile 3

PONT activity:
91 tertile |
85 tertile 2
37 tertile 3

/330 (5.2%) total
12/151 (7.9%) boys

57179 (2

77289 (5.9M

330 total
151 boys
179 girds

8%) girls

For personal use only.

Odds ratio = 3.1 (0.5, 20.2)
Odds ratio = 2.8 (8.3, 24.3)
Odds ratio = 2.0 (0.4, 11.4)
P-interaction — 0.43

Cdds ratio = 7.3 (0.9, 56.9)
Odds ratio = 0.8 (0.1, 6.2)
Odds ratio = 4.5 (1.7, 30.4)
P-interaction — 0.90

Odds ratio = 1.7 (0.3, 11.4)
Odds ratio = 1.3 (0.2, 10.6)
Odds ratio = 0.9 (0.1, 8.2}

P-interaction = 0.24

(dds ratio = 7.0 (0.8, 58.0)
Odds ratio = 0.4 (0.1, 3.1

Odds ratio = 0.7 (1.1, 6.6)
P-interaction = 0.15

DAPs odds ratio = 3.0 (0.7, 11.7)

DAPs odds ratio, boys = 4.1 (0.8,
22.2)
DAPs odds ratio, girls = 2.1 (0.2,

29.9)
P-interaction by sex = 0.68
DMPs odds ratio = 3.2 (0.9, 11.3)
DEPs adds ratio = 2.1 (0.6, 7.0)

DAPs odds ratio = 1.6 (0.8, 3.5)
DMPs odds ratio = 1.6 (0.8, 3.3)
DEPs odds ratio = 1.9 (0.9, 3.9)

DAPsbeta=0.3 (0.2, 0.7
DAPs beta, boys = 0.7 (0. 0 1.4)
DAPs beta, girls =-0.1 (0.7, 0.5)
P-interaction by sex = 0.05
DMPs beta = 0.3 (~0.1, 0.7)
DEPs beta = 0.0 (-0.5, 0.4)

Psychometrician, age at assessment,
sex, child care, breast-feeding,
maternal education, maternal
depressive symptoms, and maternal
Peabody Picture Vocabulary Test
score

“Borderline” score > 93rd percentile

“Chnical” score > 97th percentile

Results were similar with creatinine-
adjusted DAPs and after additional
adjustment for birth weight,
gestational age, and blood lead levels
Maternal total DAPs, -
psychometrician, age at assessment,
sex, child care, breast-feeding,
maternal education, maternal
depressive symptoms, and maternal
Peabody Picture Vocabulary Test
score

Results were similar with creatinine-
adjusted DAPs and without
adjustment for maternal DAPs
Psychometrician, age at assessment, -
sex, child care, breast-feeding,
maternal education, maternal
depressive symptoms, and maternal
Peabody Picture Vocabulary Test
score

Results were similar with creatinine-
adjusted DAPs and after additional
adjustment for birth weight,
gestational age, and blood lead levels

{(Continued )
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Table 3. (Continued )
Number of
Reference Outcome Exposure subjectsfevents Estimate of association (95% CI) Adjustment factors Comments
Marks et al. Child urinary DAPs, 289 DAPs beta = 0.1 (0.2, 0.4) Maternal total DAPs, psychometrician,
(2010} DMPs, or DEPs DMPs beta = 0.1 (0.2, 0.3) age at assessment, sex, child care,
(nmol/L, log,, DEPs beta = 0.2 (0.0, 0.5) breast-feeding, maternal education,
scale) maternal depressive symptoms, and
maternal Peabody Picture Vocabulary
Test score
Results were similar with creatinine-
adjusted DAPs and without
adjustment for maternal DAPs
Marks et al. Child Behavior Maternal prenatal ] 87320 (5.5%) wtal  DAPs odds ratio =3.1 (0.8, 11.5) Psychometrician, age at assessment, “Borderling” score > 93rd percentile
(2010) Chec,kii;st ADHD tfrinary DAP,S.“; 2/131 (7.9%) boys  DAPs odds ratio, ba«yb =64 (1.1, sex, child care, E?re: ding, “Clinical” score > 97th percentile
bordedine at DMPs, or DEPs 39.0) maternal education, maternal
3.5 years (amol/L, log,, 6/176 (3.4%) giils DAPs odds ratio, girls = 1.0 (0.1, depressive symptoms, and maternal

Marks et al.

(2010}

Marks et al.

{2010)

Marks et al.

(2010}

scale)

Child urinary DAPs,
DMPs, or DEPs
(nmol/L, log,,
scale)

17/288 (5.9%)

Child Behavior
Checldist ADHD
continuous score
at 3.5 years

329 total
151 boys
176 gitds

Maternal prenatal
urinary DAPs,
DM, or DEPs
(nmol/L., log,,
scale}

Child urinary DAPs, 288
DMPs, or DEPs
(nmol/L, log,,
scale)

11.2)
P-interaction by sex = (.21
DMPs odds ratio = 1.3 ( |
DEPs odds ratio = 2.5 (0.9, 8.9

DAPs odds ratio = 1.4 (0.7. 3.1)

DBMPs odds ratio = i 4¢0.7, 5.0}
DEPs odds ratio = 1.0 (0.5, 2.2)

DAPs beta= 0.5 (-0.3, 1.3)

DAPs beta, boys = 1.3 (0.1, 2.5)
DAPs beta, girds = ~-0.2 (~1.2, 0.8}
P-interaction by sex = 0.06

DMPs beta = 0.6 (0.1, 1.3)

DEPs beta = ~0.2 (-0.9, 0.6)

DAPs beta= 0.1 (~0.3,0.6)
DMPs beta=0.1 (0.3, 0.6)
DEPs beta= 0.2 (0.3, 0.7)

Peabody Picture Vocabulary Test score
Results were similar with creatinine-
adjusted DAPs and after additional
adjustment for birth weight, gestational
age, and blood lead levels

Maternal total DAPs,
psychometrician, age at assessment,
sex, child care, breast-feeding,
maternal education, maternal
depressive symptoms, and maternal
Peabody Picture Vocabulary Test
score

Results were similar with creatinine-
adjusted DAPs and without
adjustment for maternal DAPs
Psychometrician, age at assessment,
sex, child care, breast-feeding, maternal
education, maternal depressive
symptorns, and maternal Peabody
Picture Vocabulary Test score

Results were similar with creatinine-
adjusted DAPs and after additional
adjustment for birth weight, gestational
age, and blood lead levels

Maternal total DAPs,
psychometrician, age at assessment,
sex, child care, breast-feeding,
maternal education, maternal
depressive symptoms, and maternal
Peabody Picture Vocabulary Test
score

Results were similar with creatinine-
adjusted DAPs and without
adjustment for maternal DAPs
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Marks et al.
(2010}

Marks et al.
(2010

Marks et al.
(2010}

Marks et al.
(2010}

NEPSY-H visual
attention
CONLIRUIOUS SCOre
at 3.5 years

Chiid Behavior
Checklist
attention problems
borderine at 3
years

Critical Reviews in Toxicology Downloaded from informahealthcare.com by Kathi Lohmann on 07/20/15

Maternal prenatal
urinary DAPs,
DMPs, or DEPs
(amol/L, log,,
scale)

Child urinary DAPs,
DMPs, or DEPs
{nmol/L, log,,
scale)

Maternal prenatal
urinary DAPs,
DMPs, or DEPs
(nmol/L, log,,
scale)

Child vrinary DAPs,
DMPs, or DEPs
(nmol/L., log.i 9
scale)

319 total
143 boys
176 gitds

(o]
~~1
~1

For personal use only.

DAPs beta = 0.2 (-4.5, 0.8)
DAPs beta, boys = 0.2 (0.8, 1.1)
DAPs beta, gids = 0.2 (-<0.7, 1.2)
P-interaction by sex == .99
DMPs beta = 0.1 (0.5, 0.6)
DEPs beta = -0.2 (0.8, 0.5)

DAPs beta = -0.1 (0.5, 0.3}
DMPs beta = -0.1 (0.5, 0.3)
DEPs beta = -0.1 (0.5, 0.3)

DAPs odds ratio = 0.5 (0.2, 3.8)

DAPs odds ratio, boys == 1.0 (0.2,
6.0}

DAPs odds ratio, girls = 0.6 (0.0,
17.3)

P-interaction by sex = 0.77

DMPs odds rati (0.5, 8.5)

DEPs odds ratio = 0.7 (.2, 2.8)

DAPs odds ratio = 1.0 (0.4, 2.4)
DMPs odds ratio = 0.9 (0.4, 2.1)
DEPs odds ratio = 1.8 (0.8, 3.9)

NEPSY-IT visual attention subtest is
scaled to an age-standardized
mean = SDof 1013

Psychometrician, age at assessment,
sex, child care, breast-feeding,
maternal education, maternal
depressive symptoms, and maternal
Peabody Picture Vocabulary Test
score

Results were sirilar with creatinine-
adjusted DAPs and after additional
adjustment for birth weight,
gestational age, and blood lead levels
Maternal total DAPs, -
psychometricia 1{ assessment,

sex, child care, breast-feeding,

maternal education, maternal

depressive symptoms, and maternal

Peabody Picture Vocabulary Test

score

Results were similar with creatinine-
adjusted DAPs and without
adjustment for maternal DAPs
Psychometrician, age at assessment,
sex, child care, breast-feeding.
maternal edocation, maternal
depressive symptoms, and maternal
Peabody Picture Vocabulary Test
score

“Borderline™ score > 93rd percentile

“Chnical” score > 97th percentile

Results were similar with creatinine-
adjusted DAPs and after additional
adjustment for birth weight,
gestational age, and blood lead levels
Maternal total DAPs, —
psychometrician, age at assessment,
sex, child care, breast-feeding,
maternal education, maternal
depressive symptoms, and maternal
Peabody Picture Vocabulary Test
score

Results were similar with creatinine-
adjusted DAPs and without
adjustment for maternal DAPs

(Continued )
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Mumber of

Reference Cutcome Exposure subjects/events Estimate of association (95% CI) Adjustment factors Comments
Marks et al. Child Behavior Maternal prenatal 322 total DAPs beta = 0.7 (0.2, 1.2) Psychometrician, age at assessment,
(2010) Checklist arinary DAPs, 154 boys DAPs beta, boys = 0.9 (0.2, 1.7) sex, child care, breast-feeding,

Marks et al.
(2010}

Marks et al.
(2010

Marks et al.
(2010}

attention problems
continuous score
at 5 years

Child Behavior

Checklist ADHD
bordertine at
5 years

DMPs, or DEPs
{nmol/L., log} o
scale)

Child urinary DAPs,
DMPs, or DEPs
(nmol/L, log,,
scale)

Maternal prenatal
urinary DAPs,
DM, or DEPs
(nmol/L, logy,
scale}

Child urinary DAPs,
DMPs, or DEPs
{nmol/L, log,,
scale)

168 girls

319

231322 (7.1%) total
14/154 (9.1%}) boys

/168 (5.4%) girls

DAPs beta, girls = 0.4 (-0.2, 1.0)
P-interaction by sex = (.28
DMPs beta = 0.6 (0.2, 1.0)
DEPs beta = 0.4 {(-0.1, 0.9}

DAPs beta= 0.0 (-0.3,0.2)
DMPs b -0.1 (0.3, 0.2)
DEPs beta = 0.0 (0.2, 0.3)

DAPs odds ratio = 1.1 (

DAPs odds ratio, boys = 4.9 (0.7
33.0)

DAPs odds ratio, girls = 0.3 (0.0,

P-interaction by sex = 0.18

DMPs odds ratio = 1.3 (0.4, 4.0

DEPs odds ratio = 1.1 (0.4, 3.2

DAPs odds ratio = 0.6 (0.3, 1.2)
DMPs odds ratio = 0.5 (8.3, 1.1)
DEPs odds ratio = 0.9 (0.5, 1.7)

2.2)

pavay

maternal edocation, maternal
depressive symptoms, and maternal
Peabody Picture Vocabulary Test
score

Results were similar with creatinine-
adjusted DAPs and after additional
adjustment for birth weight,
gestational age, and blood lead levels
Maternal total DAPs,
psychometrician, age at assessment,
sex, child care, breast-feeding,
maternal education, maternal
depressive symptoms, and maternal
Peabody Picture Vocabulary Test
score

Results were similar with creatinine-
adjusted DAPs and without
adjustment for maternal DAPs
Psychometrician, age at assessment,
sex, child care, breast-feeding,
maternal education, maternal
depressive symptoms, and maternal
Peabody Picture Vocabulary Test
score

Results were similar with creatinine-
adjusted DAPs and after additional
adjustment for birth weight,
gestational age, and blood lead levels
Maternal total DAPs,
psychometrician, age at assessment,
sex, child care, breast-feeding,
maternal education, maternal
depressive symptoms, and maternal
Peabody Picture Vocabulary Test
score

Results were sirilar with creatinine-
adjusted DAPs and without
adjustment for maternal DAPs

“Borderline” score > 93rd percentile

“Clinical” score > 97th percentile

wo
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Marks et al.
(2010

Marks et al.
2010)

Marks et al.
(2010)

Marks et al.
(2010)

Child Behavior
Checklist ADHD
continuous score
at 5 years

Conners markedly
atypical 7%
omissions at
5 years

Critical Reviews in Toxicology Downloaded from informahealthcare.com by Kathi Lohmann on 07/20/15

Maternal prenatal
urinary DAPs,
DMPs, or DEPs
(nmol/L, log,,
scale)

Child urinary DAPs,
DMPs, or DEPs
{smol/L., log
scale)

Maternal prenatal
urinary DAPs,
DMPs, or DEPs
{amol/L, log
scale) )

Child urinary DAPs,
DMPs, or DEPs
(nmol/L, log
scale)

322 total
154 boys
168 girls

59/312 (18.9%) total
217148 (14.2%) boys
38/164 (23.2%) gitls

387309 (18.8%)

For personal use only.

DAPsbeta==1.3
DAPs beta, boys =
DAPs beta, girls
P-interaction by sex = 0.13
DMPs beta= 1.1 (0.3, 1.9
DEPs beta = 0.7 (-0.2, 1.5)

DAPs beta = 0.0 (0.5, (1.5)
DMPs b 0.0 (~0.5,0.4)
DEPs beta=0.1 (0.3, 0.6)

DAPs odds ratio = 1.5 (0.7, 3.3)
DAPs odds ratio, boys = 1.7 {{.4, 6.4)
DAPs odds ratio, girls = 1.4 (0.5, 4.0)
P-interaction by sex = (.90

DMPs odds ratio = 1.9 (0.9, 4.1)
DEPs odds ratio = 1.3 (0.6, 2.8)

DAPs odds ratio = 1.0 (0.6, 1.6}
DMPs odds ratio = 0.9 (0.6, 1.5)
DEPs odds ratio = 1.5 (1.0, 2.2)

Psychometrician, age at assessment,
sex, child care, breast-feeding,
maternal education, maternal
depressive symptoms, and maternal
Peabody Picture Vocabulary Test
score

Results were similar with creatinine-
adjusted DAPs and after additional
adjustment for birth weight,
gestational age, and blood lead levels
Maternal total DAPs,
psychometrician, age at assessment,
sex, child care, breast-feeding,
maternal education, maternal
depressive symptoms, and maternal
Peabody Picture Vocabulary Test
score

Results were similar with creatinine-
adjusted DAPs and without
adjustment for maternal DAPs
Psychometrician, age at assessment,
sex, child care, breast-feeding,
maternal education, maternal
depressive symptoms, and maternal
Peabody Picture Vocabulary Test
score

Comners’ Kiddie Continuous
Performance Test is scaled to an age
standardized mean + SD of 50 + 10,
with score > 65 considered “markedly
atypical”

Results were similar with creatinine-
adjusted DAPs and after additional
adjustment for birth weight,
gestational age, and blood lead levels
Maternal total DAPs,
psychometrician, age at assessment,
sex, child care, breast-feeding,
maternal education, maternal
depressive symptoms, and maternal
Peabody Picture Vocabulary Test
score

Resuits were similar with creatinine-
adjusted DAPs and without
adjustment for maternal DAPs

{(Continued )
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Number of

Reference Outcome Exposure subjects/events Estimate of association (95% CI) Adjustment factors Comments
Marks et al. Conners markedly Maternal prenatal 544312 (17.3%) DAPs odds ratio = 1.0 (0.5, 2.2) Psychometrician, age at assessment, -
(2010) atypical % urinary DAPs, 24/148 (14.2%) boys DAPs odds ratio, boys = 0.9 (0.2, 3.2} sex, child care, breast-feeding,
comnissions at DMPs, or DEPs 30/164 (18.3%) girls  DAPs odds ratio, girls = 3.3) maternal education, maternal

Marks et al.
(2010}

Marks et al.
(2010}

Marks et al.
(2010

5 years

Conners markedly

atypical hit
reaction time at
3 years

(anL"L, log.i 9
scale}

Child urinary DAPs,  53/309 (17.2%)
DMPs, or DEPs
{nmol/L., log} o
scale)

20/311 (6.4%) total
77147 (4.8%) boys
13/164 (7.9%) gitls

Maternal prepatal
urinary DAPs,
DMPs, or DEPs
{nmol/L, log,,
scale)

Child urinary DAPs,  19/308 (6.2%)
DMPs, or DEPs
(amol/L, log,,
scale)

P-interaction by sex = (.89
DMPs odds ratio = 1.2 (8.6, 2.7}
DEPs odds ratio = 0.8 (.4, 1.6)

DAPs odds ratio= 1.1 (0.7, 1.7}
DMPs odds ratio = 1.1 (0.7, 1.8)
DEPs odds ratio = 0.9 (0.6, 1.4)

DAPs odds ratio = 1.6 (0.5, 5.2)

DAPs odds ratio, boys = 1.2 (1.1, 11.5)
DAPs odds ratio, girls =
P-interaction by sex = 0.72
DMPs odds ratio = 1.1 (0.3, 3.6)
DEPs odds ratio = 1.5 (0.5, 4.6)

DAPs odds ratio = 1.1 (0.5, 2.3)
DMPs odds ratio = 1.0 (0.5, 2.0)
DEPs odds ratio = 1.3 (0.7, 2.4)

depressive symptoms, and maternal
Peabody Picture Vocabulary Test
score

Results were similar with creatinine-
adjusted DAPs and after additional
adjustment for birth weight,
gestational age, and blood lead levels
Maternal totad DAPs,
psychometrician, age at assessment,
sex, child care, breast-feeding,
maternal education, maternal
depressive symptoms, and maternal
Peabody Picture Vocabulary Test
score

Results were similar with creatinine-
adjusted DAPs and without
adjustment for maternal DAPs
Psychometrician. age at assessment,
sex, child care, breast-feeding,
maternal education, maternal
depressive symptoms, and maternal
Peabody Picture Vocabulary Test
score

Results were similar with creatinine-
adjusted DAPs and after additional
adjustment for birth weight,
gestational age, and blood lead levels
Maternal total DAPs,
psychometrician, age at assessment,
sex, child care, breast-feeding.
maternal edocation, maternal
depressive symptoms, and maternal
Peabody Picture Vocabulary Test
score

Results were similar with creatinine-
adjusted DAPs and without
adjustment for maternal DAPs
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Marks et al.
(2010)

Marks et al.
(2010}

Marks et al.
(2010}

Marks et al.
(2010}

ADHD Confidence
Index > 70th
percentile at
5 years

ADHD Confidence
Index contimious
score at 3 years

Critical Reviews in Toxicology Downloaded from informahealthcare.com by Kathi Lohmann on 07/20/15

Maternal prepatal
urinary DAPs,
DMPs, or DEPs
(nmol/L., log,
scale)

Child vrinary DAPs,
DM, or DEPs
(nmol/L., log.i 9
scale}

Maternal prenatal
urinary DAPs,
DMPs, or DEPs
(amol/L, log,,
scale)

Child urinary DAPs,
DMPs, or DEPs
(nmol/L, log,,
scale)

25/297 (8.4%) total
147140 (10.0%) boys
VI/157 (7.0%) girls

244294 (8.2%)

297 total
140 boys

157 gids

294

For personal use only.

