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Research

Prenatal Exposure to DDT and Pyrethroids for Malaria Control and Child
Neurodevelopment: The VHEMBE Cohort, South Africa

Brenda Eskenazi,’ Sookee An,’ Stephen A. Rauch,” Eric S. Coker,” Angelina Maphula,> Muvhulawa Obida,> Madelein Crause,?
Katherine R. Kogut,’ Riana Bornman,*? and Jonathan Chevrier?

!Center for Environmental Research and Children’s Health (CERCH), School of Public Health, University of California, Berkeley, Berkeley, California, USA
2University of Pretoria Institute for Sustainable Malaria Control and School of Health Systems and Public Health, University of Pretoria, Pretoria, South Africa
3Department of Urology, University of Pretoria, Pretoria, South Africa

“Department of Epidemiology, Biostatistics and Occupational Health, McGill University, Montreal, Quebec, Canada

BACKGROUND: Although indoor residual spraying (IRS) with dichlorodiphenyltrichloroethane (DDT) and pyrethroids effectively controls malaria, it
potentially increases human exposure to these insecticides. Previous studies suggest that prenatal exposure to these insecticides may impact human
neurodevelopment.

OBJECTIVES: We aimed to estimate the effects of maternal insecticide exposure and neurodevelopment of toddlers living in a malaria-endemic region
currently using IRS.

METHODS: The Venda Health Examination of Mothers, Babies and their Environment (VHEMBE) is a birth cohort of 752 mother—child pairs in
Limpopo, South Africa. We measured maternal exposure to DDT and its breakdown product, dichlorodiphenyldichloroethylene (DDE), in maternal
serum, and measured pyrethroid metabolites in maternal urine. We assessed children’s neurodevelopment at 1 and 2 y of age using the Bayley Scales
of Infant Development, third edition (BSID-III), and examined associations with maternal exposure.

REesuLTs: DDT and DDE were not associated with significantly lower scores for any BSID-III scale. In contrast, each 10-fold increase in cis-DCCA,
trans-DCCA, and 3-phenoxybenzoic acid were associated, respectively, with a —0.63 (95% CI: —1.14, —0.12), —0.48 (95% CI: —0.92, —0.05), and
—0.58 (—1.11, —0.06) decrement in Social-Emotional scores at 1 y of age. In addition, each 10-fold increase in maternal cis-DBCA levels was associ-
ated with significant decrements at 2 y of age in Language Composite scores and Expressive Communication scores [f= —1.74 (95% CI: —3.34,
—0.13) and = —0.40 (95% CI. —0.77, —0.04), respectively, for a 10-fold increase]. Significant differences by sex were estimated for pyrethroid
metabolites and motor function scores at 2 y of age, with higher scores for boys and lower scores for girls.

CONCLUSIONS: Prenatal exposure to pyrethroids may be associated at 1 y of age with poorer social-emotional development. At 2 y of age, poorer lan-
guage development was observed with higher prenatal pyrethroid levels. Considering the widespread use of pyrethroids, these findings deserve further

investigation. https://doi.org/10.1289/EHP2129

Introduction

The World Health Organization (WHO) reported that there were
214 million cases of malaria in 2015, resulting in about 438,000
deaths, with most deaths occurring in children under 5 y of age
(WHO 2015). Increased prevention and control measures have led
to a 60% reduction in global malaria mortality rate since 2000
(WHO 2015). Indoor residual spraying (IRS), or systematic insec-
ticide application to the interior walls of homes to kill malaria-
infected mosquitoes as they rest, is one of the main techniques for
controlling the Anopheles mosquito vector. In malarial-endemic
regions of South Africa, IRS with dichlorodiphenyltrichloroethane
(DDT) has been ongoing since 1946 (Bouwman et al. 2006), even
as DDT use was effectively banned in most Western countries due
to its toxicity. DDT and its main breakdown product, dichlorodi-
phenyldichloroethylene (DDE), have long half-lives in the human
body (6 y and up to 10 y, respectively) and in the environment
(ATSDR 2002; Longnecker 2005; Wolff et al. 2000). In recent
years, pyrethroids, such as alpha-cypermethrin or deltamethrin,
have become South Africa’s IRS insecticides of choice (Hlongwana
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et al. 2013). Unlike DDT, pyrethroids are rapidly metabolized and
have short half-lives in humans (hours to days) (Barlow et al. 2001),
and are still widely used in global agriculture (van Balen et al.
2012). Both DDT and pyrethroids are neurotoxic in developing ani-
mals through a number of mechanisms, including effects on cholin-
ergic muscarinic receptors and on the sodium channels of axons
(Eriksson et al. 1992; Malik et al. 2017). In addition, both DDT
(Patisaul and Adewale 2009) and some pyrethroids (Ben Slima et al.
2017) are endocrine disruptors. Without question, effective preven-
tion of malaria is of critical importance to human health; nonethe-
less, there is growing concern about the potential health effects of
IRS insecticides on developing children given their demonstrated
neurotoxicity in animals (Mandhane and Chopde 1997; Nasuti et al.
2003) and suggested evidence of developmental neurotoxicity in
humans.

The majority of studies investigating DDT exposure and child-
ren’s neurobehavioral development have focused on its main break-
down product, DDE, and have found null (Eskenazi et al. 2006;
Gaspar et al. 2015; Gladen et al. 1988; Jusko et al. 2012; Lyall et al.
2017; Pan et al. 2009; Ribas-Fit6 et al. 2006; Rogan and Gladen
1991; Torres-Sanchez et al. 2007) or transient inverse associations
(Eskenazi et al. 2006; Ribas-Fit6 et al. 2003; Torres-Sanchez et al.
2009), although some have found clear adverse associations (Torres-
Sanchez et al. 2013). Fewer studies have measured prenatal DDT ex-
posure directly and/or had sufficient detection frequencies to mean-
ingfully assess impact. In our study of California children whose
immigrant mothers were likely exposed to DDT in Mexico, maternal
prenatal DDT levels were related to poorer scores on the Bayley
Scales of Infants Development-II (BSID-II) between 6 and 24
months of age (Eskenazi et al. 2006), and slower processing speed as
assessed on the Wechsler Intelligence Scale for Children (WISC-1V)
at 7'y of age, particularly in girls (Eskenazi et al. 2006; Gaspar et al.
2015); however, by 10.5 y of age, this result had attenuated. A study
of Spanish children reported associations of cord serum DDT levels
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with poorer performance of 4-y-olds on the McCarthy Scales of
Children’s Abilities (Ribas-Fit6 et al. 2006). In contrast, a large study
of U.S. children circa 1960, when DDT exposure was quite high,
reported no association of maternal serum DDT levels with either
BSID scores at 8 months of age or WISC scores at 7 y of age (Jusko
etal. 2012; Ribas-Fit6 et al. 2006).

Few studies have examined pyrethroid exposure and child neuro-
development. In a New York City (NYC) study, maternal prenatal
permethrin exposure was not associated with infants’ BSID-II scores
(Horton et al. 2011), and a French study likewise found no associa-
tion between prenatal urinary pyrethroid metabolites and 6-y-olds’
performance on WISC Verbal Comprehension or Working Memory
(Viel et al. 2015). On the other hand, a Chinese study reported
the sum of prenatal urinary levels of cis—(2,2-dichlorovinyl)-2,2-
dimethylcyclopropane-1-carboxylicacid (DCCA), trans-DCCA,
and 3-phenoxybenzoic acid (3PBA) to be associated with lower
cognitive scores in 1-y-olds (Xue et al. 2013), and a Mexican study
found higher 3PBA levels to be related with lower cognitive scores
(BSID) at 2 and 3 y of age (Watkins et al. 2016). The French study
reported evidence of adverse effects on behavior at 6 y of age.
Specifically, maternal prenatal cis-DCCA was associated with
higher scores for internalizing difficulties and 3PBA with higher
externalizing difficulties scores and higher odds of abnormal or
borderline social behavior based on maternal responses to the
Strengths and Difficulties Questionnaire (Viel et al. 2017). This
finding is in line with a recent NYC study that reported evidence of
adverse behavioral outcomes associated with detectable levels of
3PBA and cis-DCCA in maternal prenatal samples (Furlong et al.
2017).