DAPs odds ratio = 5.1 (1.7, 15.7)
DAPs adds ratio, boy:

DAPs odds ratio, girls = 3.3 (0.6,
17.0}

P-interaction by sex = 0.41

DMPs odds ratio = 6.6 (2.2, 19.3)

DEPs odds ratio == 3.2 (1.

. 8.9)

DEPs odds ratio

DAPs beta = 3.4 (-1.8,8.7)
DAPs beta, boys = 6.3 (0.5,

P-interaction by sex
DMPs beta = 2.0 (-2.8,
DEPs beta=3.4 (~1.7, 8.6)

DAPs beta = -0.7 (3.8, 2.3)
DMPs beta == -3.9, 1.9)
DEPs beta 0}

10.1 (1.6,65.3)

Psychometrician. age at assessment,
sex, child care, breast-feeding,
maternal education, maternal
depressive symptoms, and maternal
Peabody Picture Vocabulary Test
score

Results were similar with creatinine-
adjusted DAPs and after additional
adjustment for birth weight,
gestational age, and blood lead levels
Maternal total DAPs,
psychometrician, age at assessment,
sex, child care, breast-feeding,
maternal education, maternal
depressive symptoms, and maternal
Peabody Picture Vocabulary Test

SCOrS

Results were similar with creatinine-
adjusted DAPs and without
adjustment for maternal DAPs
Psychometrician, age at assessment,
sex, child care, breast-feeding,
maternal education, maternal
depressive symptoms, and maternal
Peabody Picture Vocabulary Test
score

Results were sirilar with creatinine-
adjusted DAPs and after additional
adjustment for birth weight,
gestational age, and blood lead levels
Maternal total DAPs,
psychometrician, age at assessment,
sex, child care, breast-feeding,
maternal education, maternal
depressive symptoms, and maternal
Peabody Picture Vocabulary Test
score

Results were similar with creatinine-
adjusted DAPs and without
adjustment for maternal DAPs

ADHD Confidence Index score

on Conners’ Kiddie Continuous
Performance Test is scaled to a range
of 0-100, with > 70th percentile
considered as clinical ADHD

{(Continued )
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Table 3. (Continued }

For personal use only.

subjects/events

Estimate of association (93% CI}

Adjustment factors

Comments

Reference Outcome Exposure
Marks et al. Hillside Behavior Maternal prenatal
(2010} Rating Scale urinary DAPs,

Attention =7 of
12 at § years (nmol/L., log,,
scale}

Marks et al. “

(anL"L, log.i 9
scale}

Marks et al. Composite ADHD Maternal prenatal
(2010} indicator at 5 years urinary DAPs,

DMPs, or DEPs

{nmol/L, Jog,1 a
scale)

Marks et al. “

(nmol/L, log,,
scale)

231322 (7.1%) total
147153 (8.2%) boys

DM, or DEPs

Child vrinary DAPs,
(2010) DMPs, or DEPs

Child urinary DAPs,
(2010) DMPs, or DEPs

DAPs odds ratio = 3.0 (0.9, 9.8)
DAPs odds ratio, boys =

P-interaction by sex =0.14
DMPs odds ratio = 2.3 (8.7, 7.4)
DEPs odds ratio = 2.9 (1.0, 8.5)

DAPs odds ratio = 1.4 (0.7, 2.8)
DPMPs odds ratio — 1.1 (0.6, 2.1)
DEPs odds ratio = 1.4 ((.8, 2.6)

DAPs odds ratio= 3.5 (1.1, 10.7)
DAPs odds mtio, boys=11.1 (1.8, 66.5)
irls = 1.1 (0.2, 7.1)

DAPs odds ratio, ¢
P-interaction by 0.13

DMPs odds ratio = 1.7 (0.5, 3.5)
DEPs odds ratio = 3.0 (1.1, 8.2)

DAPs odds ratio = 1.0 (0.5, 2.0)
DMPs odds ratio = 0.8 (0.4, 1.5)
DEPs odds ratio = 2.0 (1.1, 3.6)

7.9 (1.4,46.0)
DAPs odds ratio, girls = 1.0 (0.2, 5.9)

Psychometrician, age at assessment,
sex, child care, breast-feeding,
maternal education, maternal
depressive symptoms, and maternal
Peabody Picture Vocabulary Test
score

Results were similar with creatinine-
adjusted DAPs and after additional
adjustment for birth weight,
gestational age, and blood lead levels
Maternal total DAPs,
psychometrician, age at assessment,
sex, child care, breast-feeding,
maternal education, maternal
depressive symptoms, and maternal
Peabody Picture Vocabulary Test
score

Results were similar with creatinine-
adjusted DAPs and without
adjustment for maternal DAPs
Psychometrician, age at assessment,
sex, child care, breast-feeding,
maternal education, maternal
depressive symptoms, and maternal
Peabody Picture Vocabulary Test
score

Results were sirilar with creatinine-
adjusted DAPs and after additional
adjustment for birth weight,
gestational age, and blood lead levels
Maternal total DAPs,
psychometrician, age at assessment,
sex, child care, breast-feeding,
maternal edocation, maternal
depressive symptoms, and maternal
Peabody Picture Vocabulary Test
score

Results were similar with creatinine-
adjusted DAPs and without
adjustment for maternal DAPs

Hillside Behavior Rating Scale
score is scaled to a range of 0-12,
with score = 7 (<X 10% of children)
considered as displaying “a higher
degree of attention problems”

Composite ADHD indicator is based
on at least two of the following:
Child Behavior Checklist ADHD

3 = borderine range, Conners’
Kiddie Continuous Performance Test
ADHD Confidence Index = 60%, and
Hillside ADHD scale = 75%
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Bouchard et al.
(2011}

Wechsler working
memory at 7 years

Maternal prepatal
urinary DAPs,
DMPs, or DEPs
{nmol/L, log,,
scale)

Bouchard et al.
(2011

Child urinary DAPs
(nmol/L, log,,
scale)

Bouchard et al.
(2011)

Wechsler processing
speed at 7 years

Maternal prenatal
urinary DAPs,
DMPs, or DEPs
(amol/L, log,,
scale)

Bouchard et al. “
(2011

Child urinary DAPs
{nmol/L., log} o
scale)

267 first half
279 second half

298 averaged

265 at & months
274 at 12 months
274 at 24 months
231 at 42 months
273 at 60 months
245 at all ages

268 first half
280 second half

208 averaged

266 at 6 months
274 at 12 months
274 at 24 months
231 at 42 months
273 at 60 months
246 at all ages

For personal use only.

DAPs beta, first half of
pregoancy = —1.6 (-4.2, 1.0}
DAPs beta, second half of
pregnancy = 3.0 (6.4, 0.4)
[DAPs beta, pregnancy average = —4.3
(-7.7,-0.9)
DMPs beta, pregnancy
average =—4.0 (7.1, -1.0)
DEPs beta, pregnancy average = —0.4

(-3.5,2.7)

Beta = -1.7 (3.9, 0.5)

Beta = 0.9 (-1.4,3.2)

Beta =04 (-2.7, 1.9}

Beta =038 (-1.7,3.3)

Beta =20 (0.1, 4.0)

Beta for area under corve = 1.6 (-2.2,
3.4)

DAPs beta, first half of
pregnancy = -1.5 (3.9, 0.9)

DAPs beta, second half of
pregnancy == -2.6 (5.9, 0.7}

DAPs beta, pregnancy average = -3.4
(-6.8,-0.1)

DMPs beta, pregnancy
average =-1.8 (~4.8, 1.2)

DEPs beta, pregnancy average = ~4.0
=7.0,-1.0)

Beta = -0.3 (2.5, 1.8)

Beta = 1.6 (0.6, 3.8)

Beta (

Beta (-

Beta = 0.7 (~1.3, 2.7}

Beta for area under curve = 1.3
(—4.9,2.3)

Infant-Toddler Home Observation

for Measarement of the Environment
score at 6 months, maternal education,
and maternal intelligence

No difference after additional
adjustment for maternal levels

of polybrominated diphenyl

cthers, polychlorinated biphenyls,
dichiorodiphenyltrichlorocthane/
dichlorodiphenyldichloroethylene,

and lead, prenatal DAPs (in analyses
of child DAPs), use of creatinine-
adjusted DAPs, stratification by sex, or
restriction to children tested in Spanish

“

Working memory = Digit Span and
Letter-Number Sequencing subtests;
scores standardized against U.S.
population-based norms for English-
and Spanish-speaking children

Estimates of association did not
differ significantly (P =0.10)
between prenatal and postnatal DAP
concentrations

Area under the curve = cumulative
DAP Ievel between 6 and 60 months

Processing speed = Coding and Symbol

Search subtests; scores standardized
against U.S. population-based norms
for English- and Spanish-speaking
children

Hstimates of association did not
differ significantly (P =0.24)
between prenatal and postnatal DAP
copcentrations; interaction term
between mean prenatal BAP level and
AUC was not statistically significant
FP>0.135)

{Continued )
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Number of

Reference Cutcome Hxposure subjects/events Hstimate of association (95% Cl) Adjpustmoent factors Comments
Bouchard et al. Wechsler verbal Maternal prenatal 291 first half DAPs beta, first half of Infant-Toddler Home Observation Verbal comprebension = Vocabulary
(2011 comprehension at urinary DAPs, pregnan 2.6 (=5.1,-0.1) for Measurement of the Environment  and Similaritics subtests; scores

7 years

Bouchard et al.
(2011)

Bouchard et al.
(2011}

Wechsler perceptual
reasoning at
7 years

Bouchard et al.
(2011)

DMPs, or DEPs
{amol/L, log,
scale)

Child urinary DAPs
{nmol/L,
Eogm scale)

Maternal prepatal
urinary DAPs,
DMPs, or DEPs
{nmol/L, log,,
scale)

Child urinary DAPs
{nmol/L, log,,
scale)

309 second half

320 averaged

294 at 6 months
303 at 12 months
303 at 24 months
259 at 42 months
302 at 60 months
271 at all ages

292 first half
309 second half

329 averaged

294 at 6 months
303 at 12 months
303 at 24 months
259 at 42 months
302 at 60 months
271 at all ages

DAPs beta, second half of
pregnancy = ~3.1 {(~0.4, 0.2}
DAPs beta, pregnancy average =-5.3
(8.6, 2.0}
DIMPs beta, pregnancy
average = —4.8 (7.8, -1.9)
DEPs beta, pregnancy average = ~2.0
=5.0,1.1)

Beta = 0.8 (~1.4,3.0)

Beta=2.9 (0.7, 5.2)

Beta = -0.8 (3.1, 1.5)

Beta = 0.2 (~-2.2, 2.6)

Beta = 0.4 (~1.6, 2.5)

Beta for area under carve = 0.8 (-3.0,
4.6)

DAPs beta, first half of
pregoancy =-1.2 (4.1, 1.7)

DAPs beta, second half of
pregnancy = —2.4 (6.3, 1.4)

(7.9, -0.1)

DMPs beta, pregnancy
average =-3.3 (6.7, 0.2)

DEPs beta, pregnancy average = —2.1
(~5.6,1.5)

Beta =-2.4 (—4.9,0.1)
a= 1.9 (-0.8,4.5
=07 (3.4, 2.0)
ta = 0.3 (~-3.0, 2.5)
Beta = 2.3 (0.1, 4.7)
Beta for area under curve = 3.5 (3.8,
4.8)

score, maternal education, maternal
intelligence, and language of
assessment

No difference after additional
adjustroent for maternal levels

of polybrominated diphenyl

ethers, polychlorinated biphenyls,
dichlorodiphenyltrichioroethane/
dichlorodiphenyidichlorocthylene,

and lead, prenatal DAPs (in analyses
of child DAPs), use of creatinine-
adjusted DAPs, stratification by sex, or
restriction to children tested in Spanish

“

Infant-Toddler Home Observation

for Measarement of the Environment
score, maternal education, and
maternal intelligence

No difference after additional
adjustment for maternal levels

of polybrominated dipheny!

cthers, polychlorinated biphenyls,
dichlorodiphenyltrichloroethane/
dichlorodiphenyldichioroethylene,

and lead, prenatal DAPs (in analyses
of child DAPs), use of creatinine-
adjusted DAPs, stratification by sex, or
restriction to children tested in Spanish

I

standardized against U.S. population-
based norros for English- and Spanish-
speaking children

Estimates of association differed
significantly (£ = 0.01) between
prenatal and postnatal DAP
concentrations

Perceptual reasoning = Block Design
and Matrix Reasoning subtests; scores
standardized against U.S. population-
based norms for English- and Spanish-
speaking children

Estimates of association did not

differ significantly (F = 0.19)

between prenatal and postnatal DAP
concentrations
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Bouchard et al.
(2011)

Bouchard et al.
(2011

Quiros-Alcala
etal. (201 1)

(Quiros-Alcala
ctal. (201 1)

Quiros-Alcala
etal. (2011)

Quiros-Alcala
etal. (201 1)

Quiros-Alcala
etal. (201 1)
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Wechsler full-scale Maternal prenatal
intelligence urinary DAPs,
quotient at 7 years DMPs, or DEPs

(nmol/L, log,,
scale)

Child urinary DAPs
(nmol/L., log.i 9
scale)

Respiratory sinus
arrhythmia,
resting (index} at 6
months and 1, 3.5,
and 5 years

Maternal prenatal
urinary DAPs
(nmol/L., log.i 9
scale)

Maternal prenatal
urinary DMPs
(amol/L, log,,
scale)

Maternal prenatal
urinary DEPs
(nmol/L., log.i 9
scale}

Child urinary DAPs
(nmol/L, logy,
scale}

“ Child urinary DMPs
(nmol/L, log,,
scale)

266 first half
279 second half

297 averaged

55 at & months
3 at 12 months
3a

i

~ R

t 24 months
31 at 42 months
272 at 60 months
245 at all ages

3 B2 B b2

PRI |

I3

142 at 6 months
14% at 1 year
05 at 3.5 years
270 at 5 years

142 at 6 months
149 at | year
95 at 3.5 years
270 at 5 years
142 at 6 months
149 at | year
05 at 3.5 years
270 at 5 years
142 at & months
149 at | year
95 at 3.5 years
270 at 5 years
142 at 6 months
149 at | year
95 at 3.5 years
270 at 5 years

For personal use only.

DAPs beta, first half of
pregnancy = -2.4 (-4.9, 0.2}
DAPs beta, second half of
pregnancy = -3.5 (6.9, -0.1)
DAPs beta, pregnancy average = —5.6
(9.0, ~2.2)
DMPs beta, pregnancy
average = -4.7 (7.7, -1.6)
DEPs beta, pregnancy average = —2.§
(-5.6,0.3)

Beta = -0.9 (3.2, 1.3)

Beta = 2.7 (0.3, 5.1)

Beta = 1.5 (3.9, 0.9)

Beta = 0.2 (-2.4,2.8)

Beta = 1.7 (-4, 3.9}

Beta for area under curve = 0.6
-3.2, 4.4)
Beta = -{.05 (-0.33, 0.24)
Beta =-0.11 (-0.43,0.21)
Beta = (.19 (-~0.35, 0.73)
Beta = 0.14 (-0.22, 0.49)

Beta = -0.07 (-0.34, 0.19)
Beta = -0.10 (-0.39, 0.20)
Beta = 0.13 (-0.39, 0.64)
Beta = 0.02 (-0.30, 0.34)

Beta = -0.06 (-0.37, 0.25)
Beta =13 (-0.47, .21}

Beta == 0.22 (-0.30, 0.74)
Beta =017 (<0.17, 0.51)
Beta = -.27 (-0.48, -0.06}
Beta = -0.06 (-0.28,0.16)
Beta =-0.13 (-0.46, 0.20)
Beta =-0.11 (-0.34, 0.12)
Beta =-0.24 (-0.42, -0.05)
Beta =-.06 (-0.26,0.13)
Beta =-0.15 (-0.46, 0.17)

2 o

ta = —0.13 (-0.34, 0.09)

Infant-Toddler Home Observation

for Measurement of the Environment
score, maternal education, maternal
intelligence, and language of
assessment

No difference after additional
adjustment for maternal levels

of polybrominated diphenyl

cthers, polychlorinated biphenyls,
dichiorodiphenyltrichlorocthane/
dichlorodiphenyldichloroethylene,

and lead, prenatal DAPs (in analyses
of child DAPs), use of creatinine-
adjusted DAPs, stratification by sex, or
restriction to children tested in Spanish

“

Sex, exact age at assessment,
breast-feeding duration, location of
assessment, psychometrician, and both
prenatal and child DAPs

Results based on creatinine-adjusted
raetabolite levels were “similar ...
although some associations were
attenuated” (results NR)

Estimates of association differed
significantly (£ = (.03} between
prenatal and postnatal BAP
concentrations

Resting conditions at 6 months and

1 year: Hstening to digitally recorded
luliabies

Resting conditions at 3.5 and 5 years:
listening to a story read aloud

For resting measures, the “only significant
association in both the nnadjusted and
creatinine-adjusted models was for child
[DEP] concentrations and high [pre-
cjection period] resting measures (less
synipathetic activation) in I-year-olds.”

{Continued )
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Reference

Outcorne

Hxposure

Number of
subjects/events

Hstimate of association (#3% CI)

Adjustment factors

Comments

Quiros-Alcala
ctal. (201 1)

Quiros-Alcala
etal. (2011)

Quiros-Alcala
ctal. (201 1)

Quiros-Alcala
etal. (201 1)

(Quiros-Alcala
etal. (2011)

Quiros-Alcala
etal. (201 1)

Quiros-Alcala
etal. (201 1)

Quiros-Alcala
ctal. (201 1)

Quiros-Alcala
etal. (2011)

s (Quiros-Alcala
etal. (2011)

3

Heart rate, resting
{beats per niinute)
at 6 months and 1,
3.5, and 5 vears

Pre-ejection
period, resting
(milliseconds) at 6
months and 1, 3.5,
and 5 years

13

Child urinary DEPs
(nmol/L, log,,
scale)

Maternal prepatal
urinary DAPs
(nmol/L, log,,
scale)

Maternal prenatal
urinary DMPs
{nmol/L, log,,
scale)

Maternal prenatal
urinary DEPs
(nmol/L., log.i 9
scale)

Child urinary DAPs
(nmol/L., log.i 9
scale}

Child vrinary DMPs
(nmol/L, log,,
scale)

Child urinary DEPs
(nmol/L., log,
scale)

Maternal prenatal
urinary DAPs
(nmol/L, log,,
scale)

Maternal prenatal
urinary DMPs
(nmol/L., log,
scale)

Maternal prepatal
urinary DEPs
(nmol/L, log,,
scale)

142 at 6 months
149 (‘[ i Vcar
95 at 3.5 years
270 at 5 years
143 at 6 months
147 at 1 year
95 at 3.5 years
271 at 5 years

143 at 6 months
147 at 1 year
95 at 3.5 years
271 at 5 years
143 at 6 months
147 at 1 year
05 at 3.5 years
271 at 5 years
143 at 6 months
147 at 1 year
95 al 3.5 years
271 at 5 years
143 at 6 months
147 at | year
95 at 3.5 years
271 at § years
143 at 6 months
147 at 1 year
95 at 3.5 years
271 at 5 years
136 at 6 months
141 at 1 year
94 at 3.5 years
269 at 5 years

136 at 6 months
141 at | year
94 at 3.5 years
269 at 3 years
136 at & months
141 at 1 year
94 at 3.5 years
269 at 5 years

Beta = -0.13 (-0.34, 0.09)
Beta = -0.03 (-0.29, 0.24)
Beta = -0.05 (-0.37, 0.27)
Beta = 0,03 (-0.17, 0.23)

Beta = -1.09 (-4.96, 2.78)
Beta = -2.50 (-6.72, 1.73)
Beta = -3.82 (-£.74, 1.10)
Beta = 1.36 (~1.89, 4.60)

Beta = -1.19 (-4.71, 2.33)
248 (-6.39, 1.43}
=-3.11(~7.81, 1.60)
Beta = 1.96 (-0.93, 4.85)

Reta — —0.38 (—4.51, 3.75)
Beta = -1.63 (—h 12,2.86)

] aQ (— A43,4.21)
= (.38 (-2.58, 3.34)
Beta = 2,17 (-0.83, 5.16)
Beta = -1.14 (-3.21, 0.93)
Beta = 1.41 (~1.11, 3.94)
Beta = 0.44 (-2.14, 3.02)
Beta = 2.28 (-0.58, 5.14)
Beta = -1.13 (-3.09, 0.84)
Beta = 0.62 (-2.23, 3.47)
Beta = -0.02 (-3.57,3.53)
Beta = 1.58 {~1.38, 4.53)
Beta = -0.14 (-1.92, 1.65)
Beta = -0.67 (-4.11,2.76)
3‘72 {-0.09, 7.53}
3 7 (-1 92 447y
Beta = »O 86 (-3.11, 1.39)

Beta = -0.77 (~3.90, 2.353
Beta =377 (0.21, 7.33)
Beta = 1.04 (-2.01, 4.09)
Betaf—l 18 (=3.18,0.83)
Beta = 1.25 (-2.46, 4.96)
Beta = 2.74 (-1.20, 6.68)
Beta = 1.03 (-2.01, 4.07)
Beta = 0.39 (-1.73, 2.33)

“

No significant associations were found
between cumulative measures of
prenatal or childhood metabolite levels
(based on area vnder the concentration-
time curve calculations) and resting

or reactive measures at age 5 years,
except between creatinine-unadjusted
cumulative prenatal DEP levels and
resting heart rate (beta = -3.19 [-6.29,
~0.097)
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Quiros-Alcala
etal. (201 1)

(Quiros-Alcala
etal. (2011)

Quiros-Alcala
etal. (2011)

Quiros-Alcala
etal. (201 1)

Quiros-Alcala
ctal. (201 1)

Quiros-Alcala
etal. (201 1)

(Quiros-Alcala
etal. (2011)

Quiros-Alcala
etal. (201 1)

Quiros-Alcala
etal. (201 1)

Respiratory sinus
arrhythmia,
reactive {index) at
6 months and 1,
3.5, and 5 years
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Child vrinary DAPs
(nmol/L, log,,
scale)

Child urinary DMPs
(nmol/L, log,,
scale)

Child vrinary DEPs
(amol/L, log,,
scale)

Maternal prepatal
urinary DAPs
(nmol/L, log,,
scale)

Maternal prenatal
urinary DMPs
{nmol/L, log,,
scale)

Maternal prenatal
urinary DEPs
(nmol/L., log.i 9
scale)

Child urinary DAPs
(nmol/L., log.i 9
scale}

Child vrinary DMPs
(nmol/L, log,,
scale)

Child urinary DEPs
(nmol/L., log,
scale)

136 at 6 months
141 at | year
94 at 3.5 years
269 at 3 years
136 at 6 months
141 at 1 year
94 at 3.5 years
269 at 5 years
136 at 6 months
141 at | year
94 at 3.5 years
269 at 3 years
141 at & months
147 at 1 year
95 at 3.5 years
270 at 5 years

141 at 6 months
147 at 1 year
95 at 3.5 years
270 at 5 years
141 at 6 months
147 at 1 year
05 at 3.5 years
270 at 5 years
141 at 6 months
147 at 1 year
95 at 3.5 years
270 at 5 years
141 at 6 months
147 at | year
95 at 3.5 years
270 at 5 years
141 at 6 mounths
147 at 1 year
95 at 3.5 years
270 at 5 years

For personal use only.

Beta = -0.31 (-2.83,2.22)
Beta = 1.27 (~1.39, 3.92)
Beta = 0.57 (~1.38, 2.51)
Beta = 0,35 (-1.09, 1.79)
Beta = -0.06 (-2.27, 2.16)
L= 0,34 (-1.99, 2.68)
Beta = 0.74 (~1.11, 2.59)
Beta = 0.27 (~1.10, 1.63)
Beta = ~0.59 (~3.15, 1.98)
Beta == 4.33 (1.24, 742)
Beta = -0.96 (-2.87, 0.94)
Beta = 0.70 (~0.53, 1.93)
.17 (-0.36, 0.03)
Beta = 0.24 (0.03, 0.46)
Beta = 0.06 (~0.23, 0.34)
Beta = -0.08 (-0.25, 0.08)

Beta = -0.15 (-0.33, 0.03)
Beta = 0.25 (0.05, 0.45)
Beta = 0.07 (-0.21, 0.34)
Beta = ~0.04 (-0.18,0.11)
=-0.09 (-0.31,0.12)
=0.01 (~0.22, 0.24)
sta = 0.02 (~0.25, 0.29)
~0.01 (~0.17.0.14)
a = -0.10 (-0.24, 0.05)
sta = 0.01 (~0.14, 0.16)
~0.03 (~0.20, 0.14)
Beta = (.06 (-0.04, 0.16)
Beta = ~0.08 (-0.21, 0.05)
Beta = ~D.01 (-0.14.0.12)
Beta = -0.02 (-0.19, 0.14)
Beta = 0.06 (~0.04, 0.16)
Beta = 0.00 (~0.14, 0.15)
Beta = 0,09 (-0.09, 0.27)
Beta = 0.01 (-0.16, 0.18)
Beta = -0.02 (-0.11, 0.07)

Sex, exact age at assessment,
breast-feeding duration, location of
assessment, psychometrician, and
both prenatal and child DAPs
“Associations between reactivity
scores and creatinine-adjusted
prenatal {DMP] and DAP levels were

similar” (results NR)

{hallenging conditions at 6 months
and 1 year: watching a jack-in-the-box
wound up and jumping out of the box
{social/startle), listening to a digitally
recorded sick baby crying {emotion),
and feeling a vibrator on the leg
(physical}

Chalienging conditions at 3.5 and §
years: answering questions {social},
watching a scary video clip (emotion),
tasting concentrated lemon juice on
the tongue (physical), and repeating a
series of numbers (cognitive)

{(Continued )

sa7n80dXe SPUOISUL JG [9AT-M07] IO

samsodya apuoasut J¢3 jasap-moy

119



¢8000-L£¥9¥000 190200 a3

VOAN 2.rEn08L vd3 'A gnjD elISIS

v/ 1811

Table 3. (Continued )

Critical Reviews in Toxicology Downloaded from informahealthcare.com by Kathi Lohmann on 07/20/15

For personal use only.

Reference

Outcome

Exposure

Number of
subjects/events

Hstimate of assoc mnon

059
93

o CI}

Adjustment factors

Comments

(Quiros-Alcala
etal. (2011)

Quiros-Alcala
etal. (201 1)

(Quiros-Alcala
ctal. (201 1)

Quiros-Alcala
etal. (2011)

Quiros-Alcala
etal. (2011)

Quiros-Alcala
etal. (201 1)

Quiros-Alcala
etal. (201 1)

Quiros-Alcala
etal. (2011)

Quiros-Alcala
etal. (201 1)

Quiros-Alcala
etal. (201 1)

(Quiros-Alcala
ctal. (201 1)

L Quiros-Alcala

etal. (2011)

Heart rate, reactive
{beats per niinute)
at 6 months and 1,
3.5, and 5 vears

"

Pre-gjection
period, reactive
{milliseconds) at 6
months and 1, 3.5,
and 5 years

Maternal prenatal
urinary DAPs
(amol/L, log,,
scale)

Maternal prenatal
urinary DMPs
{nmol/L., log} o
scale)

Maternal prenatal
urinary DEPs
(amol/L, log,,
scale)

Child vrinary DAPs
(amol/L, log,,
scale)

Child urinary DMPs
(nmol/L. log,
scale)

Child urinary DEPs
(nmol/L, log,,
scale)

Maternal prenatal
urinary DAPs
{nmol/L., log} o
scale)

Maternal prepatal
urinary DMPs
(nmol/L, log,,
scale)

Maternal prenatal
arinary DEPs
(nmol/L., log,
scale)

Child arinary DAPs
(nmol/L, log,,
scale)

Child urinary DMPs
{nmol/L., log} o
scale)

Child vrinary DEPs
(amol/L, log,,
scale)

142 at 6 months
145 at | year
95 at 3.5 years
271 at 5 years
142 at 6 months
145 at | year
95 at 3.5 years
271 at 5 years
142 at 6 months
145 at 1 year
95 at 3.5 years
271 at 5 years
142 at 6 months
145 at | year
05 at 3.5 years
271 at 5 years
142 at 6 months
145 at | year
95 at 3.5 years
271 at 5 years
142 at 6 months
145 at | year
95 at 3.5 years
271 at § years
135 at 6 months
137 at 1 year
94 at 3.5 years
269 at 5 years

135 at 6 months
137 at 1 year
94 at 3.5 years
269 at 5 years
135 at 6 months
137 at | year
94 at 3.5 years
269 at 5 years
135 at 6 months
137 at 1 year
94 at 3.5 years
269 at 5 years
135 at 6 months
137 at 1 year
94 at 3.5 years
269 at 5 years
133 at 6 months
137 at | year
94 at 3.5 years
269 at 5 years

Beta = 0.62 (-1.37, 2.62)
Beta = -0.20 (-2. 8 1.98)
Beta = -0.51 (~2.31, 1.28)
Beta = 0.42 (-0.87, 1.72)
Beta = 0.52 (~1.31, 2.36)
Beta = -0.32 (-2.34,1.70)
Beta = —0.44 (-2.16, 1.27)
Beta = 0.192 (-0.96, 1.35)
Beta = 0.44 (-1.69, 2.57)
a=0.13(-2.16,2.42)
~3.69 (-2.41, 1.02}
0.22 (~1.01, 1.45)
1.20 (-0.26, 2.67)
~(3.36 (~1.88,1.15)
Beta == 0.08 (~1.01, 1.17)
Beta = .09 (-0.91, 0.73}
Beta = 0.78 (-0.54, 2.09)
Beta = ~0.13 {(~1.46, 1.19)
Beta = -.02 (-1.07, 1.02}
Beta = 0.08 (-0.71, 0.86)
Beta = 1.23 (~0.24, 2.71)
Beta = -1.09 (-2.89,0.71}
Beta = 0.00 (-1.07, 1.08)
Beta = —0.30 (-1.00, 0.41)
Beta = 1.23 (=0.07, 2.34)
Beta = —~1.07 (-2.56,0.41)
0.27 (-0.67,1.21}
=335 (~0.85, 0.16)

Beta = 1.21 (0.03, 240}
Beta = ~1.00 (~2.39, 0.38)
Beta = 0.23 (-0.67, 1.13)
Beta = -0.32 (-0.77, 0.14)
Beta = (.07 (~1.37, 1.51)
Beta = -{3.08 (-1.66, 1.49}
Beta =018 (-0.72, 1.07)
Beta = —0.26 (-0.74, 0.22)
Beta = .03 (~1.00, 0.93}
Beta = 0.64 (-0.40, 1.67)
Beta = —{1.23 (-0.80, .34}
Beta = 0.18 (-0.14, 0.50)
Beta = 0.05 (-0.80, 0.89)
.37 (-0.53, 1.28}
~0.20 (-0.74,0.335)
=015 (-0.16, 0.46)
Beta = 0,11 (~1.10, 0.88)
Beta = 0.73 (-0.50, 2.00)
Beta = -0.21 ( -0.77, 0. 26)

“
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etal. (201 1)
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Autonomic nervous
system profile at 6
months and 1, 3.5,
and 3 years

Maternal prepatal
urinary DAPs
{nmol/L)

& months:

22 coactivation
43 coinhibition
41 reciprocal

parasympathetic

activation
20 reciprocal

sympathetic

activation

1 year:
33 coactivation
33 coinhibition
43 reciprocal

¥
5

parasympathetic

activation
21 reciprocal

sympathetic

activation

3.5 years:

11 coactivation
26 coinhibition
14 reciprocal

parasympathetic

activation
40 reciprocal

sympathetic

activation

5 years:

47 coactivation
75 coinhibition
41 reciprocal

parasympathetic

activation
99 reciprocal

sympathetic

activation

For personal use only.

CGeometric mean = 198.3 (143.6, 273.8)
Geometric mean = 110.0(69.9, 173.1)
Geometric mean = 160.8 (1138, 227.3)

Geometric mean = 110.0(69.9, 173.1)

F=1.53, =021

Geometric mean = 216.4 (157.0, 298.4)
Geometric mean — 141.8 (100.8, 199.5)
Geometric mean = 173.4 (125.2, 240.3)

(=)}

)

Geometric mean = 143.1 (77.4, 264,

F= 112, P=0.34

Geometric mean == 198.0 (101.9, 384.7)
Geometric mean = 185.9 (117.0, 2954}
Geometric mean = 128.3 (72.4, 227.5)

Geometric mean = 121.2 (96.1, 152.9)
F=1.58, =020
Geometric mean = 138.0 (102.0, 186.6}

Geometric mean — 132.2 (106.3, 164.3)
Geometric mean = 115.0(85.8, 154.1)

Geometric mean = 149.7 (126.4, 177.3}

F=0.83, P= 048

None

“Results were similar when using
creatinine-adjusted prenatal
concentrations” {NR)

Coactivation profile: activation of

both sympathetic and parasympathetic
nervous systems during challenge tasks
compared with rest

Coinhibition profile: inhibition of

both sympathetic and parasympathetic
nervous systems during challenge tasks
compared with rest

Reciprocal parasympathetic nervous
system activation and sympathetic
nervous system withdrawal

Reciprocal sympathetic nervous system
activation and parasympathetic nervous
system withdrawal

Frequencies of coactivation and
coinhibition at 6 months are taken from
Table 4b of manuscript (inconsistent
with Table 4a}

{Continued )
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Table 3. (Continued }

For personal use only.

Number of

Reference Outcome Exposure subjects/events Estimate of association (95% CI) Adjustment factors Comments
Cuiros-Alcala “ Child urinary DAPs 6 months: None No significant differences were
etal. (2011) (nmol/L) 22 coactivation Geometric mean = 46.3 (28.2,76.2)  p 3.18, P =0.03 for creatinine- observed in autonomic nervous
43 coinhibition Geometric mean = 38.8 (39.5,87.3) adjusted child urinary DAPs and system profiles between children
41 reciprocal Geometric mean = 38.8 (24.9, 60.5) reéiproca} sympathefio activation with consistently high {top 10%) vs.
parasympathetic with parasympathetic withdrawal at consistently low (bottom 10%) prenatal
activation 6 months and/or childhood DAP levels
20 reciprocal Geometric mean = 8§8.4 (40.3, 123.9)
sympathetic
activation
F=179 P=015
1 year:
33 coactivation Geometric mean = 34.5 (20.4, 58.2}
33 coinhibition Geometric mean = 38.0 (32.2, 104.5)
43 reciprocal Geometric mean = 68.6 (42.2, 111.8)
parasympathetic
activation
21 reciprocal Geometric mean =46.9 (21.0, 105.0)
sympathetic
activation
F=1.25 P=029
3.5 years:
11 coactivation Geometric mean = 93.3 (23.2, 376.0}
26 coinhibition Geometric mean = 77.2 (45.2, 131.8)
14 reciprocal Geometric mean = 73.6 (37.1, 146.3)
parasympathetic
activation
40 reciprocal Geometric mean = 132.1 (78.9, 221.3)
sympathetic
activation
F=0.87 P=046
5 years:
47 coactivation Geometric mean = 99.4 (66.2, 1459.4}
75 coinhibition Geometric mean = 110.0 (79.2, 153.0)
41 reciprocal Geometric mean = 124.8 (73.7, 211 .4)
parasympathetic
activation
99 reciprocal Geometric mean = 90.4 (68.7, 119.0)
sympathetic
activation
F=0.57, P=0.63
Lizardi et al. Trail Making Test B Child urinary 24 detectable Mean == 283 (224, 341) None One child in each exposure group with

{2008)

DAPs =125 vs.
<25 ug/l in
original screening
sample

{seconds) at
-7 years

=25 ug/L)
22 non-detectable
(<25 ug/ly

Mean = 204 {172
P =001

2363

a significantly higher urinary DAP level

(519 g/l and 850 pg/l) was excluded
from analysis

1012 $S109 Y $19
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Lizardi et al.
(2008)

Lizardi et al.
(2008)

Lizardi et al.
(2008)

Wechsler
intelligence Scale
for Children—Third
Edition Short
Form, Children’s
Memory Scale,
Wisconsin Card
Sorting Test, Trail
Making Test A,
Child Behavior
Checklist/4-18,
and Teacher
Report Form at
~ 7 years

Wisconsin Card
Sorting Test
measures at
~ 7 years

Wechsler
Intelligence Scale
for Children-Third
Edition Short
Form, Children’s
Memory Scale,
Trail Making
Test A and B,
Child Behavior
Checklist/4—-18,
and Teacher
Report Form at
~ 7 years

Critical Reviews in Toxicology Downloaded from informahealthcare.com by Kathi Lohmann on 07/20/15

u «
Child vrinary 48
DAPs (ug/l) in 46 after exclusion of
contemporaneous outhiers
sample
« P

For personal use only.