In the current study, we examine exposure to DDT, pyrethroids,
and the pesticide mixture among pregnant women in Limpopo,
South Africa, in association with the neurobehavioral development
of their young children. To our knowledge, this is the first study to
investigate the effects of DDT and pyrethroids in a malaria-
endemic region currently using IRS.

Methods

Study Population

The Venda Health Examination of Mothers, Babies and the
Environment (VHEMBE) is a longitudinal birth cohort study on the
effects of in utero exposure to IRS insecticides on the health of chil-
dren. Pregnant women at the early stage of labor (contractions
>5 min apart) were screened and recruited between August 2012
and December 2013 at Tshilizidini Hospital in the Vhembe district
of Limpopo Province, South Africa. Eligible women were >18 y of
age, spoke TshiVenda as the main language at home, lived within
20 km (12.4 mi) of the hospital and planned to remain in the area (to
aid in study retention), were not diagnosed with malaria during preg-
nancy, and gave birth to a live singleton infant. Almost all women in
the area deliver at the hospital. Among 920 eligible women, 752
completed a baseline questionnaire and provided a blood sample
(81.7%). Among the enrolled children, 24 children died (4 within
the first week of life, 13 between delivery and 1 y of age, and 7
between 1 and 2 y of age). A total of 665 children (88.4% of enroll-
ees) completed both 1- and 2-y visits, and 40 (5.3% of enrollees)
children completed only one of the two visits: 24 at 1 yand 16 at2y
of age. We include in the present analysis the 705 children (93.8% of
752 enrolled mothers) who completed a neurodevelopment assess-
ment at either 1 or2 y of age.

Written informed consent was obtained from mothers or guard-
ians. The study was approved by the Institutional Review Boards
at the University of California, Berkeley; McGill University; the
University of Pretoria; the Limpopo Department of Health and
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Social Development; and the Ethics Committee of Tshilidzini
Hospital.

Procedures

Shortly after delivery and before leaving the hospital, mothers were
queried in TshiVenda by trained bilingual (English-TshiVenda) inter-
viewers. The interview gathered information on sociodemographic
characteristics, reproductive and medical history, personal habits
(smoking and use of alcohol or drugs), occupational and residential
history, household composition, and use of pesticides around the
home, at work, in their fields, on their livestock, or for malaria control.
The interview included the U.S. Department of Agriculture (USDA)
Food Security Questionnaire (six-item short form) (Blumberg
et al. 1999; USDA 2012), parts of the South Africa National
Income Dynamics Study (NIDS) (Southern Africa Labour and
Development Research Unit, 2010), an adapted version of the
Quantitative Food Frequency Questionnaire developed for the re-
gional diet (QFFQ) (Maclntyre et al. 2001a, 2001b, 2001c), and
the Stressful Life Events Scale (Yach et al. 1991). Medical
records for the pregnancy and delivery were abstracted by a regis-
tered nurse.

A home visit was conducted at approximately 1 wk postpartum.
During this visit, we performed a home walkthrough (recorded in-
formation about sanitation facilities, materials of the walls and
floors, food and water storage, condition of housekeeping, DDT
residues on the walls and floors, and location and contents of pesti-
cide containers and nearby agricultural fields). We also took
Global Positioning System (GPS) coordinates and interviewed the
mother about water source and use, housekeeping, and cooking
practices including fuel use, livestock, breastfeeding, social sup-
port using the Duke University of North Carolina Social Support
Scale (Broadhead et al. 1988), and depressive postpartum symp-
toms using the Edinburgh Postpartum Depression Scale (Cox et al.
1987).

At 1y and 2 y of age, children came with their mothers or
another primary caregiver (n = 34) to our field office on the hospital
grounds. At these visits, the primary caregiver was interviewed on
conditions and events in the previous year, including household
composition, proximity of home to agricultural fields, malarial
control interventions, the child’s health and development (includ-
ing history of malaria), child care arrangements, breastfeeding,
child dietary intake using a food frequency questionnaire devel-
oped for this region, use of pesticides at work or at home, the
USDA Food Insecurity Survey (Blumberg et al. 1999; USDA
2012), the Family Care Indicators (Kariger et al. 2012), a version
of the Home Observation for Measurement of the Environment
(HOME) modified for field office use (MAL-ED Network
Investigators 2014), the Stressful Life Events scale (Yach et al.
1991), and the 20-question Self-Reporting Questionnaire (SRQ-20)
for risk of maternal depression (Beusenberg and Orley 1994). At the
1-y visit, the primary caregiver also completed the Raven’s Coloured
Progressive Matrices (1998 edition), a nonverbal test of abstract rea-
soning (Raven 1960). At each visit, we photocopied the Road to
Health, a booklet that mothers brought to all children’s clinic visits
for completion by the nurse about their child’s health status, including
human immunodeficiency virus (HIV) information, immunization
status, and growth measurements. We also requested medical records
for any hospital admissions. All medical information was abstracted
by a registered nurse.

Blood was collected from children via venipuncture at the 1- and
2-y visits. Blood lead levels were quantified from the child’s blood
sample collected at the 1-y visit, using an inductively coupled
plasma—mass spectrometer (ICP-MS) at the Lancet laboratory
(South Africa). The limit of detection for lead in whole blood was
0.1 pg/dL. Children’s hemoglobin levels were measured from the
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1-y-olds’ blood sample using an EKF Diagnostic Hemo Control me-
ter (EKF-diagnostic GmbH).

Bayley Scales of Infant Development

At both the 1- and 2-y visits, one of two bilingual English-TshiVenda
psychologists, trained by a TshiVenda developmental neuropsychol-
ogist, administered the Bayley Scales of Infant Development, third
edition (BSID-III) (Bayley 2006) in TshiVenda to the children. At
both visits, we administered the Cognitive, Language (Receptive and
Expressive), and Motor (Fine and Gross) subtests, and at the 1-y
assessment only, the Social-Emotional subtest. The Social-Emotional
scores are based on maternal report, whereas the other domains are
based on direct assessment; hence in a few cases where the child was
unable to complete the assessment, the mother was still able to com-
plete this subtest (n=7). Scaled scores for a particular domain are
age-standardized to a mean + SD of 10 + 3. Composite scores of lan-
guage or motor domains are age-standardized with a mean + SD of
100+ 15. A portion of the assessments were videotaped for quality
control (26.9% at the 1-y and 32.5% at 2-y visits). Each week, one
video was randomly selected for review by all three psychologists to
assure consistency in administration and scoring. The duration of the
test averaged 60 and 69 min at the 1- and 2-y visits, respectively. In
cases of children born preterm, the ages were prematurity-adjusted
using the estimated date of conception as outlined in the BSID test
manual. The mean prematurity-adjusted ages at assessment were
12.1 + 0.8 months at the 1-y visitand 24.0 = 0.6 at the 2-y visit.

DDT/DDE Measurements

Blood samples were collected from the mother by venipuncture
before (n=555) or after (n = 150) delivery (but before leaving the
hospital). Samples were frozen at —80°C (— 112°F), and 2-mL se-
rum aliquots were sent on dry ice to Emory University’s Rollins
School of Public Health for analysis. DDT/DDE isomers (p,p’ and
o,p’) were measured using high-resolution gas chromatography—
isotope dilution mass spectrometry (GC-MS) (Barr et al. 2003).
The limit of quantification was 0.05ng/mL for p,p’-DDT, o,p’-
DDT, and o,p’-DDE; and 0.15 ng/mL for p,p’-DDE. Quality con-
trol samples included sealed blanks, field blanks, and spiked sam-
ples. Total lipid concentrations were estimated based on triglycerides
and total cholesterol concentrations (Phillips et al. 1989), measured
using standard enzymatic methods (Roche Chemicals). We limited
our statistical analyses to those analytes with at least 70% of sample
results over the limits of quantification (Lubin et al. 2004), thus
excluding o,p’-DDT and o,p’-DDE from further analysis.