“No significant effects” (results NR)

Number of errors made:
correlation = .31, P =0.03
Number of perseverative responses:
correlation = 0.34, P = 0.01
Number of perseverative errors:
correlation = 0.35, P = (.01
Conceptual level responses provided:
correlation = 0.38, £ = (.01
Failure to maintain set:
correlation =038, P=0.02
After exclusion of one child in each
exposure group with a sigoificantly
high urinary DAP level: “no
significant correlations” (results
NR)
“No significant correlations
(p << .03)” (results NR)

One child in each exposure group with

a significantly higher orinary DAP level
(519 ug/L and 850 pg/l) was excluded
from analysis

{Continued )

arnsedxe spUoestl 4O [2401-M0T 10

samsodya apuoasut J¢3 jasap-moy

Si9



98000-L£¥9¥000 190200 A3

VOAN 2.rEn08L vd3 'A gnjD elISIS

v/ 1811

Critical Reviews in Toxicology Downloaded from informahealthcare.com by Kathi Lohmann on 07/20/15

Table 3. (Continued }
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Reference Cutcome Exposure

Number of

subjects/events Estimate of association (95% CI)

Adjustment factors

Comments

Bouchard et al.
(2010}

ADHD by diagnostic
criteria at 8-15
years

Child urinary DAPs,
DMPs, or DEPs
{nmol/L, log,,
scale)

Bouchard et al.
(2010)

Child urinary
dimethylthio-
phosphate (amol/g
creatinine)

Bouchard et al.
(2010}

ADHD by diagnostic
criteria or
medication use at
815 years

Child urinary DAPs,
DMPs, or DEPs
(nmol/L, log,,
scale)

Bouchard et al.
(2010)

Child urinary
dimethylthio-
phosphate (amol/g
creatinine)

119/1139 (10.4% DBAPs odds ratio = 1.21 {0.97, 1.5D)
DMPs odds ratio = 1.55 (1.14, 2.10)

DEPs odds ratio = 0.94 (0.69, 1.28}

407 below detection
{imit

366 <\median (30.4
nmol/g creatinine)

366 = median (30.4
amolfg creatinine)

Odds ratio = referent
Odds ratic = 1.05 {0.57, 1.95)
Odds ratio == 1.93 (1.23,3.02}

148/1139 (13.0%) DAPs odds ratio = 1.35 (1.10, 1.67)

DMPs odds ratio = 1.72 (1.31, 2.28)
DEPs odds ratio = 0.80 (0.60, 1.05)

407 below detection  Odds ratio = referent
it Odds ratio = 1.22 {0.65,2.27)
366 <\median (30.4  Odds ratio == 2.12 (1.32,3.41)
nmol/g creatinine)
366 = median (30.4
amolfg creatinine)

CGender, age, race/ethnicity, ratio

of family income to poverty level,
fasting duration, and logarithmically
transformed urinary creatinine
concentration

No change after additional adjustment
for year of data collection, blood lead
concentration, maternal age at birth,
or maternal smoking pregnancy. or
after exclusion of children taking
ADHD medication

CGender, age, race/ethnicity, matio of
family income to poverty level, and
fasting duration

No change after additional adjustment
for year of data collection, blood

lead concentration, maternal age at
birth, or maternal smoking during
pregnancy, or after exclusion of
children taking ADHD medication
Gender, age, race/ethnicity, ratio

of family income to poverty level,
fasting duration, and logarithmically
transformed urinary creatinine
concentration

No change after additional adjustiment
for year of data collection, blood

lead concentration, maternal age at
birth, or maternal smoking during
pregnancy

CGender, age, race/ethnicity, matio of
family income to poverty level, and
fasting duration

No change after additional adjustment
for year of data collection, blood

lead concentration, maternal age at
birth, or maternal smoking during
pregnancy

Diagnosis of ADHD is based on the
presence daring previous 12 months
of symptoms related to inattention,
hyperactivity, and impulsivity, with
significant impairment in = settings
(e.g., at school and at home); no
requirernent that symptoms occur
without another neuropsychiatric
disorder or that symptoms were present
before 7 years of age

Resuits were similar when using
creatinine-adjusted DAP, DMP, and
DEP concentrations (results NR}

919
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Bouchard et al.
(2010)

Bouchard et al.
(2010)

Bouchard et al.
(2010)

{Guodong et al.
(2012)

Guodong et al.
(2012)

{Guodong et al.
(2012)

Guodong et al.
(2012)

Hyperactive/

impulsive ADHD

subtype at 815
years

Inattentive ADHD

subtype at

8-15 years
Combined ADHD

subtype at

8-15 years
Gesell motor

behavior at

23-25 months

Gesell adaptive
behavior at
23-25 months

Gesell language
behavior at
23-25 months

Gesell social
behavior at
23-25 months

Critical Reviews in Toxicology Downloaded from informahealthcare.com by Kathi Lohmann on 07/20/15

Child urinary DAPs,
DMPs, or DEPs
(nmol/L, log,,
scale)

21/1139 (1.8%)

“ 69/1139 (6.1%)
“ 29/1139 (2.5%)

Child urinary DAPs 301
(nmol/g creatinine, 300 normal,
log,, scale) 1 {0.3%) with
developmental
delay

“ 301
297 normal, 4
(1.3%) with
developmental
delay

3

232 normal, 19
(6.3%) with
developmental
delay

o

)

Iy

“ 301
293 normal, 8
(2.7%) with
developmental
delay

For personal use only.

DAPs odds ratio = 1.85 (1.04, 3.2
DMPs odds ratio = 2.13 {1.08, 4.20)
DEPs odds ratio = 2.15 (1.06, 4.40)

A
7}

DAPs odds ratio = |.14 (0.81, 1.61}
DMPs odds ratio = 1.47 {0.99, 2.19)
DEPs odds ratio = 0.70 (0.49, 1.01)
DAPs odds ratio = 1.03 (0.51, 2.16)
DMPs odds ratio = 1.30 (0,48, 3.48)
DEPs odds ratio = 1.22 (0.59, 2.50)
DAPs beta = 0.30 {— 1.40, 1.99)
DMPs beta = — 1.25 (-~ 2.98, 0.47
DEPs beta =0.32 (— 1.37, 2.0

DAPsbeta = 1.71 (— 1.15,4.57)
DMPs beta = 2.53 {— 0.05, 5.10)
DEPs beta = — 0.41 (- 3.22, 2.39)

DAPs beta = 2,79 {— 1.01, 6.60)
DMPs beta = 2.83 (— 0.60, 6.26)
DEPs beta = — 0.29 (—4.02, 3.44)

DAPs beta = — 0.66 {(— 2.12, 0.79)
DMPs beta = — 0.48 (- 1.93, 0.97}
DEPs beta = — .93 (— 2.40, 0.54)

CGender, age, race/ethnicity, mtio

of family income to poverty level,
fasting duration, and logarithmically
transformed urinary creatinine
concentration

No change after additional adjustment
for year of data collection. blood lead
concentration, maternal age at birth,
or maternal smoking pregnancy, or
after exclusion of children taking
ADHD medication

“

Child sex, maternal education level,
and hoasehold income

Motor behavior includes locomotion,
reaching, balance, comprehension,
drawing, and hand control
Standardized to mean + 8D of
100+ 15, with <835 indicating
developmental delay

Adaptive behavior includes hand-cye
coordination, imitation, object recovery,
comprehension, discriminative
performance, perception, completion,
and number conception

Standardized to mean * SDof

100 * 15, with <83 indicating
developmental delay

Language behavior includes
vocabulary, word comprehension,
conversation, and word production
Standardized to mean + 8D of
100+ 15, with <835 indicating
developmental delay

Personal and social behavior includes
reactions to people, personal habits,
initiative and independence, play
responses, and acquired information
Standardized to mean + 8D of
100+ 15, with <835 indicating
developmental delay

(Continued
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Reference Outcome

Hxposure

Number of
subjects/events

Hstimate of association (#5% CI)

Adjustment factors

Comments

NICU Network
attention subscale
at 5 weeks

Colton et al.
{2013)

NICU Network
lethargy subscale
at 5 weeks

Colton et al.
{2013)

NICU Network
hypotonia subscale
at 5 weeks

NICU Network
autonomic stress
sabscale at 5
weeks

Yolton et al.
(2013)

Yolton et al.
(2013)

Al other NICU
MNetwork subscales
at 5 weeks

Colton et al.
{2013)

NICU Network
profile at 5 weeks

Yolton et al.
{2013}

Maternal 16- and
26-week average
prenatal urinary
DEPs (nmol/g
creatinine, log,
scale) )

Materpal 16-week
prenatal urinary
DEPs (nmol/g
creatinine, logz
scale)

“

Maternal 26-week
prenatal urinary
APs (nmol/g

creatinine, log,

scale

All other maternal
prenatal urinary
DAPs, DMPs, and
DEPs (nmol/g
creatinine, log,

scale) at 16 weeks,

26 weeks, or

averaged
Maternal prenatal

urinary DAPs

(nmol/g creatinine,

log, scale)

350

157 (45%) social/
casy-going

83 (31%) high-
arousal/difficult

110 (24%) hypotonic

Beta=0.066, SE=0.033, P <C0.05

Beta=-0.069, SE=0.034, P=0.04

Beta=-0.101, SE=0.045, P=0.03

Not statistically significant (& >0.05)

Odds ratio = referent

Odds ratio, 16- and 26-week
mean = 1.14 {0.98, 1.32)

Odds ratio, 16-week = 1.02 (0.91,
1.15)

Odds ratio, 26-week = 1.13 (0.99,
1.27)

QOdds ratio, 16- and 26-week
mean = 1.02 (0.87,1.19)

Odds ratio, 16-week = 0.90 (.79,
1.033

(Odds ratio, 26-week = 1.13 (0.99,
1.29)

Infant age at exam and race

Infant age at exam, race, birth weight,
and maternal consuraption of fresh
fruits and vegetables

infant age at exan, race, and maternal
body mass index

Infant age at exam, race, birth weight,
and blood lead level

NR

Infant age at exam, race, maternal
weight gain during pregnancy, and
maternal body mass index

Results are presented only for
statistically significant associations
Positive coefficient = increased
attention

Negative coefficient = decreased
lethargy

Negative coefficient = decreased
hypotonia

Negative coefficient = decreased
autonomic stress

Profiles identified using latent profile
analysis of patterns across NICU
Network Neurobchavioral Scale
dimensions

0 SSIY Y Q19
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Yolton et al.
(2013)

Yolton et al.
(2013)

Oudhote and
Bouchard
(2013)

Cuthote and
Bouchard
(2013)

Oudhote and
Bouchard
(2013)

Strengths and

Strengths and

Critical Reviews in Toxicology Downloaded from informahealthcare.com by Kathi Lohmann on 07/20/15

Maternal prepatal
urinary DMPs

(nmol/g creatinine,

log, scale)

Maternal prenatal
urinary DEPs

(nmol/g creatinine,

log, scale)

Difficulties
Questionnaire
total difficulties
score = 17 at ages
6-11 years

DMPs, or DEPs
(nmol/L, log,,
scale)

Child urinary DAPs
{nmol/L., log} o
scale)

Difficulties
Questionnaire
conduct problems
score =
611 years

Strengths and “

Difficulties
(uestionnaire
emotional
Symiptomnis

score = 5 at ages
6-11 years

Child urinary DAPs,

157 (45%) social/
easy-going

83 (31%) high-
arcusal/difficule

110 (24%) hypotonic

J

157 (45%) social/
casy-going

83 (31%) bigh-
arousal/difficult

110 (24%) hypotonic

J

69 (6.8%) overall

43 boys

21 gitls

779 subjects in
analysis

78 (8.0%) overall

97 (5.1%) overall

47 boys

50 girds

779 subjects in
analysis

For personal use only.

Odds ratio == referent

Odds ratio, 16- and 26-week
mean = 1.11 {0.97, 1.26)

Odds ratio, 16-week = 1.00 {0.90,
1.10)

Odds ratio, 26-week = 1.12 (1.00,
1.25)

Odds ratio, 16- and 26-week
mean = .99 (0.86, 1.13)

(dds ratio, 16-week = (.90 (0.80,
1.00)

Odds ratio, 26-week = 1.12 (8.99,

.26}
Cdds ratio = referent

Odds ratio, 16- and 26-week
mean = 1.03 (0.92, 1.15)
Odds ratio, 16-week = 0.98 (0.89, 1.08)
Odds ratio, 26-week = 1.03 (0.95,1.12}
Odds ratio, 16- and 26-week
mean = (.96 (0.86, 1.0%)
(dds ratio, 16-week = (.89 (0.81,
(.99}
Odds ratio, 26-week = 1.03 (0.94, 1.13}
DAPs odds ratio, total = 0.6 (0.3, 1.3}
DAPs odds ratio, boys = 0.5 (0.2, 1.8)
DAPs odds ratio, girls = 0.6 (0.3, 1.6)
P-interaction by sex = 0.97
DMPs odds ratio = 0.8 (0.4, 1.6)
DEPs odds ratio = 0.3 (0.1, 1.8)

DAPs odds ratio, total = 0.6 (0.3, 1.3)
DAPs odds ratio, boys = 0.7 (0.3, 1.7)
DAPs odds ratio, girls = 0.4 (0.1, 2.0
P-interaction by sex = 0.58

DAPs odds ratio, total = 1.1 (0.5, 2.2)
DAPs odds ratio, boys = 1.0 (0.4, 3.0)
DAPs odds ratio, girls = 1.0 (0.5, 2.0)
P-interaction by sex = 0.96

Sex, age, race/ethnicity, income,
parental education, maternal smoking
during pregnancy, birth weight, blood
lead levels, urinary creatinine, body
roass index, and fasting status

No change when using creatinine-
standardized metabolite
concentrations, not adjusting for blood
lead, or not weighting to account for
survey design

“

Questionnaire is designed for screening
of mental and behavioral difficulties
and strengths in population surveys;
cach dimension scale is scored on a
scale of 0-0, and total difficultics are
calculated by summing four dimension
scales (total of 0—40)

Prosocial behavier not analyzed
because “too few children had high
scores”

{(Continued )
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Number of

Reference Cutcome Exposure subjects/events Estimate of association (95% CI) Adjustment factors Comments
Culhote and Strengths and “ 109 (11.1%) overall  DAPs odds ratio, total = 0.8 (0.3, 2.0) “ -
Bouchard Difficulties 76 boys DAPs odds ratio, boys = (1.9 (0.4, 2.4}
(2013) Questionnaire 33 girls DAPs odds ratio, girdls = 0.4 (0.1, 1.8)
hyperactivity/ 779 subjects in P-interaction by sex = 0.21
inattention analysis

score =7 at ages
6-11 vears

Outhote and Strengths and

Bouchard Difficulties
(2013) (uestionnaire

peer problems
score = 4 at ages
6-11 vears
Fortenberry et al.  Conners parent-rated  Maternal prenatal
(2014) ADHD index at TCPy (ng/ml.},
6-11 years tertiles 2 and 3
vs. 1

Fortenberry et al.  Conners parent-rated
(2014) hyperactivity/
impulsivity
ADHD at 6-11
years

71 (7.3%) overall

43 boys

28 girls

779 subjects in
analysis

187 total
30 males

97 females

DAPs odds ratio, boys
DAPs odds ratio, girl
P-interaction by sex = 0.75

Tertile 2 beta, total = 2.61
(—1.54,6.73)

Tertile 3 beta, total = 4.00
{(—0.91, 8.90)

Potrend, total = 0,11

Tertile 2 beta, males = 2.32 (- 2.55,
7.20)

Tertile 3 beta, males = 5.55(— 0.19,
11.3)

P-trend, males = 0.06

Tertile 2 beta, females = 1.63
{(— 5.55,8.82)

Tertile 3 beta, ferales =0.17
(—8.28,8.63)

P-trend, females = 0.96

Tertile 2 beta, total — — 0.56
{(—5.03,3.91)

Tertile 3 beta, total = —0.51
{(— 5.80,4.78)

P-trend, total = 0.84

Tertile 2 beta, males — — 0.17
(— 6.63, 6.29)

Tertile 3 beta, males = 1.25
{(—6.36,8.87)

P-trend, males = 0.76

Tertile 2 beta, females —=0.33
{(—6.44,7.10)
Tertile 3 beta, females = — 3.81

(—11.8,4.16)
P-trend, females == (.33

Child sex, maternal intelligence
quotient, maternal education, income,
child age at testing, specific gravity,
scason, breast feeding, blood lead,
delivery length, and delivery head
circuniference

No significant differences in geometric
mean TCPy concentrations were
detected between trimesters, but
significant within-person variability
was detected across trimesters
(intraclass correlation = .29-0.32 for
specific-gravity-corrected TCPy, 0.41
for uncorrected TCPy)

Higher score on Conners’ Parental
Rating Scales—-Revised ADHD Index
indicates an elevated level of concern
for risk of ADHD, with a score of 40—
39 being average and <040 displaying
fewer concerns

Various tests are used to “assess
ADHD-related symptoms and are not
designed as diagnostic tools, but rather
for screening”

Scale based on Diagnostic and

Statistical Manual of Mental Disorders,

4th Edition, with scores ranging
between 0 and 9 and scores =6
suggesting a possible diagnosis
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Conners parent-rated “ «“
inattention ADHD
at 6-11 years

Conners parent-rated " “
combined ADHD
at 6-11 years

Conners parent- “ «“
rated global
restlessness/
impulsivity index
at 611 years

For personal use only.

Tertile 2 beta, total = 2.37 (— 1.79, “
6.53)

Tertile 3 beta, total = 245 (— 2.47,
7.37)

P-trend, total = (.31

Tertile 2 beta, males = 2.33 (— 2.36,
7.02)

Tertile 3 beta, males = 2.63 {(— 2.89,
8.16)

P-trend, males = 0.32

Tertile 2 beta, females = 1.19
{—6.09, 8.47)

Tertile 3 beta, females = — 0.07
(—8.64, 8.50)

P-trend, females = 0.99

Tertile 2 beta, total = 1.23 {— 2.89, "
3.35)

Tertile 3 beta, total = 1,10 (— 3.77,
5.98)

Potrend, total = 0.64

Tertile 2 beta, males = 0.80 (—4.48,
6.09)

Tertile 3 beta, males = 2.06 (—4.17,
8.29)

Potrend, males = 0.51

Tertile 2 beta, females = 1.64
(— 5.17,8.45)

Tertile 3 beta, fernales = — 1.83
(—49.84,6.19)

Potrend, females = 0.66

Tertile 2 beta, total = —0.15 (—4.57, “
4,27y

Tertile 3 beta, total = 0.38 (—4.85,
5.61)

P-trend, total = (3.89

Tertile 2 beta, males = (.49 (— 5.71,
6.68)

Tertile 3 beta, males = 3.78 {(— 3.52,
11.1)

P-trend, males = 0.32

Tertile 2 beta, females = — (.48
(—7.16, 6.14)

Tertile 3 beta, females = — 4.90
(—12.7,2.89)

P-trend, females = 0.22

Scale based on Diagnostic and
Statistical Manual of Mental Disorders,
on, with scores ranging
between 0 and 9 and scores =6
suggesting a possible diagnosis

Scale based on Diagnaostic and
Statistical Manual of Menial Disorders,
4th Edition, with scores ranging
between 0 and 9 and scores =6
suggesting a possible diagnosis

Higher score on Conners’ Parental
Rating Scales—Revised Global
Restlessness/Impulsivity Index
indicates an elevated level of concern
for tendencies toward hyperactivity and
inattention, with a score of 40-39 being
average and <40 displaying fewer
COnCerns

{(Continued )
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subjects/events

Hstimate of association (#3% CI)

Adjustment factors

Comments

Reference Outcorne Exposure
Fortenberry et al.  Behavioral “
(2014) Assessment

System for
Children attention
problems at 6-11

years
Tortenberry et al.  Behavioral “ “
(2014) Assessment
System for
Children

hyperactivity at
6-11 years

Tortenberry et al.  Conners clinical “
(2014) ADHD index at
6-11 years

Tertile 2 beta, total = 1.79 (— 2.66,
6.24)

Tertile 3 beta, total == 3.46 (— 1.81,
8.73)

P-trend, total = .19

Tertile 2 beta, males = — 0.37
(—7.02,6.27)

Tertile 3 beta, males = 5,59 (— 2.24,
13.4)

P-trend, males — 0,18

Tertile 2 beta, females = 5.81
(—0.75,12.4)

Tertile 3 beta, females = 1.82
(—35.91,9.55)

P-trend, females — 0.62

Tertile 2 beta, total = — 3.69 (— 7.88
0.50)

Tertile 3 beta, total = —3.35(— 8.3
1.60)

P-trend, total = (.17

Tertile 2 beta, males = — 5.00
(—12.6, 2.00)

Tertile 3 beta, males = — 3.49
(—11.7,4.73)

P-trend, males = 0.36

Tertile 2 beta, females = — 0.003
(—5.17,5.16)

Tertile 3 beta, females = — 2.77
(—8.84,3.31)

P-trend, females = 0.37

Tertile 2 beta, total = —3.97 (— 12.5,

4.51)

Tertile 3 beta, total = 2.19 (— 8.11,
12.5)

P-trend, total = .73

Tertile 2 beta, males = — 4.29
(—13.8,7.18)

Tertile 3 beta, males = .84 (— 12.8,
14.5)

P-trend, males = 0.95

Tertile 2 beta, fernales =0.42
(—13.2, 14.0)

Tertile 3 beta, females = 8.55
(—7.83, 24.9)

P-trend, females = 0.31

L

“

Higher score on Behavioral Assessment
for Children—Parental Rating Scales
indicates elevated level of concern, with
scores 2 59 indicating increased levels
of attention/hyperactivity problems

Higher score on Behavioral Asses
for Children—Parental Rating Scales
indicates elevated level of concern, with
scores = 39 indicating increased levels
of attention/hyperactivity problems

Conners’ Continuous Performance Test
clinical index measures the lkelihood
of an ADHD diagnosis, with a high
sensitivity (83-90%) but poorer
specificity (89-61%) when compared
with clinical ADHD diagnosis

79
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(2014}

Zhang et al.
(2014

Zhang et al.
(2014}

Zhang et al.
(2014}

Zhang et al.
(2014}

Zhang et al.
(2014}

Zhang et al.
(2014)
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Conners hit reaction
time block change
at 611 years

Neonatal Behavioral  Maternal prenatal

Neurological urinary DAPs
Assessment (1g/l., log,, scale}
SUMIMAry score at
3 days

“ Maternal prenatal

urinary DMPs
(ug/L. log,, scale)
Maternal prenatal
urinary DEPs
(ug/L. log,, scale)

Neonatal Behavioral  Maternal prenatal

Neurological urinary DAPs
Assessment (ug/L. log,, scale)

behavior score at
3 days

Maternal prenatal
urinary DMPs
(ug/L. log,, scale)

“
o
&

249 total
138 boys
111 girds

249 total
138 boys
111 gidds
249 total
138 boys
111 gidds
249 total
138 boys
111 gidds

249 total
138 boys
111 gidds
249 total
138 boys
111 girds

For personal use only.

Tertile 2 beta, total = —4.59 (—

0.36)

Tertile 3 beta, total = — 5,10 (— 11.1,

0.91)
P-trend, total = .09

Tertile 2 beta, males = — 5.10

(—13.1,2.92)

Tertile 3 beta, males = — 6.86

(—16.4, 2.68)
P-trend, males = 0.14

Tertile 2 beta, females — — 3.79

(— 10.6, 2.98)

Tertile 3 beta, females = — 2
(-~ 10.5, 5.82)

P-trend, females

Beta = -1.78 (-2.12, ~1.45)

Beta =-1.47 (-1.93, -1.01}

Beta = -2.03 (-2.55,-1.52)

Beta = -0.96 (-1.35, -0.57)
~0.409
. -0.35)
30, -0.47)
Beta = —0.61 {(~1.15, -0.07)
Beta = -0.98 (~1.58, -0.39)
Beta = -0.65 (-0.83, -0.45)
Beta = -0.50 (-0.76, -0.23}
Beta = -0.84 (~1.15.20.52)

Not significant (results NR)

Beta = -0.59 (-0.79, -0.40)
: ~3.42 (-0.67, 017}
ota == ~0.83 (~1.15, -0.53)

Maternal age, education, gestational
age, prenatal body mass index, and

cord blood fead concentration

Results were similar using creatinine-

adjusted DAP concentrations

Hit reaction time block change is the
variability of reaction tiroe for correct
responses across blocks or sections of
the Conners’ Continuous Performance
Test, and has been indicated as a
measure of vigilance or sustained
attention

Neonatal Behavioral Neurological
Assessment summary score is based

on 20 ttems, each score from 0-2,

with > 37 considered as well developed,
<234 considered as abnormal, and

~

3437 considered as acceptable

No evidence of departure from linearity
was observed in analyses by quintile of
DAPs

Neonatal Behavioral Neurological
Assessment behavior scale includes

six items, each scored from 0-2, fora
maximum of 12 (higher = better)

No evidence of departure from linearity
was observed in analyses by quintile of
DAPs

{Continued )
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Hxposure

Number of
subjects/events

Hstimate of association (#3% CI)

Adjustment factors

Comments

Reference Outcorne
Zhang et al. Neonpatal Behavioral
(2014) Neurological
Assessment

passive tone score
at 3 days

Zhang et al. “
(2014)

Zhang et al. “
(2014)

Zhang et al. Neonatal Behavioral
(2014} Neurological
Assessment active
tone score at 3
days

Zhang etal.
(2014}

Zhang etal.
(2014}

Zhang et al. Neonatal Behavioral
(2014) Neurological
Assessment
primary reflexes
score at 3 days

Fhang etal.
(2014

Fhang etal.
(2014

Maternal prenatal
urinary DAPs
{pg/L, log,, scale)

Maternal prenatal
urinary DMPs
(ng/L, log,, scale)

Maternal prenatal
urinary DEPs
(ng/L, log,, scale)

Maternal prenatal
urinary DAPs
(ug/l., log, scale)

Maternal prepatal
urinary DMPs
(ug/l., log, scale)

Maternal prepatal
urinary DEPs
(ugfl., log,, scale)

Maternal prenatal
urinary DAPs
(ng/l, log, scale)

Maternal prepatal
urinary DMPs
(ug/l, log, scale)

Maternal prenatal
urinary DEPs
(ug/L, log,, scale)

249 total
138 boys
111 girds

249 total
138 boys
111 girds
249 total
138 boys
111 girds
249 total
138 boys
111 gidds

249 total
138 boys
111 gidds
249 total
138 boys
111 gidds
249 total
138 boys
111 girls

249 total
138 boys
111 gids
249 total
138 boys
111 gids

Beta =-0.22 (-0.34, -0.10)
Beta =-0.21 (-0.36, -0.02)
Beta = -0.21 (-0.40, -0.02)

Beta = -0.22 (-0.33,-0.11)
Beta =-0.19 (-0.35, -0.07)
Beta = ~0.18 (-~0.35, -0.01)
Mot significant (results NR)

Beta = -0.48 (-0.66, -0.30)
Beta = -0.46 (-3.72, -0.21)
Beta =51 (-0.76, -0.25}

Beta = -0.41 (-0.57, -0.29)
Beta = -0.34 (~0.58,-0.11)
Beta = -0.41 (-0.65,-0.18}
Not significant (results NR)

Beta = -0.36 (-8.51, -0.21)
Beta =34 (-0.55, -0.13}
Beta =-0.39 (-0.61,-0.17)

Beta = -0.30 (-0.44.20.17)
Beta = pot significant (NR)
Beta = -0.34 (-0.54, -0.14)
Beta = not significant (NR}
Beta = -0.28 {(-0.48, -0.09)
Beta = not significant (NR)

“

Neonatal Behavioral Neurological
Assessment passive tone scale includes
four items, each scored from 0-2, for a
maximum of 8 (higher = better)

No evidence of departure from linearity
was observed in analyses by quintile of
DAPs

Neonatal Behavioral Neurological
Assessment active tone scale includes
four items, each scored from 0-2, for a
maximum of § (higher = better)

No evidence of departure from linearity
was observed in analyses by quintile of
DAPs

Neonatal Behavioral Neurological
Assessment primary reflexes scale
includes three itemns, each scored

from -2, for a maximum of 6

(higher = better)

No evidence of departure from linearity
was observed in analyses by quintile of
DAPs

ADHD attention deficity/hyperactivity disorder confidence interval, DAL dialky! phosphate, 2FP diethyl phosphate, DM P dimethy! phosphate, JOR interquartile range, MDA malathion dicarboxylic acid, NICU
neonatal intensive care unit, NR not reported, PONI paraoxonase 1, SD standard deviation, S¥ standard error, TCPy

5,6-trichloro-2-pyridinol.
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chlorpyrifos detected (Table 2) (Rauh et al. 2011). However, a
significant inverse association was detected with the Wechsler
Working Menory Scale (parsinmonious model beta = — 0.006,

further adjustment). This association was not substantially
confounded (change in beta << 10%) by childhood home envi-
ronment at age 3 years, based on composite indices (total
Home Observation for Measurement of the Eovironment or
HOME score, Environmental Stimulation Scale, and Paren-
tal Nurturance Scale) derived from observational imterview
data {Table 2) (Horton et al. 2012). Additionally, no appar-
ent interaction was observed between chlorpyrifos and the
Parental Nurturance Scale. However, the association between
chlorpyrifos and Wechsler Working Memory varied by child
sex, with a significant inverse association detected only among

(beta = —0.524, 95% Cl = — 1.90, 0.85).

Forty children aged 5.9-11.2 years in the CCCEH cohort
with low prenatal exposure to environmental tobacco smoke
(based on maternal self-report and cotinine levels <715 ng/mL
in cord plasma) and polycyclic aromatic hydrocarbons (based
on maternal third-trimester personal air monitoring levels
below the median of 2.26 ng/m?), including 20 children in the
highest tertile of cord plasma chlorpyrifos (=4.39 pg/g) and
20 below the highest tertile, participated in a study of brain
morphology using T1-weighted high-resolution magnetic res-
onance imaging {Table 2) (Rauh et al. 2012). Significant dif-
ferences between chlorpyrifos exposure groups that involved
primarily white matter included bilateral enlargement of the
superior temporal, posterior middle temporal, and inferior
postcentral gyri; right-hemisphere enlargement of the supra-
marginal gyrus, inferior parictal lobule, and saperior frontal
gyrus, gyrus rectus, cuneus, and precuncus along the mesial
wall; and inward deformations in the dorsal and mesial surfaces
of the left superior frontal gyrus. No significant difference was
found in overall brain size by chlorpyrifos level. Wechsler
Full-Scale 13 at age 7 years was positively correlated with
surface measures in the bilateral superior temporal, inferior
frontal, inferior precentral, and inferior postcentral gyri and
the left precuncus, and inversely correlated with surface mea-
sures in the right fusiform gyrus, among children with lower
cord plasma chlorpyrifos levels, but not those in the higher-
exposure group. Normal sex differences in the right inferior
parietal lobule, soperior marginal gyvrus, and mesial superior
frontal gyrus were reversed among children with higher chlo-
rpyrifos levels. “Scatiered reductions” in cortical thickness in
dorsal and parietal and frontal cortices were also associated
with higher chlorpyrifos levels.

The major strengths and limitations of the CCCEH cohort
study were discussed above in the context of analyses of birth
outcomes, and apply also to the analyses of neurodevelop-
mental ouicomes, except that selection bias due to differen-
tial participation rates of mothers by childhood newrological
outcomes at age 7 years is improbable, though not impos-
sible. For example, risk factors such as a personal or family
history of ncurological problems might influence the deci-
sion to participate. However, selection bias due to differential
dropout rates is a greater concern in studies with relatively
iong follow-up. Bias in analyses of parent-reported outcomes,
such as those based on the Child Behavior Checklist, is also

Tier 3/4
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a concern, because the completeness and accuracy of report-
ing may have varied by lifestyle factors related to maternal
prenatal chlorpyrifos exposure. Additional limitations are the
dichotomization of cord plasma chlorpyrifos levels in several
analyses, which precluded exposure-response analyses, and
the focus on a single OP insecticide.

Taken together, the results of newodevelopmental studies
in the CCCEH cohort suggest associations between prenatal
chiorpyrifos exposure and selected adverse neurodevelopmen-
tal outcomes, with some as-yet-unexplained heterogeneity by
subgroups and numerous statistically null associations. For
instance, an inverse association between cord plasma chiorpy-
rifos levels and lower scores on the Bayley Mental Develop-
ment Index was detected at 36 months among African Ameri-
can children, but not among Dominican children and not in
either group at 12 or 24 months. In the absence of g priori
hypotheses, it is unclear why prenatal chlorpyrifos exposure
might be associated with attention problems and pervasive
developmental disorder but not externalizing or internalizing
behavior problems as assessed by the Child Behavior Check-
fist, or with working memory among boys but not overall I(},
verbal comprehension, perceptual reasoning, or processing
speed as assessed by the Wechsler Intelligence Scale for Chil-
dren. Given the large number of outcomes tested, at least some
of the ohserved associations are almost certainly due to chance.
Again, neither this study nor any other study of neurodevelop-
mental cutcomes described in this review adjusted for multiple
comparisons. The observed associations with brain morphology
are noteworthy, but multiple comparisons are again a concern,
especially given the exclusive reporting of anatomic regions
where associations with chlorpyrifos exposure were observed,
but not those without any sach associations. Overall, the resulis
suggesting an adverse neurodevelopmental effect of prenatal
chlorpyrifos exposure cannot reliably be interpreted as causal
due to methodological limitations and internal inconsistency,
and require independent confirmation in other study settings.

Mount Sinai Children’s Environmental Cohort Study

The Mount Sinai CECS, described earlier, administered the
Brazelton Neonatal Behavioral Asscssment Scale to evaluate
28 behavioral items and 18 primitive reflexes, grouped into
seven clusters, in 311 neonates prior to hospital discharge at
or before 5 days (Engel et al. 2007). Subsequently, the Bayley
Scales of Infant Development, 2nd Edition, were adminis-

the Wechsler Preschool and Pomary Scale of Intelligence,
3rd Edition, or the Wechsler Intelligence Scale for Children,
4th Edition, was administered at ages 6-9 years {n = 169)
(Table 1) (Engel et al. 2011). The Brazelton scale evaluates
28 behavioral items and 18 primitive reflexes, which can be
scored into seven clusters: habituation, orientation, motor,
range of state, regulation of state, autonomic stability, and
number and type of abnormal reflexes (including plantar,
Babinski, ankle clonus, rooting, sucking, glabella, passive
resistance of legs, passive resistance of arms, pabmar, placing,
standing, walking, crawling, incurvation, tonic deviation of
head and eyes, nystagmus, tonic neck reflex, and Moro reflex).
The Wechsler Preschool and Primary Scale of Intelligence is
used to derive composite Verbal Comprehension, Perceptual

BIGgHTSH
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Reasoning, Processing Speed, and Full-Scale () scores; the
Wechsler Intelligence Scale for Children was described above
for the CCCEH study.

In adjusted models, maternal prenatal urinary levels of
DAPs, DMPs, and DEPs (classified as lincar on the log 10 BCale
or into quartiles) and detectable MDA were not significantly
associated with the Brazelton habituation, orientation, motor,
range of state, regulation of state, or autonomic stability
clusters (Table 2) (Engel et al. 2007). However, a log, -unit
increase in DEP levels was associated with a significantly
higher number of abnormal reflexes (relative risk [RR] = 149,

ginally associated with abnormal reflexes (RR = 1.32, 95%
Ci=0.99, 1.77), whercas DMP levels were not significantly
associated (RR = 1.13,95% Cl = 0.90, 1.41). Detectable MDA
levels in maternal prepatal urine were also associated with a
significantly higher number of abnormal reflexes (RR =2.24,
953% Cl= 1.55, 3.24). When levels of DAPs, DMPs, and DEPs
were categorized into quartiles, some positive associations
with number of abnormal reflexes were still detected, but not
in a monotonic exposure—response pattern., When the number

yses were stratified by infant age, associations with maternal
prenatal urinary DAPs, DMPs, and DEPs were stronger for

MDA was stronger for those aged 1 day. Statistically significant
interactions between maternal prenatal plasma PON1 expres-
sion levels and urinary DAP and DMP metabolite levels were
detected with risk of =2 abnormal refiexes as the outcome.
Specifically, the RR per-unit increase in prenatal DAPs was
2.38 (95% Cl=1.37, 4.15) for those in the lowest tertile of
PONT1 expression level versus 0.76 (95% Cl=0.48, 1.20) for
those in the highest tertile, and the RR for prenatal DMPs was
1.96 (95% Cl=1.27, 3.03) for those in the lowest tertile of
PONT1 expression level versus 0,73 (0.56, 0.96) for thosc in the
highest tertile. Associations with prenatal DEPs did not vary
significantly by PON1 expression.

In analyses using the Bayley Scales at 12 and 24 months,
maternal prenatal urinary DAP and DMP metabolite levels (but
not DEP levels) were associated with significantly lower scores
on the Mental Development Index at 12 months among blacks
and Hispanics (beta per log, -unit increase in DAPs = —3.29,

2011). When analyses of the Bayley Mental Development
Index at 12 months were stratified by maternal PON/,,
genotype, interactions were observed among blacks and His-
panics, with significantly lower scores among those carrying
the PONT,,, QR or RR genotype (i.e., heterozygotes and low-
activity homozygotes) than QQ homozygotes (¢.g., beta per
log, -unitincrease in DAPs = — 4.94, 95%Cl=—"7.87,—-2.07
for PONI . QR/RR carriers; beta = 35.72, 95% Cl= — (048,
11.92 for PONI,, QQ carriers). However, no significant
inieractions were found with the PONT .., or PONI 0. -
polymorphism, or with PON1 enzymatic activity for any neu-
rodevelopmental outcome assessed. No significant associations
were detected between maternal prenatal urinary DAP, DMP,
or DEP levels and the Bayley Mental Development Index at
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24 months (including after stratification by race/ethnicity or
PONI 4, penotype) or the Bayley Psychomotor Development
Index at 12 or 24 months (including after stratification by
racefethnicity). Moreover, DAP, DMP, and DEP levels were
not significantly associated with any Wechsler Intelligence
Scale measures, inchuding Full-Scale 13, Perceptnal Reason-
ing, Verbal Comprehension, Processing Speed, and Work-
ing Memory (assessed at ages 7-9 years only) at 6, 7-9, or
6-9 years. Only after stratification by PONI,, genotype were
significant inverse associations detected between maternal
prenatal urinary DAP and DMP levels and the Wechsler Per-
ceptual Reasoning Index (e.g., beta per log, -unit increase in
DAPs = — (.56, 95% Cl= —4.80, 3.68 for PONI , QR/RR
carriers;beta = —7.52,95% Cl= — 14.53, — 0.51 for PONI o,
QQ carriers). No significant interactions with PON/ , geno-
type were observed for the Wechsler measures of Full-Scale
1 or Verbal Comprehension.