Pyrethroid Metabolite Measurements

We collected a spot urine sample for 432 women prior to delivery
and for 263 women postdelivery (but before leaving the hospital);
10 women did not provide a urine sample. Urine samples were
stored at —80°C (—112°F) at the field office and then at the
Biorepository at the University of California, Berkeley, before
shipment to the Institut National de Santé Publique du Québec.
At the time of collection, specific gravity was determined using
an Atago PAL-10S refractometer. Pyrethroid metabolites were
measured using GC-MS (Barr et al. 2010). Limits of quantifica-
tion were 0.0082 pg/L for cis-(2,2-dibromovinyl)-2,2-dimethyl-
cyclopropane-1-carboxylicacid (cis-DBCA), 0.015 pg/L for cis-
DCCA, 0.013 pg/L for trans-DCCA, 0.016 pg/L for 3PBA, and
0.011 pg/L for 4-fluoro-3-phenoxybenzoic acid (4F3PBA). cis-
DBCA is a metabolite of deltamethrin, whereas cis-DCCA, trans-
DCCA, and 3PBA are nonspecific metabolites of several pyreth-
roid pesticides, including permethrin, cypermethrin, and cyfluthrin
(Barr et al. 2010). In-house quality control materials and ClinChek
noncertified reference material in urine (RECIPE) were used for
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internal quality control. The overall quality and accuracy of the analy-
ses at the laboratory was monitored by twice annual participation in
the German External Quality Assessment Scheme (G-EQUAS). We
limited our statistical analyses to those metabolites with at least 70%
of sample results over the limits of quantification (Lubin et al. 2004),
thus excluding 4F3PBA from analysis.

Data Analysis

Prenatal DDT and pyrethroid metabolite levels were
log,,-transformed to reduce the influence of outliers. DDT and
DDE concentrations were lipid-adjusted; pyrethroid concentrations
were standardized using specific gravity measurements. We ana-
lyzed the demographic characteristics for mother—child pairs who
completed the BSID at the 1-y and/or 2-y visits. We constructed sep-
arate multivariable regression models for the six analytes/metabo-
lites (p,p’-DDT, p,p’-DDE, cis-DBCA, cis-DCCA, trans-DCCA,
3PBA) with each measure of the BSID at 1 and 2 y of age.
Covariates for the multivariable models were identified using a
directed acyclic graph (DAG) (see Figure S1) (Textor et al. 2011).
Generalized additive models (GAMs) with a 3-degree of freedom
cubic spline and residual plots were used to confirm the linearity
assumption for the models and did not show evidence of nonlinear-
ity; hence we used linear models. To assess relationships across the
1- and 2-y visits, longitudinal models were constructed using gener-
alized estimating equations (GEEs).

Final covariates were coded as shown in Table 1 and included
maternal age, education, poverty status, and marital status at delivery;
breastfeeding status and Raven’s Coloured Progressive Matrices
(RCPM) (Raven 1960) z-score for the mother and/or primary care-
giver at the 1-y visit; and child’s preterm birth and birthweight
z-scores. Household poverty status was determined by household
per capita monthly income using thresholds provided by Statistics
South Africa (Ruch 2016). Maternal scores on the RCPM were
standardized within the study sample. Birthweight z-scores were
calculated using age- and sex-standardized growth curves from a
meta-analysis using WHO data and other population-based studies
(Fenton and Kim 2013). Models also included several covariates
derived from interview data collected at the time of specific visit (at
1 or 2 y): risk for maternal depression (SRQ-20 >6) (Beusenberg
and Orley 1994), USDA Food Insecurity Score (0—6, continuous)
(Blumberg et al. 1999; USDA 2012), modified HOME z-score
(MAL-ED Network Investigators 2014), and the psychometrician
administering the BSID-III. The HOME instrument differed
between the 1- and 2-y visits, so scores for each time point were
standardized to the study sample at each visit.

In preliminary analysis, we found evidence of differences in
distributions and geometric means for three pyrethroid metabolites
collected pre- versus postdelivery [geometric means (GMs) were
higher predelivery for cis-DCCA (GM = 0.32 predelivery vs. 0.28
postdelivery, p=0.08), trans-DCCA (GM =0.39 predelivery vs.
0.30 postdelivery, p=0.01) and 3PBA (GM =0.76 predelivery
vs. 0.64 postdelivery, p=0.04)]; there was no difference in the
pre- and postdelivery distributions for cis-DBCA. Therefore, in
the main analyses using pyrethroid metabolites as the exposure,
we controlled for whether the maternal urine was collected pre- or
postdelivery.

We tested for effect modification by child sex using stratification
and cross-product terms. We also conducted a number of sensitivity
analyses. Because the half-life of pyrethroids is short and a measure
made on urine collected postdelivery might reflect exposures in the
hospital, we repeated models of associations with pyrethroid metab-
olites restricted to participants whose maternal urinary samples were
collected predelivery. We reran models considering child blood lead
concentrations, child hemoglobin levels, and maternal HIV status as
covariates. Because child lead levels were not available for 205
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Table 1. Demographic characteristics of the VHEMBE cohort who com-
pleted the Bayley Scales of Infant Development at either the 1 and/or 2-y
visit in Limpopo, South Africa, 2012-2013 (n="705).

Characteristics Mean + SD or n (%)
Maternal characteristics
Maternal age 263+6.2
Education
<Grade 12 390 (55.3)
Grade 12 212 (30.1)
Further studies started 46 (6.5)
Diploma or further degree 57 (8.1)
Marital status
Married or living as married 333 (47.2)
Not married 372 (52.8)
Parity
0 308 (43.7)
1 190 (26.9)
>2 207 (29.4)
Alcohol use during pregnancy
Yes 41 (5.8)
No 664 (94.2)
Smoking cigarettes during pregnancy
Yes 3(0.4)
No 702 (99.6)
HIV during pregnancy
Yes 91 (12.9)
No 611 (86.7)
Missing 3(0.4)
Breastfeeding at 1-y visit
Yes 547 (77.6)
No 158 (22.4)
Exclusive breastfeeding (months) 23+19
At risk for depression (SRQ-20 >0.6)
at 1y visit
Yes 82 (11.6)
No 623 (88.4)
At risk for depression (SRQ-20 >6)
at 2 y visit
Yes 48 (6.8)
No 657 (93.2)
Maternal Raven’s score
Raw score (maximum, 36) 22.0 (6.0)
Child characteristics
Birthweight (g)* 3,137 (446)
Sex
Boy 365 (51.8)
Girl 340 (48.2)
Preterm (<37 wk)
Yes 91 (12.9)
No 614 (87.1)
Low birth weight (<2,500 g)
Yes 55 (7.8)
No 649 (92.2)
Family characteristics at pregnancy
Below poverty level (R386/month
per capita)
Yes 429 (60.9)
No 276 (39.1)
Food security (USDA Food
Security Survey)”
High 405 (57.4)
Low 220 (31.2)
Very low 80 (11.3)
Family characteristics at 1-y visit
Food security (USDA Food
Security Survey)?
High 426 (60.4)
Low 182 (25.8)

Note: HIV, human immunodeficiency virus; HOME, Home Observation Measurement of
the Environment; R386, 386 South African Rands; SRQ-20, Self-Reporting Questionnaire
20-Item; VHEMBE, Venda Health Examination of Mothers, Babies and their Environment.
“Birthweight not available for one infant.

bFood security was based on a scale of 06, and is here categorized into high food security
(0-1), low food security (2—4), and very low food security (5-6) (Blumberg et al. 1999;
USDA 2012). For the multivariate model, food security was considered as a continuous
variable.
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Table 1. (Continued.)