Key strengths and limitations of the Mount Sinai CECS
were delineated earlier and apply equally to the analyses of
neurological outcomes. Selection bias due to unequal enroll-
ment rates may not have a major influence on associations
with long-term childhood neurological outcomes, unless
participation varied by strong neurological risk factors, but
selection bias due to unequal follow-up is a reasonable con-
cern. For example, 311 (77%) of 404 cligible infants com-
pleted the Brazelton Neonatal Behavioral Assessment Scale
before hospital discharge, excluding those admitted to the
Neonatal Intensive Care Unit (NICU), those delivered and
discharged over a weekend, those whose parent refused, those
who were not testable, and those for whom study personnel
were unavailable; thus, selection bias could have occurred if
exclusions were associated with both DAP metabolite levels
and neconatal behavioral outcomes. Multiple comparisons
potentially leading to chance findings are a particular con-
cern in these analyses, given the large number of outcomes
and subgroups examined, along with the apparent lack of ¢
priori hypotheses regarding why some but not other neoro-
fogical outcomes might be associated with OP metabolites,
or why associations might be observed in some but not other
subgroups by age and race/ethnicity. Consequently, although
the associations of maternal prenatal urinary levels of DAP
and DEP metabolites and detectable MDA with abnormal
neonatal reflexes were noteworthy, the absence of a mono-
tonic exposure-response pattern, along with the absence of
association with motor performance, autonomic stability, and
other neurological cutcomes, detracts from the coherence of
these findings. Likewise, the persuasiveness of the inverse
associations of maternal prenatal urinary levels of DAP and
DMP metabolites with mental development at 12 months in
blacks and Hispanics, especially in PONI,,, QR/RR car-
riers, is undermined by the positive associations in whites,
the absence of any association at 24 months, and the lack of
any interaction with other PON! genotypes or PONIT activity
levels. The stronger inverse association of prenatal DAP and
DMP levels with perceptual reasoning in 6- to 9-year-olds in
PONI ,,, QQ carriers also runs counter to expectation. Con-
sequently, the few observed significant associations among
a large number of statistically null associations, without a
discernable pattern, cannot reliably be interpreted as cansal,
and require confirmation in independent studies.
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Center for the Healith Assessment of Mothers and
Children of Salinas

The basic methods of the CHAMACOS birth cohort study
were described earlier; follow-up for neurodevelopmental
ouicomes contimued through age 7 years (Table 1) (Bouchard
et al. 2011, Eskenari et al. 2010, Eskenazi ¢t al. 2007, Marks
et al. 2010, Quiros-Alcala et al. 2011, Young et al. 2005).
Geometric mean wrinary DAP metabolite levels measured
in childien increased with age: 45.5 amol/L (95% Cl=39.6,
52.3) at 6 months, 59.5 =nmol/L {51.7, 68.5) at 12 months,
70.9 nmol/L. (614, 81.9) at 24 months, 77.5 nmol/L. (654,
91.9) at 3.5 years, and 92.6 nmol/L (78.6, 109.0) at 5 years
(Eskenazi et al. 2007, Marks et al. 2010). Neurodevelop-
mental outcomes were measured using the Brazelton Neo-
natal Behavioral Assessment Scale administered by 62 days
(2 months); the Bayley Scales of Infant Development, 2nd
Edition, administered at 6, 12, and 24 months; an autonomic
nervous system reactivity protocol that measured heart rate,
resparatory simus arrhythmia, and pre-ejection period follow-
ing social, physical, and emotional challenges (and cognitive
challenges for older children) administered at 6 months and
1, 3.5, and 5 years; the mother-completed Child Behavior
Checklist for ages 1.5-5 years administered at 2, 3.5, and 5
years; the NEPSY® visual attention subtest, 20d Edition,
admvinistered at 3.5 years; the Conners’ Kiddie Continuous
Performance Test, which assesses reaction time, accuracy,
and impulse control for ADHD screening using an interactive
computer program; the Hillside Behavior Rating Scale, which
assesses motor activity and distractibility for ADHD screen-
ing, administered at 5 years; and the Wechsler Intelligence
Scale for Children, 4th Edition, administered at 7 years.
Among infants assessed at or before age 2 months, no
significant association was observed between maternal pre-
natal average wrinary levels of DAPs, DMPs, or DEPs and
the Brazelton habituation, orientation, motor performance,
range of state, or regulation of state cluster, either overall or
among neonates assessed at age = 3 days or > 3 days (Table 2)
(Young et al. 2005). Maternal prepatal urinary DEP metabolite
fevels, but not DAPs or DMPs, were significantly associated
with a higher score on the autonomic stability cluster, which

By contrast, maternal prenatal urinary DAP, DMP, and DEP
metabolite levels were all significantly associated with a higher
number of abnormal reflexes, especially at age > 3 days (beta

95% Cl=0.12, 0.69; beta for DEPs=10.37, 95% C1=0.09,
0.64), but not at age =3 days (beta for DAPs = — (.01, 95%

(.20; beta for DEPs=0.08, 93% CI=—0.16, 0.32). When
the number of abnormal reflexes was dichotomized at>>3

fevels were categorized into guintiles, and the analysis was
restricted to neonates aged = 3 days at assessment, statistically
significant positive exposure—response trends were observed
for each metabolite type. The OR for>>3 abnormal reflexes
per log -unit increase in metabolite concentration was 4.9
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with any neonatal neurodevelopmental outcome were detected
with maternal post-delivery urinary metabolite levels.

A significant inverse association was detected between
maternal prenatal urinary DAP and DMP levels and the Bay-
ley Mental Development Index at 24 months (beta per log -
unit increase in DAPs= —354, 95% Cl= —6.59, —049;
beta for DMPs = —3.64, 95% CI= —6.36, — 0.91) (Table 2}
(Eskenazi et al. 2007). By contrast, child urinary DAP and
DMP levels at 24 months were positively associated with
the Mental Development Index (beta for DAPs = 2.37, 93%
CI=0.50, 4.24; beta for DMPs = 2.01, 95% CI =0.24, 3.78).
Child urinary DEP levels at 12 months were also positively
associated with the Mental Development Index at that age
(beta = 1.89, 95% CI=0.21, 3.58). Otherwise, associations
of maternal prenatal and child wrinary DAP, DMP, and DEP
metabolites, as well as maternal prenatal MDA and TCPy
fevels, with the Mental Development Index at 6, 12, and
24 months were statistically non-significant, and all associa-
tions with the Psychomotor Development Index at those ages
were non-significant. Maternal prenatal and 24-month child
urinary Jevels of DAPs, DMPs, DEPs, MDA, and TCPy were
not significantly associated with a clinically borderline score
(> 93rd percentile) for atiention problems or ADHD as assessed
by the Chlild Behavior Checklist at 24 months. However,
maternal prenatal urinary levels of DAPs and DMPs were at
least marginally significantly associated with a higher odds of
clinical pervasive developmental disorder (> 97th percentile)
as assessed by the Child Behavior Checklist at 24 months (OR
for DAPs =2.25, 95% CI=0.99, 5.16; OR for DMPs=2.19,
95% Cl1=1.05, 4.58; OR for DEPs = 0.88, .37, 2.07), as were
all three types of metabolites in children (OR for DAPs = 1,71,
95% Cl=1.02, 2.87; OR for DMPs = 1.52, 95% Cl=0.94,
2.45; OR for DEPs = 1.72, 1.12, 2.64). Maternal prenatal uri-
nary MDA and TCPy levels were not significantly associated
with pervasive developmental disorder at 24 months.

When associations hetween maternal prenatal urinary DAP,
DMP, and DEP levels and the Bayley Mental and Psychomo-
tor Development Indices and Child Behavior Checklist perva-
sive developmental disorder score were stratified by child or
maternal PONI! genotype, or by umbilical cord or maternal
blood PONI activity or quantity, no statistically significant
interactions were delecied, and stronger associations were not
consistently detected among those with lower-activity geno-
types (i.e., PONI o, RR and PON/ o TT) or lower enzyme
fevels (Table 2) (Eskenazi et al. 2010).

At age 3.5 years, maternal prenatal vrinary DAP, DMP, and
DEP levels were not significantly associated with attention
problerns or ADHD as assessed by the Child Behavior Check-
list, whether the ontcomes were analyzed as continnous or cat-
egorical variables dichotomized at clinically borderline scores
(> 93rd percentiley (Table 2} (Marks et al. 2010). However,
several OR point estimates were arcund 3.0, with wide 95%
Cls due to the small number of borderline scores at that age.
Prenatal urinary DAP, DMP, and DEP metabolite levels were
also unassociated with the NEPSY-II visual attention score
at age 3.5 years. Associations with Child Behavior Checklist
measures of attention problems and ADHD at age 5 years
were attenuated and statistically non-significant in analyses
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of dichotomized scores at age 5 years, but significant positive
associations were detected with scores analyzed as continu-
ous outcomes {(beta per 10-fold increase in DAPs =0.7, 95%

2.1 for ADHD). Whereas no significant associations were
detected between maternal prenatal urinary DAP, DMP, or
DEP metabolite levels and markedly atypical scores for omis-
sions, comunissions, or hit reaction time on the Conners’ Kid-
die Continuous Performance Test or the ADHD Confidence
Index analyzed as the continuous variable at 5 years, the odds
of having an ADHD Confidence Index above the 70th per-

15.7), a Hillside Behavior Rating Scale attention problems
score =7 out of 12 (OR for DAPs =30, 95% Cl=10.9, 9.8),

increased in association with higher prenatal metabolite con-
centrations. Some heterogeneity was detected by sex, with
boys generally showing stronger associations than girls. Asso-
ciations with child urinary OP metabolite levels were weaker
and not statistically significant.

At age 7 years, significant inverse associations were
found between maternal prenatal urinary levels of DAPs,
DMPs, and DEPs and Wechsler Intelligence Scale measures
of Working Memory (e.g., beta per log, -unit increase in
DAPs averaged from the first and sccond halves of preg-
~ 4.3, 95% Cl= 7.7, —0.9), Processing Speed

Verbal Comprehension (beta for averaged DAPs= — 5.3,
95% Cl= — 8.6, — 2.0), Perceptual Reasoning (beta for aver-
aged DAPs = —4.0, 95% Cl= — 7.9, — 0.1}, and Full-Scale
1Q (beta for averaged DAPs= —5.6, 95% C1—9.0, —2.2)
{Table 2) (Bouchard et al. 2011). When maternal averaged
prenatal wrinary DAP levels were categorized by quintile,
mverse exposure-response trends were observed for all five
outcomes, with an average difference of 7.0 Foll-Scale 1Q
points between the highest and lowest quintiles of prenatal
DAPs. Bstimates of association did not differ substantially
among maternal early prenatal, late prenatal, and posina-
tal urinary DAP concentrations, nor were marked changes
observed after additional adjustment for other environmen-
tal contaminants, standardization by creatinine, stratifica-
tion by sex, or restriction to Spanish-speaking children.
However, child urinary DAP levels at 6, 12, 24, 42, or
60 months, or at all ages taking the area under the concentration—
time curve, were not significantly associated with any of the
Wechsler Intelligence Scale measures at age 7 years.
Associations of maternal prenatal and child urinary DAPs,
DMPs, and DEPs with both resting and reactivity measures
of respiratory sinus arrhythmia, heart rate, and pre-ciection
period were tested at ages 6 months, 1 year, 3.5 years, and
5 years (Table 2) (Quiros-Alcala et al. 2011). In addition,
cumulative measurcs of prenatal (14-weck and 26-weck)
and childhood (6 months to 5 years, based on arca under the
concentration—time curve calculations) urinary DAP, DMP,
and DEP metabolite levels were analyzed with respect to
resting and reactivity measures at age 5 years. Among the
numerous associations tested, significant associations were
found only between child DAPs and DMPs and resting respi-

ratory sinus arrhythmia score at 6 months (beta per log, -unit
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increase in DAPs= —0.27, 95% Cl= —0.48, —0.06; beta
for DMPs=—0.24, 95% Cl=—0.42, —0.05; beta for);
between maternal prenatal DMPs and child DEPs and resting
pre-cjection period at 1 vear (beta for prepsatal DMPs = 3.77
milliseconds, 95% CE=0.21, 7.33; beta for child DEPs =4.33

milliscconds, 95% CI=0.03, 2.40); between maternal prena-
tal DAPs and DMPs and reactive respiratory sinus arthythmia

DMPs = (0,25, 95% CI=10.03, 0.45); and between cumulative
maternal prenatal DEPs and resting heart rate (beta = — 3.19
beats per munute, 95% Cl= —6.29, —0.09). Otherwise, all
tested associations were statistically non-significant, and esti-
mated coefficients showed no consistent direction of associa-
tion. When hasic measures of autonomic nervous system func-
tion at 6 months, 1 year, 3.5 vears, and 5 years were combined
into four profiles (coactivation of both sympathetic and para-
sympathetic nervous systems: coiphibition of both nervous
systems; reciprocal activation of parasympathetic and inhibi-
tion of sympathetic nervous systems; or reciprocal activation
of sympathetic and iphibition of parasympathetic nervous
systems), no significant differences in geometric mean urinary
DAP concentrations were found based on maternal prenatal
or child specimens, nor were these profiles associated with
consistently high versus low urinary DAP metabolite levels in
gestation, childhood, or both.

As with other prospective birth cohort studies described
carlier in the section on birth outcomes, the main strengths
and limitations of the CHAMACOS study were discussed
above, with perhaps a lower probability of selection bias with
respect to enrollment rates but a higher probability in terms
of follow-up rates, and greater concerns about multiple coni-
parisons due to the larger number of newrodevelopmental
risk factors assessed. Overall, the neurodevelopmental results
from CHAMACOS varied by outcome, metabolite type, age
group, and timing of exposure assessment. The associations
of maternal prenatal urinary DAPs, DMPs, and DEPs with a
higher number of abnormal reflexes at age > 3 days were fairly
consistent across metabolites and outcome classifications, but
they should be balanced against the null associations with
abnormal reflexes at =3 days and with other neonatal behav-
ioral outcomes (except antonomic stability at <3 days, which
was positively associated with maternal prenatal urinary DEP
levels). Another noteworthy finding is the positive association
of maternal prenatal DAP and DMP levels and child DAP,
DMP, and DEP Jevels (but not MDA or TCPy levels) with the
risk of pervasive developmental disorder score above the clini-
cal cutoff at 24 months. These results are notable and warrant
further evaluation, although the reliance on mother-reported
symptoms to classify this outcome leaves open the possibility
of misclassification, whether non-differential or differential
by exposure status. The inverse associations of prenatal DAP
and DMP levels with the Bayley Mental Development Index at
24 months are less compelling, given the opposite associations
with child metabolite levels and the statistically muoll associa-
tions with prenatal DEP, MDA, and TCPy levels as exposures,
and with the Mental Development Index at 6 and 12 months as
outcomes. The resuolts for autonomic nervous system function
were consistently null.
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Two sets of striking associations with adverse neurode-
velopmental outcomes were reported in CHAMACOS. The
first were the positive associations between prenatal DAP and
DMP Jevels and continuous Child Behavior Checklist scores
for attention problems and ADHD and dichotomized indica-
tors for ADHD Confidence Index, Hillside Behavioral Rating
Scale attention problems, and a composite ADHD indicator
at § years. Significant associations were not detected with
dichotomized Child Behavior Checklist scores for attention
problems and ADHD, dichotomized atypical scores on the
Conners’ Kiddie Continuous Performance Test, and continu-
ous ADHD Confidence Index, although point estimates were
generally in the positive direction. However, associations were
attenuated and mostly non-significant for child urinary DAP,
DMP, and DEP levels. The somewhat inconsistent findings
raise the question of whether some measures are more valid
than others for capturing ADHD risk, and the heterogeneity
of associations between boys and girls—with some inverse
and mostly nearly null point estimates among givls—is not
readily explained by known biological mechanisms. The other
salient results in CHAMACOS were the inverse associations
of maternal prenatal (but not child) urinary DAP, DMP, and
DEP levels with all five Wechsler Intelligence Scales at age
7 years. The consistency of these findings is unlikely to be
due to chance. The methodological limitations of this study,
especially with regard to OP insecticide exposure assessment,
prevent a causal interpretation of these findings, but the robust
associations with impaired behavioral and cognitive develop-
ment in school-aged children in CHAMACOS warrant atten-
tion and replication in independent studies.

Health Outcomes and Measures of the Environment Study

The HOME Stady, described earlier, included 350 mothers

gestation, and whose infants completed the NICU Network
Newrobehavioral Scale at home at approximately 5 weeks of
age {Table 1) (Yolton et al. 2013). The scale covers 13 dimen-
sions: habituation {excluded from analysis because it was
onitted for sleeping infants), attention, arousal, selfiregula-
tion, need for special handling from the examiner, quality of
movement, excitability, lethargy, non-optimal reflexes, asym-
metrical reflexes, hypertonicity, hypotonicity, and stress/absti-
nence. In multivariate regression models, significant associa-
tions were detected between creatinine-standardized maternal
prenatal urinary DEP levels averaged over 16 and 26 weeks
and increased attention (beta per log,-unit increase = (0.066,

nia (beta = — §.101, 5E = 0.043, with hypotonia dichotomized
as none vs. anyy; and between DAP levels at 16 weeks and

(Table 2). No other significant associations were detected
between maternal prenatal urinary DAPs, DMPs, or DEPs at
16 weeks, 26 weeks, or the average of the two, and any of the
other cight dimensions assessed. In secondary analyses, latent
profile analysis was used to group infants together based on
NICU Network Neurobehavioral Scale scores into one of three
patterns: social/easy-going (n = 157), hypotonic (n=110), or
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of being classified as hypotonic, compared with social/easy-
going, was detected among infants whose mothers had higher
creatinine-standardized urinary DEP levels at 16 weeks (OR

no significant associations were observed between maternal
prenatal urinary DAPs, DMPs, or DEPs at any time point
and the odds of heing classified as hypotonic or high-arousal/
difficult, although scveral borderline significant associations
were found in both directions, with no apparent consistency
by exposure or ouicome.

The main strengths and limitations of the HOME Stady
were discussed carlier and previous comments also apply to
this analysis. The use of only three profiles to classify neu-
robehavior in secondary analyses may be an oversimplifica-
tion of a complex newrobehavioral scale (Lester et al. 2004},
Although several results were generally in the same direction,
with higher maternal prenatal urinary DAP or DEP levels
being associated with better neurobehavioral cutcomes (.c.,
increased attention, decreased lethargy. decreased hypotonia,
and decreased autonomic stress), these significant associations
were selected among many others that were tested and found to
be null. Thus, these findings cannot reliably be interpreted as
demonstrating a beneficial causal effect of prenatal OP insecti-
cide exposure on behavioral neurodevelopment in infants.

Children Pesticide Survey

From the Children Pesticide Survey, a cross-sectional study
of children living in an agricultural community in southern
Arizona in 1998-2000, a subgroup of 25 school-aged chil-
dren was selected for analysis based on detectable DAP levels
(=25 ug/mL; metabolite not specified) in an initial urine sam-
ple, and 23 other children were sclected who had undetectable
jevels (Table 1) (Lizardi et al. 2008). Subsequently, urinary
DAPs were re-measured in a first-void arine sample, and a
cognitive assessment was conducted on the same day using
a short form of the Wechsler Intelligence Scale for Children
Third Edition, the Children’s Memory Scale, the Wisconsin
Card Sorting Test, and the Trail Making Test A and B. In addi-
tion, the Child Behavior Checklist 418 and the Teacher Report
Form were used to assess behavioral cutcomes. Based on the
urine samples collected on the day of the cognitive assess-
ment, all 48 children had detectable levels of DMP, although
average levels remained significantly higher in the originally
designated “exposed” group (mean = 110 yug/l., 95% Cl = 83,
139) than in the originally designated “unexposed” group
{mean =49 pp/l, 95% Cl = 36, 63) after excluding one outlier
from each group (519 ug/L in the “exposed” group and 850
g/L in the “unexposed” group).

Although children in the “exposed” group took significantly
longer time {mean = 283 seconds, 95% Cl =224, 341) to comi-
plete the Trail Making Test B than children in the “unexposed”
group {mecan = 204 scconds, 95% Cl= 172, 236), none of the
other cognitive or behavioral measures differed significantly
between the groups in unadjusted analyses, excluding the two
outhiers (Table 2). Concurrent urinary DAP levels (analyzed as
the sum of all six metabolites) were modestly and statistically
significantly correlated with some measures of the Wiscon-
sin Card Sorting Test {(p = 0.31-0.38, P =0.03), but not after
exclusion of the two outliers. Moreover, no significant correla-
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tions were detected with the other cognitive measures, includ-
ing the Wechsler Intelligence Scale, the Children’s Memory
Scale, and both Trail Making Tests. Correlations between
concurrent urinary DAP levels and behavioral measures were
not estimated.

A key limitation of this study is its cross-sectional design:
because exposures and outcomes were measured on the same
day, a causc-and-effect relationship cannot be established.
Reverse causality due to an influence of childhood behavior
on diet, as the major source of OP exposure, is plausible.
Even without such an cffect, it scoms unbikely that DAP
metabolites are etiologically relevant to cognitive perfor-
mance measured on the same day. Other limitations include
the lack of adjustment for any confounders, the small stady
size (resulting in vnstable estimates and, possibly, insuffi-
cient statistical power to detect any associations), the large
number of outcomes tested (resulting in the expectation of
several chance findings), and the use of a single sample of
urinary DAP levels. In particular, the fact that the originally
designated “unexposed” group had detectable urinary DAP
levels at the second assessment underscores the intra-individ-
ual variability of these metabolites. Participation rates were
not reported, precluding an assessment of potential selection
bias. These predominantly null results add Little insight into
possible adverse neurodevelopmental effects of exposure to
OP insecticides.

National Health and Nutrition Examination Survey

The NHANES is a contimmous series of population-based health
surveys designed to assess the health and putritional status
of approximately 3000 representative, non-institutionalized
adults and children in the United States each year (Table 1}
(Bouchard et al. 2010). In 2000-2004, NHANES data on six
urinary DAP metabolites and ADHD were available for 1,139
children (119 with ADHD) aged &-15 years, where ADHD
diagnostic status during the previous year was assessed based
on symptoms reported by the mother or another carctaker in
a telephone interview using the Diagnostic Interview Sched-
ule for Children IV (using slightly modified criteria from
the DSM-IV), or based on reported use of ADHD medica-
tion. Geometric mean urinary levels, which were measured
2-3 weeks before the interview, were 68.3 nmol/L (JQR =
24.4-186.0) for DAPs, 41.3 nmol/L. (JOR = 10.1-130.7) for

A 10-fold increase in urinary DAP or DMP metabolite fev-
els was associated with a significantly increased prevalence
of ADHD as defined based on diagnostic interview criferia or

1.67 for DAPs; OR=1.72, 95% Cl=1.31, 2.28 for DMPs),
or based on diagnostic interview criteria alone {Table 2).
A positive exposure—response gradient was observed across
undetectable, below-median, and above-median wrinary lev-
els of DMPs. Urinary DEP metabolite levels were not sig-
nificantly associated with prevalent ADHD (OR = 0.80, 95%
Ci=0.60, 1.05). However, urinary DAPs, DMPs, and DEPs
were all significantly associated with a higher prevalence of
the hyperactive/impulsive subiype of ADHD (n=21 chil-
dren; OR per 10-fold increase = 1.85, 95% Cl=1.04, 3.27 for
DAPs; OR =2.13,95% CI =1.08, 4.20 for DMPs; OR = 2.15,
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2.19) and no metabolites were significantly associated with
the combined hyperactive/impulsive and inattentive subtype

for DMPs).

This study is strengthened by #ts population-based sample
selection and by the availability of detailed interview and
physical examination data to adjust for potential confounders
(albeit not diet [Millichap and Yee 20121).

Major methodological limitations are the cross-sectional
design and the measurement of wvrinary DAPs at a single
paint in time. Outcomes were classified based on parent- or
caretaker-reported symptoms, which could have been differen-
tially misclassified if, for example, accuracy of reporting var-
ied by dictary patterns or other hifestyle characteristics related
to OP insecticide exposure. As mentioned by the authors, the
observed associations might be due (o reverse causality—i.e.,
ADHD-related behaviors, such as dietary changes (Millichap
and Yee 2012)—that could result in higher exposure to OP
insecticides and their metabolites. Participation rates among
ADHD and non-ADHD children were unknown, given that
ADHD diagnosis was predicated on participation; therefore,
the potential for selection bias could not be assessed. The
authors did not snggest a mechanism to explain the stronger
associations of DAP metabolites with the hyperactive/impul-
sive subtype of ADHD than others. Overall, the results of this
study indicate a positive association between DAP metabolite
Ievels and the prevalence of ADHD, but causal inference about
the effects of OP insecticide exposure is limited by the cross-
sectional study design.

Shanghai cross-sectional study

In a cross-scctional study of 301 healthy 2-year-olds
recruited in 2008 from two community hospitals in Shang-
hai, urinary levels of five DAP metabolites were measured in
spot urine samples on the same day on which a neurclogical
assessment of motor behavior, adaptive behavior, language
behavior, and personal and social behavior was completed
using the Gesell Developmental Schedules for 0- to 3-year-
old children (Table 1) (Guodong et al. 2012). Geomeiric
mean urinary levels were 2.52 pg/L (IQR = <02.0 [LOD]-
3.41) for DMP, 1.56 ug/L (IQ0R = </ 1.0-1.63) for DMTP,
1.78 pg/l (IQR = <1.0-2.89) for DEP, and 3.18 ug/L
(IQR = <(1.0-7.26) for DETP; DEDTP was detected in only
2.7% of subjects. No significant associations were observed
between a log -unit increase in creatinine-adjusted urinary
DAPs, DMPs, or DEPs and any of the four Gesell Devel-
opmental Schedule scores, and estimated coefficients were
not consistently above or below zero across metabolites or
cutcome measures {(Table 2.

The high participation rate in this study (97%) mini-
mizes selection bias, but the cross-sectional design and
reliance on a single biospecimen remain the major limita-
tions. Information on confounders was somewhat Limited,
although several covariates were included in multivariate
models, and the direction and magnitude of any uncon-
trolled confounding are unpredictable. Again, the lack of
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prospectively collected serial OP metabolites prevents this
study from fully assessing the associations between expo-
sure to OP insecticides and neurodevelopmental behavioral
outcomes in young children.

Canadian health measures sirvey

In the first cycle (2007-2009) of the cross-sectional Cana-
dian Health Measores Survey, the Canadian counterpart to
NHANES, 1081 children aged 6-11 years were enrolled,
inclading 1030 (95%) with spot urine measurements of six
DAP metabolites measured within two weeks of parental
completion of the Strengths and Difficulties Questionnaire to
assess mental and behavioral outcomes (Table 1) (Oulhote and
Bouchard 2013). The five-dimension scales of this question-
naire evaluate emotional symiptoms, conduct problems, hyper-
activity/inattention, peer problems, and prosocial behavior
(not analyzed due to insufficient variability). each scored on
a 10-point scale; a global total difficultics scale is computed
based on the sum of all scales except prosocial behavior.
Scores were dichotomized between high and low/borderline
using cutoffs recommended by the author of the instrument.
Of the eligible children, 779 (72%) had complete covariate
data and were included in the anpalysis. The median urinary
level of DAPs was 99.2 nmol/L (IQR =34.3-273.73), that of

25.0 (JQR = 10.5-51.3).

When analyzed on the log,, scale and adjusted for multiple
covariates, with or without creatinine standardization, urinary
DAPs, DMPs, and DEPs were all statistically unassociated
with elevated scores for total difficulties (OR for DAPs = (.5,

OR for DEPs = 0.3, 95% CI=0.1, 1.8}, conduct problems,
emotional symptoms, hyperactivity/inatiention, and peer
problems (Table 2). No significant heterogeneity was observed
by child sex.

The methodological strengths and limitations of this study
are essentially the same as those of the NHANES siudy
described above (Bouchard et al. 2010). Advantages include
the population-based setting and extensive information on
potential confounders (but not diet), whereas major drawbacks
inchade the cross-sectional design and the one-time spot urine
measurement of DAP metabolites. Parent-reported outcome
measures were subject to misclassification that might have
been differential. Selection bias could have influenced the
results in unpredictable ways if participation in the Canadian
Health Measures Survey or provision of complete covariate
data were related to both the exposure and the outcome. In
light of these himitations and the statistically null findings,
this study offers no evidence to support a causal effect of OP
insecticide exposure on hehavioral problems in children.

Early life Exposed in Mexico to Environmental Toxicants Study

The Early Life Exposed in Mexico to Environmental Toxi-
cants (ELEMENT) study sequentially enrolled 827 healthy
pregnant women from a general hospital and affiliated clinics
in Mexico City (Table 1) (Fortenberry et al. 2014). Of the
original cohort participants, 187 (23%) mother-child pairs
had third-trimester urine specimens and completed child psy-
chometric assessments to screen for ADHD-related symptoms
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at ages 611 vears in 2007-2011; these assessments included
the Conners’ Parental Rating Scales-Revised, the Behavior
Assessment System for Children—Parental Rating Scales, and
Conners’ Continnous Performance Test. The Conners’ Paren-
tal Rating Scales-Revised, a parent-completed assessment
tool for children and adolescents aged 3-17 years, included
scales for an ADHD index, global restlessness/impulsivity,
hyperactivity/impulsivity ADHD, inattention ADHD, and
combined-type ADHD, mostly based on guidelines from the
DSM-IV. The Behavioral Assessment System for Children—
Parental Rating Scales, a parent-completed assessment tool
for children aged 6-11 years, were used to assess atfention
probiems and hyperactivity. The geometric mean concen-
tration of TCPy in maternal prenatal urine was 1.76 ng/mL

prenatal urine specimens 1 all three trimesters, the geometric
mean concentration did not vary significantly across trimes-
ters, but significant within-subject variability was detected

gravity and 0.29 with correction).

No significant association, including after siratification
by sex, was found between maternal prenatal uwrinary TCPy
fevel and any of the outcome measures studied, including
all ADHD and restlessness/impulsivity scales based on the
Conners’ Parental Rating Scales-Revised; the two scales for
attention problems and hyperactivity based on the Behavior
Assessment System for Children—Parental Rating Scales; and
the clinical index for ADHD and the hit reaction time block
change measure (used to assess vigilance or sustained atten-
tion) based on the Conners’ Continuous Performance Test
(Table 2). The authors highlighted “suggestive trends” (with
P valoes > 0.05 but << 0.10) between maternal prenatal urinary
TCPy and increasing hit reaction time block change and the
Coonners” Parental ADHD index among boys, but no appar-
ent trends were detected (P = (.18-0.99) for any other ADHD
SCreening measures.

The ELEMENT study henefits from prospective collection
of prenatal vrine specimens, its measurement of a specific
metabolite of chlorpyrifos, and its adjustment for numerous
potential confounders (excluding diet). The scope of the study
is confined by the measurement of only one OP insecticide
metabolite. Other limitations, which are shared by other
studies discussed in this review, include the lack of serial
biomonitoring, potential selection bias, possible outcome mis-
classification due to the use of parent-reported data, a modest
number of subjects, and mmitiple comparisons, with no ¢ pri-
ori hypothesis regarding why TCPy should be associated with
some measures of ADHD-related symptoms but not others.
Thus, chance must be considered as a reasonable explanation
for the two marginally significant trends detected among at
feast 27 tested. In general, the resuits of this study suggest no
consistent or convincing associations between prenatal TCPy
ievels and ADHD-related symptoms.

Shenvang birth cohort
In another prospective birth cohort study, 249 healthy pregnant
women were emrolled from a hospital in Shenyang, China,
between 2011 and 2012 and followed through delivery of a
healthy neonate (Table 1) (Zhang et al. 2014). The Neonatal
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Behavioral Neurological Assessment, developed for Chinese
newborns, was administered at 3 days of age to measure
functional abilities, reflexes and responses, and behavioral sta-
tus based on five scales: behavior, passive tone, active tone,
primary reflexes, and general assessment. Concentrations of
five DAP metabolites were measured in prenatal maternal vrine
(timing of collection not specified), with the following geomet-
ric means: 18.03 ug/l (IQR =7.83--39.43) for DMP, 8.53 pg/L

ug/L (LOD; IQR =LOD-LOD) for DEDTP.

In adjusted linear regression models, log, -unit increases
in maternal prenatal wrinary levels of DAPs, DMPs, and
DEPs were all significantly associated with lower summary
scores on the Neonatal Behavioral Newrological Assess-
ment (beta for DAPs = —1.78, 95% Cl= —2.12, —1.45;
beta for DMPs = — (.96, 95% Cl= — 1.35, —0.57; beta for
DEPs = — (.88, 95% CI = — 1.30, — 0.47) (Table 2). Signifi-
cant inverse associations were also observed between maternal
prenatal DAPs and DEPs and behavior, between DAPs and
DMPs and passive tone, between DAPs and DMPs and active
tone, and between DAPs and DMPs and primary reflexes.
These associations were detected in both boys and girds, and
with and without creatinine standardization. Analyses with
maternal prenatal urinary DAP concentrations categorived
into quintiles were consistent with linear inverse exposure—
response associations with all five outcomes examined. When
regression coefficients were standardized, the associations
between maternal prenatal urinary DAP levels and all out-
comes were stronger than those with gestational age, cord
blood lead levels, and maternal prenatal BML

Like other birth cohort studies, the Shenyang study is
strengthened by the measurement of urinary DAP metabolite
levels prior to the measurement of neurological outcomes,
which rules out reverse causality. However, urine specimens
appear to have been collected from various subjects at dif-
ferent times throughout pregnancy, and it may or may not he
plausible that exposures at different stages of neurodevelop-
ment would have the same effect on behavioral outcomes. The
participation rate (81%) among cligible women was relatively
high, thereby reducing concerns about selection bias, and
information was collected on numerous potential confound-
ers, therehy lessening the probability of strong confounding.
However, due to the reliance on a single biospecimen and the
measurement of non-specific DAP metabolites, the observed
inverse associations between prenatal DAP metabolite levels
and nconatal behavioral outcomes cannot reliably be inter-
preted as cavsal. In addition, the applicability of the cutcome
assessment instruoment outside of China, where it was devel-
oped and tested, is unknown.

Bradford Hill evaluation of weight of evidence

Some measures of neurodevelopnmental outcomes, including
the Brazelion Neonatal Behavioral Assessment Scale, the
Bayley Scales of Infant Development, the Wechsler Intelli-
gence Scales, the Conners’” Parent Rating Scales, and the Child
Behavior Checklist, were used in more than one study, but sev-
eral were not. Although all relevant studics of OP metabolites
and neurodevelopmental ontcomes were described in the pre-
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ceding section, outcomes that were uniquely evaluated in only
one study (e.g., brain morphology (Rauh ¢t al. 2012) and spe-
cific autonomic nervous system functions (Quiros-Alcala et al.
2611} are not inchaded in the weight-of-evidence evaluation
becanse of the absence of independent results for comparison.

Strength. As in the case of associations with birth outcomes,
the strength of observed associations between OP metabolites
and nevrodevelopmental outcomes cannot be compared read-
ily across studies, due to variations in the unit of exposure
measurement, the inconsisient use of Jogarithmic transforma-
tion or creatinine standardization of metabolite levels, out-
come measurement and classification methods, and the format
of reported results. “Strong” versus “weak” associations also
are not objectively defined, especially for continuous expo-
sures and outcomes. Even so, most observed associations
entail relatively modest changes in outcomes—for example,
ORs and RRs between (.5 and 2.0, and increases or decre-
ments of a few points on a scale standardized to a mean of
100 and 5D of 15. Confounding and bias cannot confidently
be ruled out as explanations for associations of such a magni-
tade. Several ORs around or above 5.0 were reported in the
CHAMACOS study (Eskenazi et al. 2010, Marks et al. 2010,
Rauh et al. 2006, Young et al. 2005), but most of these were
statistically unstable, with lower 95% confidence Limits near or
below 1.0. Although these associations with large ORs merit a
closer look, most of these and other reported associations are
statistically non-significant, making them consistent with no
assoctation between OP metabolites and nearodevelopmental
ouicomes.

Consistency. To evaluate the consistency of findings across
study settings, we assume that neurodevelopmental outcomes
evaluated using different assessment tools are reasonably com-
parable. In four studies conducted in four different settings,
neonatal behavior was evaluated using the Brazelton Neonatal
Behavioral Assessment Scale, the NICU Network Neurobe-
havioral Scale, and the Neonatal Behavioral Newrological
Assessment (Engel et al. 2007, Yolton et al. 2013, Young et al.
2005, Zhang et al. 2014). Three of these four studics found an
assoctation between prenatal OP metabolite levels and poorer
reflexes at or shortly after birth (Engel et al. 2007, Young et al.
2005, Zhang et al. 214). Three studies also showed no asso-
ciation with any other adverse neonatal behavioral outcomes
{(Engel et al. 2007, Yolton et al. 2013, Young ot al. 2005).
The statistically null results for poorer reflexes in the HOME
Study (Yolton et al. 2013), in which newborns were older at
the time of assessment than those in the other three studies,
may suggest that the association is no longer detectable by
age 5 weeks. Alternatively, the heterogeneity might be due
to chance, confounding or bias, or true differences in study
populations or assessment tools,

Among infants and toddlers evaluated in four different study
settings, behavioral outcomes were measured using the Bayley
Scales of Infant Development and the Gesell Developmental
Schedules (Engel et al. 2011, Eskenaz et al. 2010, Hskenazi
et al. 2007, Guodong et al. 2012, Lovasi et al. 2011, Rauh
et al. 2006). Although all three studies that measured pre- or
perinatal OP metabolites and used the Bayley Scales of Infant
Development found a significant inverse association between
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OP metabolite levels and scores on the Mental Development
Index (Engel et al. 2011, Eskenazi et al. 2007, Rauh et al.
2006), this apparent consistency is no longer evident after a
closer examination of results. Specifically, the CCCEH study
detected an association at 30 months among African American
children but not at 12 or 24 months or in Dominican children
(Rauh et al. 2006); the Mount Sinai CECS detected an asso-
ciation at 12 months but not at 24 months among black and
Hispanic children, and an association in the opposite direction
at 12 months among white children (Engel et al. 2011); and
the CHAMACOS cohort found an association at 24 months
but not at 6 or 12 months (Eskenazi et al. 2007). Thus, none
of these studies detected persistent decrements in the Mental
Development Index related to OP insccticide exposure across
infancy and early childhood age groups. No adverse cross-
sectional associations between child urinary OP metabolite
levels and mental development at 24 months were reported in
CHAMACOS (Eskenazi et al. 2007) and the Shanghai study
(Guodong et al. 2012), and most (three out of four) studies
did not detect any significant associations with infant psycho-
motor development (Engel et al. 2011, Eskenazi et al. 2007,
Guodong et al. 2012).