Characteristics

Mean + SD or n (%)

Very low 97 (13.8)
HOME score

Raw score (maximum, 31) 22.2+3.5
Family characteristics at 2-y visit
Food security (USDA Food Security Survey)”

High 426 (60.4)

Low 203 (28.8)

Very low 76 (10.8)
HOME score

Raw score (maximum, 42) 31.7+4.2

children and child hemoglobin levels were not available for 130 chil-
dren, we reran models comparing results with and without control-
ling for these variables in the restricted samples.

A single-pollutant modeling framework does not reflect the reality
of the exposure scenario to populations where IRS is conducted.
Therefore, we also implemented Bayesian kernel machine regression
(BKMR), which allowed for the consideration of health effects from
insecticide mixtures while simultaneously penalizing credible inter-
vals of individual insecticide effect estimates for multiple compari-
sons (Scott and Berger 2010; Valeri et al. 2017). Using a Bayesian
framework for variable selection has been shown to be particularly
helpful within the context of a large number of correlated covariates
because it appropriately handles model uncertainty (Greenland 1993;
MacLehose et al. 2007; Thomas et al. 2007). With BKMR, we can
consider individual insecticide exposure responses (and potential
nonlinearity) with co-occurring insecticides, and evaluate each expo-
sure’s relative importance with respect to the outcome via Bayesian
variable selection, the exposure response of the overall mixture, inter-
action between any two insecticide measures, and each chemical’s
exposure response while holding the other insecticide measure at vari-
ous percentiles of exposure.

Although the output from BKMR is rich with information for in-
ference, we focus our presentation on posterior inclusion probabilities
(PIPs) to highlight the relative ranking of variable importance for
each pesticide class as well as each pesticide within a particular class
of insecticides. We present the PIPs that result from the Bayesian
Markov chain Monte Carlo (MCMC) iterations (25,000). A PIP for
an exposure (or group PIP) is calculated as the posterior mean of the
indicator variable across the MCMC iterations, whereby the indicator
variable equals 1 if the variable (or group) is selected into the model at
a given iteration or O otherwise (O’Hara and Sillanpii 2009). For the
BKMR models, we fit each outcome-specific model using the same
covariates as in the single-pollutant models. To mitigate against the
problems of multicollinearity, we use hierarchical variable selection
with default “slab-and-spike” priors (Bobb et al. 2015), and we group
p,p'-DDT and p,p’-DDE measures together and the pyrethroid metab-
olite measures together. The relative ranking of the PIPs computed
with hierarchical variable selection in the BKMR analysis is an indi-
cation of the relative importance of each exposure relative to other
exposures of interest within an exposure group. When interpreting
PIPs, particularly the conditional (within group) PIPs for specific
compounds, emphasis should be placed on relative ranks, rather than
absolute values. In addition, we interpreted a group PIP >0.50 as an
indication that an exposure group (p,p’-DDT and p,p’-DDE, or the
pyrethroid metabolites) was important to an outcome-specific multi-
pollutant model, consistent with the median probability model pro-
posed by Barbieri and Berger (2004). To assess potential binary
between-chemical interactions, we also examined bivariate plots of
exposure to evaluate whether individual chemical exposure responses
change substantively as the level of another chemical increases from
low quantiles to higher quantiles. Although BKMR is capable of ex-
amination of higher-order interactions or the overall combined
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Table 2. Maternal serum concentrations of p,p’- and o,p’-DDT and DDE (ng/g, lipid-adjusted), and maternal urinary concentrations of pyrethroid metabolites

(ng/L, specific-gravity adjusted), VHEMBE study, Limpopo, South Africa.

Percentile
Exposure n  Percent detected” Percent quantifiable” GM +GSD  Min 10 25 50 75 90 Max
p.p'-DDT 705 98.2 90.8 69.0 +6.64 <LOD 8.1 18.6 55.3 254.0 9479 15027.6
p.p'-DDE 705 100.0 97.3 286.2 +4.82 40 453 922 240.4 832.5 25854 26301.3
o,p’-DDT 705 90.2 43.6 8.9 +4.67 <LOD 15 3.4 7.2 7.2 73.4 2029.3
o,p'-DDE 705 82.7 15.9 4.1 +2.76 <LOD <LOD 23 42 6.9 13.9 117.5
cis-DBCA 695 100 99.6 0223 +3.42 0.005  0.050 0.097 0.223 0.475 1.115 17.827
cis-DCCA 695 100 99.9 0306 +295 0.015 0.084 0.151 0.301 0.601 1.025 103.502
trans-DCCA 695 100 99.6 0.357 +3.43 0.008  0.078 0.159 0.340 0.785 1.481 132.878
3PBA 694 100 100 0712 +£2.80 0.022 0214 0.374 0.700 1.372 2.381 58.899
4F3PBA 672 12.5 7.7 N/A <LOD <LOD <LOD <LOD  <LOD 0.008 0.423

Note: 3PBA, 3-phenoxybenzoic acid; 4F3PBA, 4-fluoro-3-phenoxybenzoic acid; DBCA, (2,2-dibromovinyl)-2,2-dimethylcyclopropane-1-carboxylicacid; DCCA, (2,2-dichlorovinyl)-
2,2-dimethylcyclopropane-1-carboxylicacid; DDE, dichlorodiphenyldichloroethylene; DDT, dichlorodiphenyltrichloroethane; GM, geometric mean; GSD, geometric standard devia-
tion; LOD, limit of detection; Max, maximum; Min, minimum; N/A, not available; VHEMBE, Venda Health Examination of Mothers, Babies and their Environment.
“Detection limits are 0.01ng/g wet weight for p,p’-DDT, o,p’-DDT, and o,p’-DDE; 0.03ng/g for p,p’-DDE; and 0.0025 pg/L for cis-DBCA, 0.0045 pg/L for cis-DCCA,

0.0038 pg/L for rrans-DCCA, 0.0047 pg/L for 3PBA, and 0.005 pg/L for 4F3PBA.

bQuantification limits are 0.05ng/g wet weight for p,p’-DDT, o,p’-DDT, and o,p’-DDE; and 0.15ng/g for p,p’-DDE; 0.0082 ug/L for cis-DBCA, 0.015 pg/L for cis-DCCA,

0.013 pg/L for trans-DCCA, 0.016 pg/L for 3PBA, and 0.011 pg/L for 4F3PBA.

exposure levels, we limit our review of the BKMR output to bipollu-
tant interactions to hedge against extrapolating beyond the observed
co-exposures patterns in our population.

The Bayesian analysis was performed using the statistical pro-
gram R (version 3.3.1; R Development Core Team), and all other
analyses were performed with STATA version 13 (StataCorp).
p-Values of 0.05 were considered statistically significant, except in
interaction models, where p = 0.10 was considered significant.

Results

Almost all mothers were from the Vhavenda people and all were
Black African. The mean age of mothers at delivery was 26.3 y
old. More than half of the mothers had less than 12 y of education
and were multiparous (Table 1). About half of the women were
married or living as married. At delivery, 60.9% lived below the
poverty level [in South African Rand, R (R386/month per cap-
ita)] and 42.5% had low or very low food security (Blumberg
et al. 1999; USDA 2012). Few women reported smoking ciga-
rettes during the pregnancy (0.4%) or drinking any alcohol (5.8%).
About 12.9% of the women reported being HIV-positive. Of the
705 children who completed either the 1-y or the 2-y assessment,
365 (51.8%) were boys, 12.9% were born preterm (<37 wk gesta-
tion) and 7.8% were born of low birth weight. The average duration
of exclusive breastfeeding was 2.3 + 1.9 months of age, but 77.6%
were still breastfeeding when the child was 1 y of age. By the 1-y
follow-up, 11.6% of the mothers were at risk for depression and
42.5% were food insecure; at the 2-y follow-up, 6.8% of the moth-
ers were at risk for depression and 39.6% were food insecure.