Four studies in four scparate scttings assessed cognitive
outcomes in preschool- and school-aged children using the
Wechsler Intelligence Scales, the Children’s Memory Scale,
the Wisconsin Card Sorting Test, and the Trail Making Tests,
although only the Wechsler Scales were used in more than one
study (Bouchard et al. 2011, Engel ot al. 2011, Lizardi et al.
2008, Rauh et al. 201 1). Two studies found an inverse associa-
tion between prenatal OP metabolite levels and the Wechsler
Working Memory Index at 7 years (Bouchard et al. 2011,
Rauh et al. 2011), but one study did not (Engel et al. 2011),
and another found no association based on child DAP levels
(Lizardi et al. 2008). In addition, one study found an inverse
association with the Wechsler Perceptual Reasoning Index at
age 7 vears (Bouchard et al. 2011) and another detected that
association among PONI o, QQ carriers (Engel et al. 2011),
whercas no significant associations were detected in the other
two studies (Lizardi et al. 2008, Ravh et al. 2011}, Three of four
studies detected no significant associations between prenatal
or child OP metabolite levels and the Wechsler Full-Scale 13,
Processing Speed, and Verbal Comprehension Scales (Engel
et al. 2011, Lizardi et al. 2008, Ravh et al. 2011).

Six studies in five settings evaluated ADHD and other
attention problems in preschool- and school-aged children
using the Child Behavior Checklist, the NEPSY visual
attention subtest, the Conners’ Parental Rating Scales and
Continuous Performance Test, the Hillside Behavior Rating
Scale, composite ADHD indices, the Diagnostic Interview
Schedule for Children 1V, the Strengths and Difficolties Ques-
tionnaire, and the Behavior Assessment System for Children
(Bouchard et al. 2010, Eskenazi et al. 2007, Fortenberry et al.
2014, Marks et al. 2010, Qulbote and Bouchard 2013, Raub
et al. 2006). Significant positive associations between pre-
natal or child OP metabolite levels and some (but not all, in
the case of CHAMACOS) measures of ADHD or attention
problems were detected in the CCCEH study at age 36 months
(Rauh et al. 2006). in the CHAMACOS cohort at age 5 years
{(Marks et al. 2010), and i NHANES at ages 8-15 years
{Bouchard et al. 2010, but not in the CHAMACOS cohort
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at ages 24 months and 3.5 years (Eskenazi et al. 2007, Marks
etal. 2010), the Canadian Health Measures Survey atages 6-11
years (Oulhote and Bouchard 2013), or the ELEMENT stmdy
at ages 6-11 years (Fortenberry et al. 2014). The consistency
of results across studies is difficult to judge, duc to differences
in measurement instruments, analytic approaches, the timing
of metabolite measurement, and the timing of newodevelop-
mental assessment; the internal inconsistency of the findings
in the CHAMACOS cohort also complicate interpretation.
Overall, the findings for ADHD and attention problems were
approsimately equally balanced between positive and null.

Other behavioral problems in preschool- and school-aged
children were measured in three study settings using the Child
Behavior Checklist and the Strengths and Difficulties Ques-
tionnaire (Eskenazi et al. 2010, Eskenazi et al. 2007, Oulhote
and Bouchard 2013, Raub et al. 2006). The only specific
behavioral outcome measured in more than one study was per-
vasive developmental disorder based on the Child Behavior
Checklist, which was positively associated with pre- or peri-
natal OP metabolite levels in the CCCEH study (Rauh et al.
2006) and the CHAMACOS study (Eskenazi et al. 2007).
Although scores from the Strengths and Difficulties Question-
naire have been shown to be highly correlated with those from
the Child Behavior Checklist (Goodman and Scott 1999), it is
unclear whether the global total difficulties scale—which was
not significantly associated with child urinary DAP, DMP, or
DEP metabolite levels in the Canadian Health Measures Sur-
vey {(Oulhote and Bouchard 2013)—is comparable to that for
pervasive developmental disorder based on the Child Behavior
Checklist.

In sumumary, multiple studies reported a variety of associa-
tions of OP metabolites with poorer reflexes in neonates and
working memory, perceptual reasoning, measures of ADHD
and attention problems, and pervasive developmental disorder
in school-aged children. However, this apparent consistency
was detected among only three studies for neonatal reflexes
and selected measures of ADHD and attention problems, and
only two studics for working memory, perceptual reason-
ing, and pervasive developmental disorder. In addition, there
were no associations across three studies for adverse neonatal
behavioral outcomes, infant psychomotor development, other
measures of ADHD and attention problems in school-aged
children, and full-scale 1Q, processing speed, and verbal com-
prehension in school-aged children.

When studies were closely compared according to design,
exposure metric, timing of exposure measgrement, age group
of subjects, and neurodevelopmental test, at most only two
studies were directly comparable. That is, the Mount Sinai
CECS (Engel et al. 2007 2011) and CHAMACOS (Young
et al. 2005, Eskenazi ¢t al. 2007, Bouchard et al. 2011) both
used a prospective cohort study design to evaluate prenatal
maternal DAP, DMP, and DEP levels in association with
neurodevelopmental outcomes measured using the Brazelton
Neonatal Behavioral Assessment Scale, the Bayley Scales
of Infant Development, and the Wechsler Intelligence Scale.
Other prospective birth cohort studies used some of these
neurodevelopmental tests but not the same exposure metrics
{Rauh et al. 2006 2011, Lovasi et al. 2011), the same exposure
metrics but different neurodevelopmental tests (Yolton et al.
2013), or different exposure and outcome measures (Forten-
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berry et al. 2014). Thus, using our g priori requirement of three
mdependent studies to evaluate the weight of epidemiologic
evidence (stated in the “Scope of review” section), the avail-
able data are insufficient to establish consistent associations
between specific OP metabolites and specific newodevelop-
mental ouicomes.

Temporality. Issues related to the temporality of measured
OF metabolites and neurodevelopmental outcomes are sinii-
lar to those discussed above in the evalnation of associations
with birth outcomes, except that perinatal or carly childhood
exposures could plausibly be related to subsequent neurode-
velopment. However, because little is known about the tim-
g of various ncurodevelopmental impairments, it is unclear
whether environmental exposures in early gestation, late
gestation, infancy, early childhood, or later clildhood—or
perhaps a combination of these—are most ctiologically rel-
evant. The paucity of knowledge about possible biological
mechanisms and latency periods in pewrodevelopment may
justify the practice of multiple comparisons, with exposuores
and outcomes measured at multiple time periods being tested
for associations. However, the pitfalls of this approach should
be acknowledged; it is scientifically invalid to test numerous
associations and choose the statistically significant ones as
being the ctiologically correct ones while dismissing the sta-
tistically non-significant associations.

Biological gradient. Although most studies implicitly
assumed a log-lincar exposure-outcome relationship between
OF metabolites and neurodevelopmental outcomes, several
explicitly tested for a biological gradient by categorizing
exposures into at least three ordinal categorics and assessing
trends across those categories, with mixed results. Specifically,
in the Mount Sinai CECS, although positive associations were
detected between a continuous increase in maternal prenatal
urinary DAP and DEP levels and number of abnormal reflexes
in neonates, the estimated association with DAP concentra-
tions was stronger for the sccond-lowest quartile than the high-
est {compared with the lowest), and the association with DEP
concentrations was stronger for the second-highest quartile
than the highest, suggesting a non-monotonic relationship
(Engel et al. 2007). In the same study, the inverse association
observed between maternal prenatal DAP and DMP levels
and the Bayley Mental Development Index at 12 months
among black or Hispanic infants appeared to be monotonic
when evaluated across tertiles of metabolite levels (Engel
et al. 201 1). In the CHAMACOS cohort, exposure-response
gradients were tested between quintiles of maternal prenatal

mal reflexes in infanis aged >3 days t0=2 months (Young
et al. 2005), as well as between guintiles of maternal prenatal
urinary DAP levels and all five Wechsler Intelligence Scale
measures at age 7 years (Bouchard et al. 2011). Although
Wechsler scores were consistently lower in the second than the
third quartile of prenatal DAP levels, significant monotonic
trends were detected in all of these analyses, supporting their
validity. No significant trends were detected between ordinal
categories of maternal prenatal urinary MDA and TCPy levels
and the Bayley Motor and Psychosocial Development Indices
at 6, 12, and 24 months {Eskenazi et al. 2007).
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In NHANES data, ordinally increasing categories—unde-
tectable, below median, or above median—of urinary DMTP
(the only metabolite evaluated as a categorical variable) were
associated with progressively higher ORs for parent-reported
prevalent ADHD, suggesting a monotonic gradient {Bouchard
et al. 2010). In school-aged Mexican children, no statistically
significant monotonic trends were detected across increasing
tertiles of maternal prenatal wrinary TCPy levels and vari-
ous screening measures of ADHD (Forteaberry et al. 2014).
Borderline significant trends were detected with increasing
scores on the Conners’ Parental ADHD index among boys
(P, =0.06) and increasing hit reaction time block change
on the Conners’ Continuous Performance Test among boys
and girls combined, but evidence of non-monotonicity was
detected for both outcomes among girls. Finally, analyses
based on maternal prenatal vrinary DAP levels categorized
into quintiles clearly illustrated monotonic inverse associations
with the behavior, passive tone, active tone, primary reflexes,
and summary scores on the Neonatal Behavioral Neurological
Assessment among Chinese nconates, supporting the resualts
of linear regression models (Zhang et al. 2014). Overall, then,
most of this suhset of studies detected biological gradients
that strengthen the evidence in support of exposure-response
relationships between OP insecticide exposure and adverse
neurcdevelopmental outcomes, although some results were
not consistent with monotonic trends.

Plausibility and coherence. The biclogical plausibility and
coherence of the epidemiologic and toxicological evidence on
OP insecticides in relation to neurodevelopmental outcomes
was discussed above. The OP insecticide Jevels measured
in the epidemiclogic studies are far lower than would cause
meaningfiul AChE inhibition based on animal and (limited)
human toxicology data, and lower than has been established
as clinically significant in animal studies. There are no known
biological pathways for OP insecticides to cause the neurode-
velopmental effects examined in the epidemiologic studies.
Although the lack of established pathways docs not mean that
they do not exist, the existing evidence does not support a
causal interpretation.

A consideration in the evaloation of coherence of evidence
is whether observed interactions between OP metabolite
levels and PONT activity levels or genotypes suggest greater
susceptibility to adverse neurodevelopmental effects of OP
insecticides in individuals with lower PONT1 activity levels.
Three studies evaluoated such interactions. In the Mount Sinai
CECS, significantly stronger positive associations between
maternal prenatal DAP and DMP metabolite levels and hav-

among those with lower levels of maternal plasma PONI
enzymatic activity, with an increasing eXposure—response
pattern in the RR across tertiles of decreasing PONI activity
(Engel et al. 2007). By contrast, in the same cohort, mixed
results were obtained in analyses of interactions of maternal
prenatal wrinary DAP, DMP, and DEP levels with PON]
PONI 5510 and PONI o > . polymorphisms and PONI
enzymatic activity (Engeletal. 2011). In particular, PON/
genotype interacted with prenatal DAP and DMP levels in
the expected direction (i.e., with stronger adverse associa-
tions in R allele carriers) with respect to the Bayley Mental
RIOHTSE
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Figure 3. Hstimated associations between maternal prenatal urinary DAP levels and birth outcomes. Circles indicate estimated regression cocfficients
(betas), with 95% Cls indicated by whiskers. Exposures are log,, DAP concentrations in nmol/g creatinine (Wolfl et al. 20607), nmol/l. (Hskenazi
et al. 2004}, and nmol/L, creatinine-standardized (Rauch et al. 2012). A, Associations with birth weight in grams. B. Associations with birth length in
centimeters. C. Associations with head circumference in centimeters. . Associations with ponderal index in grams per cubic centimeter. E. Associations
with gestational age in weeks.

Development Index at 12 months in blacks and Hispanics, genotype and enzyme measures or neurodevelopmental out-
but opposite to the hypothesized direction with respect (o comes tested. In the CHAMACOS study, interactions were
the Wechsler Perceptual Reasoning Index at 6-9 years, and examined between maternal prenatal urinary DAP, DMP,
no significant interactions were found for the other PON1 and DEP levels and maternal and child PONI enzyme mea-
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surements and genotypes with respect to the Bayley Mental
and Psychomotor Development Indices and Child Behavior
Checklist pervasive developmental disorder score (Eskenazi
et al. 2010). No apparent interactions or patterns suggest-
ing higher susceptibility with lower PONI acuivity were
detected. Altogether, these limited findings do not provide
consistent, coherent evidence to support the hypothesis that
low PONI1 activity levels augment individual susceptibility
to impaired neurodevelopment from OP insecticide expo-
sure. One possible reason for the lack of consistent evidence
for higher susceptibility with lower PON1 activity is that not
all OP insccticides are detoxified by PON1 (Coombes et al.
2614, Additonally, Coombes et al. (2014) found that PON1
may pot affect metabolism of chlorpyrifos at environmen-
tally relevant exposures.

Specificity, experiment, and analogy. As discussed in the evalu-
ation of the weight of evidence on OP insecticides and birth out-
comes, no specificity is evident in the relationships between any
particular OF insecticide and any particular neurodevelopmental
outcome. Relevant experimental or quasi-experimental evidence
pertaining to low-dose OP insecticide exposure and adverse neu-
rodevelopmental outcomes in humans is Jacking, and analogies
to other neurctoxic or non-neurotoxic prenatal exposures do not
convincingly confirm or negate a causal hypothesis.
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Discussion

This paper reviews a large body of epidemiologic literature
and weighs the overall evidence using the framework of the
Bradford Hill guidelines. In this section, we focus on three
prospective cohort studies (CECS, CHAMACOS, and HOME)
that we judged to have the most informative design, and that
measured maternal prenatal urinary DAP levels prior to birth
or neurodevelopmental outcomes. In addition, we focused
on associations with total vrinary DAPs in all study subjects
combined, to facilitate comparisons across studies, because
DAPs were the common exposure meiric. Where available,
we used associations with creatinine-standardized wrinary
DAP levels and those that were folly adjusted for potential
confounders,

As shown in Figure 3, these most informative cohort
studics on balance reported no consistent significant asso-
ciations between maternal prenatal urinary DAP levels and
birth weight, birth length, head circumference, ponderal
index, or gestational age. Figure 4 shows that, in general,
there was also a lack of a significant association between
maternal prenatal urinary DAP levels and most measures
of neonatal neurodevelopment. Urinary DAP levels were
significantly associated with increased risk of abnormal
reflexes at birth in two studies (Engel et al. 2007, Young
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Tigure 4. Estimated associations between maternal prenatal urinary DAP levels and neurodevelopmental outcomes. Circles indicate estimated regression
coefficients {betas), except for associations with abnormal reflexes in neonates, where circles indicate estimated relative risks. Whiskers indicate 93%
Cls. Bxposures are log, , DAP concentrations in nmol/L. (Engel et al. 2007, Engel etal. 2011, Young et al. 2005, and Bouchard et al. 2011) and in nmol/g
creatinine {converted from log,) (Yolton et al. 2013). A. Associations with neurodevelopmental outcomes in neonates. Most quantitative estimates were
not reported by Yolton et al. (2013). who stated that associations not shown were statistically non-significant. B. Associations with neurodevelopmental
outcomes in infants. C. Associations with nearodevelopmental outcomes in children.

et al. 2005), though not in the third cohort (Yolton et al. measures of neurodevelopment in infancy. Several sig-

2013). No consistent significant associations were detected nificant associations between prenatal urinary DAPs and
between maternal prenatal wrinary DAPs and Bayley Wechsler measures of cognitive development in childhood
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were detected in one study (Bouchard et al. 2011), but not
the other (Engel et al. 2011), although point estimates in
the latter study were below the null value.

Overall, these three mostinformative and comparable studies
did not cstablish any consistent associations between maternal
prenatal urinary DAP levels and birth or newrodevelopmental
cutcomes. Although results for abnormal neonatal reflexes and
poorer childhood cognitive development suggested a possible
association, these were not entirely consistent across studies
and require independent confirmation.

In summary, associations observed between OF metabolites
and birth cutcomes in epidemiologic studies have been mostly
weak or imprecise, inconsistent, temporally ambiguous, not
clearly monotonic, not biologically plausible or coherent with
toxicological evidence given the estimated degree of AChE
inhibition at chserved DAP concentrations, and not specific to
any OP insccticide or health outcome. Associations between
OF metabolites and neurodevelopmental outcomes in observed
in these epidemiologic smdies likewise do not unequivocally
meet any of the Bradford Hill guidelines. Sir Austin Bradford
Hill stated that none of these guidelines mwust necessarily
be met to establish a cauosal relationship: “None of my nine
viewpoints can bring indisputable evidence for or against the
cause-and-effect hypothesis and none can be required as a
sine gua non” (Hill 1965). Some might consider the standards
for causality used in this analysis as restrictive (e.g., use of
Bradford Hill, criteria for agreement across three independent
studies). It is possible that the uvse of other standards could
yield different conclusions.

The inconsistencies across the studies also have to be con-
sidered in Light of the lack of a biologically plausible mecha-
nism for the adverse birth cutcomes or ncurodevelopmental
effects evaluated in the studies. Even far less severe effects,
such as mild AChE inhibition, occur at dosages that are sub-
stantially higher than the OP insecticide levels measured in the
epidemiologic studies.

A common limitation of existing studies is their reliance on
aan-specific DAP metabolites measuored in one or two urine
specimens, Given the high variability of DAP metabolite lev-
cls in tme-series analysis, more frequent sampling is needed
to more accurately estimate exposure during pregnancy. In
addition, studies with repeated serum or plasma measure-
ments could provide further insight into the relationship of
OP exposure with birth outcomes, childhood growth, and ncu-
rodevelopment. Standardization of exposures and neurodevel-
opmental measures would also aid comparisons across studies.
In general, stadics must be larger to enable statistically robust
analyses of gene/environment inferactions; to this end, pooling
of study populations might be useful. However, efforts should
be made to recognize and adjust for the expected frequency of
false-positive results that arise due to multiple comparisons,
especially in exploratory analyses (Wacholder et al. 2004,
Glickman et al. 2014). In light of the existing himitations and
inconsistency of studies, the body of epidemiologic data avail-
able at this time does not convincingly demonstrate an effect
of low-level OP insccticide exposure on any adverse health
outcomes in humans,

Although or goal was to include all relevant data on this
topic, it is possible that some studies published in non-English

journals were missed in our review. It is also possible that the
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current literature is subject to publication and reporting bias.
it is has been shown empirically that null results in general
are less likely to be reported (Dickersin and Min 1993, Dwan
et al. 2008), or if reported, presented in the conclusions (Kyzas
et al. 2007).

Conclusions

Recent epidemiologic studies on balance have found weak and
inconsistent associations of maternal exposures to OP insec-
ticides with birth outcome and neurodevelopmental testing
results in the offspring. Perhaps the most important Himitation
of the extant literature is the exposure classification, which is
subject to sigmificant uncertainties due to himited sampling
during pregnancy, despite the high temporal variability in
exposure. In addition, the available studies cannot differentiate
metabolites that form directly on and in food items and are not
the result of OP insecticide exposure. Given the heterogeneity
across studies in terms of overall design, types of exposuare
biomarkers assessed, timing of exposure measurement, birth
outcomes, neurodevelopmenial tesis, statistical modeling
approaches, and reporting of results, mter-study comparisons
are challenging, and consisicncy of findings has not been
established.

The available toxicology data show that the dosages
required to cause ACRE inhibition are far higher than the
levels observed in the epidemiologic studies, a finding that
raises further uncertainties about the biclogical plausibility
of the epidemiologic findings. Nonetheless, the studics evalu-
ate potential effects of major public health importance, and
some of the findings, particularly poorer reflexes in neonates,
ADHD/attention problems, lower cognitive scores in preschool
or school-aged children, and changes in brain morphology,
warrant additional study.
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