Table 2 presents the maternal serum concentrations of DDT/
DDE and the urinary concentrations of pyrethroid metabolites. The
median serum concentration for p,p’-DDT was 55.3 ng/g lipid and
for p,p’-DDE was 240.4 ng /g lipid. The median urinary concentra-
tions were 0.223 pg/L for cis-DBCA, 0.301 pg/L for cis-DCCA,
0.340 pg/L for trans-DCCA, and 0.700 pg/L for 3PBA (see
Table S1 for wet-weight concentrations and creatinine-adjusted
pyrethroid levels). p,p’-DDT and p,p’-DDE concentrations were
strongly correlated (r=0.85, p <0.001) with each other but were
not correlated with the pyrethroid metabolite levels (r= —0.03 to
0.04) (see Table S2). However, three pyrethroid metabolite con-
centrations were highly correlated with each other, with an approx-
imate r of 0.9 between cis-DCCA, trans-DCCA, and 3PBA. cis-
DBCA concentrations were moderately correlated with the other
pyrethoid metabolites (r = 0.46-0.62).

Average BSID scaled and composite scores are shown in
Table 3. The Cognitive scaled scores at the 2-y follow-up were
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particularly low, with a mean+SDof 5.7+ 1.6 and a Cognitive
Composite of 78.7 +8.1.

As shown in Table 4, neither p,p’-DDT nor p,p’-DDE was
associated with any of the child’s BSID scores at the 1- or 2-y
visit. Maternal p,p’-DDT and p,p’-DDE levels were associated
with higher average Cognitive scores at the 1-y but not at the 2-y
visit. In general, there was no clear evidence or consistent pattern
of differences in associations by sex at 1 y of age (Table 5). At2y
of age, associations for almost all outcomes were inverse in girls
and positive for boys, with interaction p-values <0.1 for p,p’-DDT
and the composite motor function score and for p,p’-DDE and the
receptive communication score, the expressive communication
score, and the composite language score (Table 5).

Table 6 shows the relationship of maternal urinary levels of
the four pyrethroid metabolites and children’s BSID scores at the
1- and 2-y visits. At the 1-y visit, we found only Social-Emotional
scores to be inversely associated with pyrethroid metabolites cis-
DCCA [B=-0.63 (95% Cl= —1.14, —1.12)], trans-DCCA
[B= —0.48 (95% CI= —0.92 to —0.05)], and 3PBA [B= —0.58
(95% CI= —1.11, —0.06)]. These associations were similar for

Table 3. Children’s performance (mean + SD) at the 1- and 2-y visits on the
Bayley Scales of Infant Development (3rd edition), VHEMBE study,
Limpopo, South Africa.

BSID Measures Mean + SD

At 1-y visit (n=689)
Cognitive 8.7+2.0
Receptive Communication 7.0+1.8
Expressive Communication 11.2+2.0
Fine Motor 9.2+23
Gross Motor 9.0+2.8
Language Composite 949+8.8
Motor Composite 94.7+12.2
Social-Emotional 83+3.1

At 2-y visit (n=681)
Cognitive® 57+1.6
Receptive Communication 7.7+1.8
Expressive Communication 9.1+2.5
Fine Motor 10.3+£2.0
Gross Motor 72+1.7
Language Composite 90.8+11.3
Motor Composite 92.6+9.0

Note: BSID, Bayley Scales of Infant Development (3rd edition); VHEMBE, Venda
Health Examination of Mothers, Babies and their Environment.

“Cognitive scaled scores can be converted to Cognitive Composite scores standardized
to a mean of 100 and SD of 15. The Cognitive Composite score at the 1-y visit had a
mean + SD 0f 93.6 +9.9) and at the 2-y visit, 78.7 +8.1.
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Table 4. Adjusted linear regression 3 coefficient and 95% confidence inter-
val for the association between maternal prenatal p,p’-DDT and p,p’-DDE
serum concentrations (log,, transformed; lipid-adjusted) and children’s per-
formance on the Bayley Scales of Infant Development (3rd edition) at the
1- and 2-y visits, VHEMBE study, Limpopo, South Africa.

BSID Measure p,p'-DDT B (95% CI) p,p’-DDE B (95% CI)
At 1-y visit (n=689) .
Cognitive 0.15 (-0.02, 0.33) 0.24 (0.05, 0.43)

Receptive Communication
Expressive Communication
Fine Motor

Gross Motor

Language Composite
Motor Composite
Social-Emotional”

—0.02 (—0.17, 0.14)
—0.09 (—0.27, 0.09)
—0.02 (=0.24, 0.20)
0.11 (=0.13, 0.34)
—0.32 (=1.10, 0.46)
0.25 (=0.83, 1.32)
0.08 (~0.21, 0.36)

0.00 (-0.18, 0.19)
—0.04 (-0.26, 0.18)
0.04 (-0.19, 0.28)
0.08 (—-0.20, 0.36)
—0.11 (- 1.08, 0.86)
0.36 (—0.88, 1.60)
0.26 (—0.08, 0.60)

At 2-y visit (n =681)
Cognitive
Receptive Communication
Expressive Communication
Fine Motor
Gross Motor
Language Composite
Motor Composite

—0.04 (-0.19, 0.10)

0.00 (=0.14, 0.15)
—0.06 (-0.28, 0.16)
—0.07 (=0.24, 0.10)

0.02 (-0.11, 0.16)
—0.15 (=1.10, 0.80) 0.28 (-0.94, 1.50)
—0.15 (—0.89, 0.59) 0.24 (-0.67, 1.15)

Note: Coefficients show the change in scaled BSID score associated with a 10-fold
increase in maternal DDT/DDE serum concentrations. Models adjusted for maternal
education, age, marital status, poverty status at delivery, risk for depression (CES-D),
and Raven’s Coloured Progressive Matrices score (at 1-y visit); food insecurity (USDA
Food Security Survey); HOME score; preterm delivery; and psychometrician. BSID,
Bayley Scales of Infant Development (3rd edition); CES-D, Center for Epidemiologic
Studies Depression Scale; CI, confidence interval; DDE, dichlorodiphenyldichloroethy-
lene; DDT, dichlorodiphenyltrichloroethane; HOME, Home Observation Measurement
of the Environment; VHEMBE, Venda Health Examination of Mothers, Babies and
their Environment.

“Models include 696 participants. *p < 0.05.

0.05 (-0.13, 0.24)
0.03 (-0.15, 0.22)
0.05 (-0.23, 0.34)
0.02 (-0.19, 0.23)
0.06 (-0.11, 0.23)

girls and boys (p-Int >0.43; Table 7). There was a significant inter-
action of cis-DBCA and sex on Receptive Communication and
Language Composite with a negative coefficient in girls and a posi-
tive coefficient in boys, although neither sex stratum was significant.
At 2 y of age, we observed that a 10-fold increase in maternal cis-
DBCA concentrations was associated with a 0.40-unit decrease in

Expressive Communication scores [95% confidence interval (CI):
—0.77, —0.04] and a 1.74-unit decrease in Language Composite
scores (95% CI : —3.34, —0.13) (Table 6). These associations were
similar by sex (p-Int=0.93 and 0.62, respectively; Table 7).
However, there were significant differences in associations between
Motor Composite scores and each of the four metabolites (p-Int
0.01-0.02), which were negative for girls and positive for boys [e.g.,
for trans-DCCA, p= —1.76 (95% CI. —3.27, —0.25) for girls and
B=1.93 (95% CIL: —0.23), 4.09 for boys, p-Int=0.01] as well as
significant differences in fine and/or gross motor scores between
girls and boys (P-Int<0.09) for all four metabolites (Table 7).
Several exposure—time interaction terms in GEE models did not
indicate a consistent longitudinal association across the two assess-
ment ages for either DDT/DDE or pyrethroids, and therefore we
deemed the results at each time point more relevant.

In sensitivity analyses, we reran the models restricting the anal-
ysis to the maternal—children dyads (n =425 for the 1-y and 418
for the 2-y visits) for whom maternal urine samples were obtained
prior to delivery (see Table S3). Overall, the trends in associations
in this restricted and full sample (Table 6) were similar, with some
results slightly attenuated (e.g., Social-Emotional and cis- and
trans-DCCA and 3PBA) and others slightly strengthened (e.g., cis-
DBCA and language measures). However, significant inverse
associations emerge between cis- and trans-DCCA and 3PBA and
fine motor scores at the 1-y visit but were no longer apparent at the
2-y visit, and between trans-DCCA and Language Composite at
the 2-y visit, primarily driven by Expressive Communication. In
other sensitivity analyses, removing the covariate for preterm sta-
tus from the models (see Tables S4-S5) or including variables in
the regression models for maternal HIV status (see Tables S6-S7),
child lead levels (see Tables S8—S11), or child hemoglobin levels
(see Tables S12—-S15) did not alter the above results.

Table 8 presents the PIP results from the BKMR analysis
indicating the relative ranking of exposure variable importance
within the DDT/DDE and pyrethroid mixture. At the 1-y visit,
pyrethroid-group PIPs ranked higher than DDT/DDE-group PIPs
for the study outcomes, with the exception of Cognitive scores.
At the 2-y visit, there was no consistent pattern of which set of

Table 5. Sex-stratified adjusted linear regression f coefficient and 95% confidence interval for the association between maternal prenatal p,p’-DDT and
p.p'-DDE serum concentrations (log,,-transformed; lipid-adjusted) and children’s performance on the Bayley Scales of Infant Development (3rd edition) at

the 1- and 2-y visits, VHEMBE, Limpopo, South Africa.

p.p'-DDT p.p'-DDE
BSID Measure Boys B (95% CI) Girls B (95% CI) D’ Boys B (95% CI) Girls B (95% CI) D"
At 1-y visit (n =689)
Cognitive 0.25 (0.01, 0.48)" 0.08 (—0.18, 0.34) 0.36 0.36 (0.11, 0.61)" 0.16 (—0.14, 0.46) 0.35
Receptive Communication —0.07 (-0.27, 0.13) 0.05 (—0.18, 0.28) 0.39 —0.08 (—0.33, 0.18) 0.09 (-0.20, 0.37) 0.37
Expressive Communication —-0.07 (-0.29, 0.16) —0.13 (-0.42,0.17) 0.77 0.03 (—=0.24, 0.30) -0.12 (-0.47, 0.24) 0.55
Fine Motor 0.05 (—0.25, 0.36) —0.09 (-0.42, 0.24) 0.50 0.10 (-0.20, 0.40) 0.01 (-0.38,0.39) 0.69
Gross Motor 0.28 (—0.04, 0.60) —0.01 (=0.36, 0.34) 0.33 0.29 (=0.11, 0.69) —0.08 (—0.48, 0.32) 0.26
Language Composite —0.43 (—1.33,0.48) —0.23 (—1.53, 1.08) 0.77 —0.13 (-1.27, 1.01) —0.07 (—1.69, 1.55) 0.88
Motor Composite 0.99 (—0.42, 2.40) —0.35 (-2.05, 1.35) 0.28 1.16 (—0.49, 2.82) —0.24 (-2.19, 1.72) 0.32
Social-Emotional 0.11 (-0.32,0.54) 0.07 (-0.31, 0.46) 0.92 0.27 (-0.24, 0.78) 0.25 (-0.20, 0.71) 0.92
At 2-y visit (n=681)
Cognitive —0.01 (-0.21, 0.19) —0.06 (—0.28, 0.15) 0.98 0.01 (-0.24, 0.27) 0.09 (-0.19, 0.36) 0.56
Receptive Communication 0.09 (-0.11, 0.29) —0.11 (=0.33,0.11) 0.21 0.21 (-0.05, 0.46) —0.17 (-0.45, 0.10) 0.05
Expressive Communication 0.06 (—0.24, 0.37) —0.21 (=0.53,0.11) 0.27 0.30 (—=0.10, 0.69) —0.23 (-0.64, 0.19) 0.08
Fine Motor 0.04 (-0.21, 0.29) —0.23 (=0.45, —0.01)" 0.16 0.11 (-0.21, 0.43) —0.14 (-0.40, 0.13) 0.29
Gross Motor 0.13 (-0.07, 0.32) —0.09 (-0.29, 0.11) 0.13 0.19 (—0.04, 0.42) —0.07 (-0.32, 0.18) 0.14
Language Composite 0.49 (-0.83, 1.81) —0.93 (-2.33,0.47) 0.18 1.51 (-0.18,3.21) —1.17 (-2.93, 0.59) 0.03
Motor Composite 0.52 (-0.56, 1.59) —1.00 (=1.99, 0.00) 0.07 0.92 (-0.45, 2.29) —0.65 (—1.85,0.55) 0.11

Note: Coeftficients indicate the change in scaled BSID score associated with a 10-fold increase in maternal serum DDT/DDE concentrations. Models adjusted for maternal education,
age, marital status, poverty status at delivery, risk for depression (CES-D) and Raven’s Coloured Progressive Matrices score (at 1-y visit); food insecurity (USDA Food Security
Survey); HOME score; preterm delivery; and psychometrician at the time of exam. BSID, Bayley Scales of Infant Development (3rd edition); CES-D, Center for Epidemiologic
Studies Depression Scale; CI, confidence interval; DDE, dichlorodiphenyldichloroethylene; DDT, dichlorodiphenyltrichloroethane; HOME, Home Observation Measurement of the
Environment; VHEMBE, Venda Health Examination of Mothers, Babies and their Environment.

“p-Value for sex interaction. Interactions were considered statistically significant at p < 0.1. *p < 0.05.
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Table 6. Adjusted linear regression 3 coefficient and 95% confidence interval for the association between maternal prenatal urinary pyrethroid metabolite con-
centration (specific-gravity adjusted) and children’s performance on the Bayley Scales of Infant Development (3rd edition) at the 1- and 2-y visits, VHEMBE

study, Limpopo, South Africa.

BSID Measure cis-DBCA [B (95% CD)] cis-DCCA [B (95% CI)] trans-DCCA [P (95% CI)] 3PBA” [B (95% CD)]
At 1-y visit (n =681)
Cognitive 0.05 (—0.26, 0.36) 0.01 (-0.30, 0.33) 0.02 (-0.26, 0.30) 0.03 (-0.31, 0.37)

Receptive Communication
Expressive Communication
Fine Motor

Gross Motor

Language Composite
Motor Composite
Social-Emotional”

0.13 (=0.12, 0.38)
—0.21 (=0.51, 0.08)
0.09 (~0.25, 0.42)
0.10 (=0.29, 0.50)
—0.26 (—1.50, 0.99)
0.59 (=1.15, 2.33)
—0.19 (—0.64, 0.26)

At 2 years (n=671)
Expressive Communication
Fine Motor
Gross Motor
Language Composite
Motor Composite

—0.40 (=0.77, —0.04)"
0.16 (=0.12, 0.44)
—0.19 (=0.43, 0.05)
—1.74 (=3.34, —=0.13)"
—0.11 (~1.37, 1.16)

0.04 (-0.24, 0.32)
—0.06 (=0.35, 0.23)
—0.08 (—0.47, 0.30)
0.36 (—0.10, 0.81)
—0.08 (—1.39,1.22)
0.84 (—1.22, 2.90)
—0.63 (-1.14, —0.12)"

0.01 (=0.40, 0.41)
0.31 (=0.02, 0.64)
0.08 (=0.22, 0.39)
0.23 (=1.61, 2.08)
1.19 (=0.38, 2.76)

—0.03 (=0.29, 0.23)
—0.08 (=0.33, 0.16)
—0.08 (=0.42, 0.27)
0.24 (=0.16, 0.64)
—0.33 (=1.49, 0.83)
0.51 (-1.33,2.35)
—0.48 (=0.92, —=0.05)"

0.08 (—0.23, 0.40)
—0.10 (=0.41, 0.20)
—0.01 (—0.42, 0.39)
0.28 (=0.20, 0.76)
—0.07 (—1.48,1.34)
0.81 (—1.35,2.97)
—0.58 (=1.11, =0.06)"

—0.22 (~0.58, 0.13)
0.17 (—0.13, 0.47)
—0.04 (-0.31, 0.22)
—0.91 (~2.50, 0.69)
0.37 (=1.04, 1.78)

—0.22 (-0.66, 0.22)
0.30 (-0.05, 0.65)
0.03 (-0.30, 0.36)

—0.79 (=2.74, 1.16)
0.98 (—0.69, 2.66)

Note: Coefficients show the change in scaled BSID score associated with a 10-fold increase in maternal urinary pyrethroid metabolite concentrations. Models adjusted for maternal
education, age, marital status, poverty status at delivery, risk for depression (CES-D) and Raven’s Coloured Progressive Matrices score (at 1-y visit); food insecurity (USDA Food
Security Survey); HOME score; preterm delivery; psychometrician; and time of urine collection (before or after delivery). 3PBA, 3-phenoxybenzoic acid; BSID, Bayley Scales of
Infant Development (3rd edition); CES-D, Center for Epidemiologic Studies Depression Scale; CI, confidence interval; DBCA, (2,2-dibromovinyl)-2,2-dimethylcyclopropane-1-car-
boxylicacid; DCCA, (2,2-dichlorovinyl)-2,2-dimethylcyclopropane-1-carboxylicacid; HOME, Home Observation Measurement of the Environment; VHEMBE, Venda Health

Examination of Mothers, Babies and their Environment.

“Due to one missing value, models with 3PBA had 680 participants at the 1-y visit and 670 participants at the 2-y visit.
#Social-Emotional outcome models had 688 participants for cis-DBCA, cis-DCCA, and rrans-DCCA exposures, and 687 participants for 3PBA. *p < 0.05.

group PIPs were highest. DDT/DDE did not reach the PIP group
inclusion of 50% for any of the analyses at the 1- or 2-y visit. The
pyrethroids did reach the group PIP inclusion criterion of 50% at
the 1-y visit for Receptive Communication (PIPyyrethroid = 54%),
with 3PBA resulting in the highest conditional PIP; for Fine
Motor (PIPpyreinroia = 52%), with 3PBA having the highest condi-
tional PIP; and for Social-Emotional domain (PIPyrethroia = 67%),
with cis-DCCA resulting in the highest conditional PIP ranking.
No associations of the pyrethroid group for the 2-y assessment
reached PIP inclusion criterion. Based upon review of bivariate
plots of exposure responses for each chemical, the BKMR mod-
els showed no evidence for interaction between DDT or DDE
and any of the pyrethroid metabolites (see Figures S2-S14).

Discussion
We examined the relationship between in utero exposure to insecti-
cides used in IRS for malaria control in Limpopo, South Africa, and
neurodevelopment of children at 1- and 2-y follow-up as assessed
on the BSID. Maternal peripartum serum concentrations of p,p’-
DDT or p,p’-DDE were not associated with statistically significant
decrements in BSID subscales at either time point in boys and girls
combined, though fine motor scores at the 2-y visit were signifi-
cantly lower in association with p,p’-DDT in girls. A few significant
positive associations were also present (for cognitive scores at the
1-y visit and p,p’-DDE in boys and girls combined, and p,p’-DDT
and p,p’-DDE in boys). In contrast, maternal urinary metabolites
of certain pyrethroids—specifically cis-DCCA, trans-DCCA, and
3PBA levels—were associated with lower Social-Emotional scores
at the 1-y visit, and cis-DBCA levels were associated with lower
Language Composite scores (particularly driven by Expressive
Communication) at the 2-y visit. Other associations with pyreth-
roids were less consistent. Some pyrethroids are potential endocrine
disruptors that may influence in utero development through sex-
specific mechanisms (Brander et al. 2012), and there was some evi-
dence that maternal pyrethroid exposure was associated with poorer
motor skills in girls but better skills in boys at 2 y of age.

The results of this study on DDT/DDE were somewhat unex-
pected, given our previous findings in the Center for the Health
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Assessment of Mothers and Children of Salinas (CHAMACOS)
birth cohort study (Eskenazi et al. 2006) as well as those of others
(Bahena-Medina et al. 2011; Ribas-Fit6 et al. 2006). The p,p’-
DDT levels averaged more than three times higher in the
VHEMBE cohort (GM =69.0ng/g lipid) than in CHAMACOS
(GM =22.0ng/g lipid) (Eskenazi et al. 2006). However, the null
findings of DDT and neurodevelopment in the VHEMBE study
are in agreement with results from the Collaborative Perinatal
Project (CPP), which was conducted in the early 1960s when
maternal serum levels of p,p’-DDT were an order of magnitude
higher than in the VHEMBE study (median =1,100ng/g lipid in
CPP vs. 55.3ng/g lipid in VHEMBE). The results are also in
line with the null findings found with older children in the CPP
and CHAMACOS studies (Gaspar et al. 2015; Jusko et al. 2012).

Despite pyrethroids being widely used in agriculture and IRS
(Hlongwana et al. 2013), there have been relatively few studies
examining the relationship of early life exposure to this class of
insecticides with child neurodevelopment. Studies from NYC
(Horton et al. 2011) and France (Viel et al. 2015) reported no
relationship of maternal exposure with cognitive development on
the infant BSID-II scales and on the WISC Verbal Comprehension
and Working Memory, respectively. However, studies from China
(Xue et al. 2013) and Mexico (Watkins et al. 2016) reported
decreases in infant and toddler cognition with even lower levels of
maternal pyrethroid metabolites than in the current study (e.g.,
3PBA GM = 0.26 ng/mL in Mexico vs. 0.71 ng/mL in VHEMBE).
We did not observe a relationship of maternal pyrethroid exposure
and child cognition, but did observe associations of cis-DBCA and
language development. The VHEMBE children should be followed
to older ages to determine if maternal pyrethroid exposure continues
to be related to language and/or cognitive development.

Although the French study reported no relationship of maternal
prenatal pyrethroid exposure with cognitive development in 6-y-
olds (Viel et al. 2015), in a subsequent analysis in the same children
they reported a relationship for cis-DCCA and 3PBA with behav-
ioral problems, and this latter finding was confirmed in a recent
NYC study (Furlong et al. 2017). Although the children in our
study were considerably younger than in previous studies, our find-
ing of a relationship between maternal pyrethroid metabolites (cis-
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Table 8. Posterior inclusion probabilities for group inclusion into models and conditional inclusion into models using Bayesian kernel machine regression to
describe relative ranking of variable “importance.”

Group PIP? Conditional PIP”
BSID Measure DDT/DDE Pyrethroid p,p'-DDT p,p'-DDE cis-DBCA cis-DCCA trans-DCCA 3PBA
At 1-y visit
Cognitive 0.30 0.06 0.22 0.78 0.15 0.24 0.40 0.21
Receptive Communication 0.03 0.54¢ 0.47 0.53 0.01 0.17 0.39 0.42
Expressive Communication 0.06 0.06 0.73 0.27 0.35 0.17 0.22 0.25
Fine Motor 0.07 0.52¢ 0.73 0.27 0.03 0.20 0.23 0.54
Gross Motor 0.10 0.10 0.51 0.49 0.15 0.43 0.24 0.18
Language Composite 0.02 0.04 0.54 0.46 0.05 0.11 0.33 0.50
Motor Composite 0.02 0.05 0.49 0.51 0.11 0.42 0.28 0.19
Social-Emotional 0.35 0.67¢ 0.25 0.75 0.05 0.45 0.27 0.23
At 2-y visit
Cognitive 0.11 0.10 0.38 0.62 0.17 0.54 0.19 0.10
Receptive Communication 0.08 0.11 0.38 0.62 0.60 0.14 0.16 0.11
Expressive Communication 0.25 0.19 0.16 0.84 0.72 0.06 0.13 0.09
Fine Motor 0.15 0.24 0.32 0.68 0.11 0.40 0.23 0.26
Gross Motor 0.11 0.08 0.52 0.48 0.42 0.31 0.14 0.14
Language Composite 0.07 0.08 0.16 0.84 0.79 0.06 0.10 0.05
Motor Composite 0.06 0.04 0.40 0.60 0.02 0.66 0.19 0.14

Note: Models adjusted for maternal education, age, marital status, poverty status at delivery, risk for depression (CES-D) and Raven’s Coloured Progressive Matrices score (at 1-y visit); food inse-
curity (USDA Food Security Survey); HOME score; psychometrician; preterm delivery; and time of urine collection (before or after delivery). 3PBA, 3-phenoxybenzoic acid; BKMR, Bayesian
kernel machine regression; BSID, Bayley Scales of Infant Development (3rd edition); CES-D, Center for Epidemiologic Studies Depression Scale; DBCA, (2,2-dibromovinyl)-2,2-dimethylcyclo-
propane-1-carboxylicacid; DCCA, (2,2-dichlorovinyl)-2,2-dimethylcyclopropane-1-carboxylicacid; DDE, dichlorodiphenyldichloroethylene; DDT, dichlorodiphenyltrichloroethane; HOME,
Home Observation Measurement of the Environment; PIP, posterior inclusion probability; VHEMBE, Venda Health Examination of Mothers, Babies and their Environment.

“Group PIPs indicate the posterior probability that an exposure grouping (e.g., pyrethroids) was included into the “true” model from the multiple iterations (25,000) of the Markov
Chain Monte Carlo (MCMC) sampler. For example, the pyrethroid grouping was included 67% of the time across all models for the Social-Emotional outcome at the 1-y visit.
bConditional PIPs indicate the posterior probability that a particular chemical exposure (e.g., cis-DCCA) within an exposure grouping (e.g., pyrethroids) was included into the “true”
model from the multiple iterations (25,000) of the MCMC sampler, conditional on the exposure grouping being included. For example, within the pyrethroid grouping, cis-DCCA was

included 45% of the time across all models that included pyrethroids for the Social-Emotional measure at the 1-y visit. Note that within a group, the conditional PIPs will total 1.0.
“Group PIP with probability exceeding the threshold of 0.5 (the median probability model). Emphasis should be placed on the relative ranking across groups (pyrethroids or DDT/DDE).

trans-DCCA and 3PBA) and poorer socio-emotional development
in the 1-y-olds are in line with the results of these two studies.
Unfortunately, we did not administer the Social Emotional subtest
at 2y of age and therefore, cannot confirm this finding at 2 y of age.

Because of the long half-life of DDT/DDE in humans, meas-
urements made in serum collected late in pregnancy or immedi-
ately postpartum likely reflect exposure throughout pregnancy
(Verner et al. 2015). However, a single measure of pyrethroids,
as measured by urinary metabolites, may reflect only recent expo-
sure due to their short half-life (Barlow et al. 2001). In the current
study, we aimed to collect urine from women when they entered
the hospital for admission, but in more than a third the urine sam-
ple was collected postdelivery. Women who had the urine sample
collected predelivery were more likely to deliver by Cesarean
section, but did not differ in any other obvious ways. Because we
were concerned that measurements in postdelivery urine samples
reflected exposure occurring in the hospital instead of in the
home (from IRS), we controlled for timing of the sample collec-
tion in the main analysis and conducted sensitivity analyses
restricting the sample to women who provided specimens prede-
livery. Although the findings were not substantially different
when restricting analysis to the smaller sample, three of the four
pyrethoid metabolite levels were higher in the predelivery sam-
ples. Serial urine samples collected over the course of pregnancy
would have yielded a more accurate picture of exposure to pyr-
ethroids. Thus, the risk of exposure misclassification of pyreth-
roids around the critical period of brain development is a
limitation of this study.

To our knowledge, this is the first study to examine the relation-
ship of insecticides used in IRS and neurodevelopment. Previous
studies have considered the neurodevelopmental effects of organo-
chlorine or pyrethroid insecticides, but in populations unlike those
that are currently exposed to these pesticides in the context of IRS.
Our population is economically impoverished, food insecure, and
has fairly high rates of HIV—all factors that may potentially render
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this population more vulnerable to chemical exposure. Although
exposures are generally higher than in other cohorts, the VHEMBE
cohort is not uniformly highly exposed. Spraying practices vary
between demographically similar villages based largely on minor
differences in altitude, which impact malaria transmission risk.
This yielded a wide range of exposures in an otherwise relatively
demographically homogeneous population. However, findings on
the effects of these insecticides on neurodevelopment in this
impoverished rural African population may not be generalizable to
other worldwide populations that continue to use pyrethroids in
homes and fields and who may have only residual body burdens of
DDT/DDE.

Another limitation of the study is that we found a lack of consis-
tency between associations at the 1-y and 2-y visits, and hence the
longitudinal measures were deemed not relevant. It is possible that
the assessment at 1 y of age was less reliable (given infant behav-
ior) than at 2 y of age. Likewise, we do not have a ready explanation
for the positive association of DDT/DDE and cognition. The fact
that this finding no longer exists at 2 y of age suggests that it may
be due to chance. Data from future visits in this ongoing longitudi-
nal study should give us an indication whether the associations per-
sist over time.

Previous studies have not considered the joint effects of the
two pesticide classes, although both classes of pesticides are
widely used in malaria-endemic areas in South Africa. A strength
of this study is the use of BKMR to consider individual chemical
exposure responses with co-occurring insecticides and their inter-
action without numerous comparison testing. The results of the
BKMR models did not support interactions between DDT/DDE
and any of the pyrethroid metabolites. From the perspective of
relative ranking of PIPs, we found that pyrethroids as a group
ranked higher than DDT/DDE for most of the study outcomes,
with the strength of the evidence highest for social-emotional out-
comes, which is consistent with the finding in the single-pollutant
models.
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Conclusions

The challenge of this study was to disentangle the effects of various
IRS insecticides and to consider concurrent conditions, such as pov-
erty, malaria, AIDS, poor nutrition—all of which are possible deter-
minants of delays in children’s physical and mental development.
We found that prenatal exposure to DDT/DDE in the context of IRS
was not associated with adverse neurodevelopmental outcomes in
infants and toddlers, controlling for these other sociodemographic
factors. In contrast, pyrethoid exposure measured in the peripartum
period was associated with statistically significant decrements in
social-emotional and language development in this age range, as
well as lower motor function scores in girls but higher motor func-
tion scores in boys. Given pyrethroids’ widespread use worldwide
in both agriculture and indoor pest control, these findings deserve
further investigation. Although IRS has been instrumental in the
prevention of malaria in sub-Saharan Africa, these benefits must
be considered against possible neurotoxic effects on young children.

Acknowledgments
We would like to acknowledge the VHEMBE field staff and in
particular, V. Ramutangwa and T. Madzanani, who performed
all of the Bayley assessments. We thank D. Barr for the
analyses of DDT/E and the scientists at the Institut National de
Santé Publique du Québec for the analysis of the pyrethroid
metabolites. We are grateful for the support of Philip Kruger of
the Malaria Control Programme, Limpopo Department of
Health.

Funding from the National Institutes of Health/National Institute
of Environmental Health Sciences, grant 1RO1ES020360-01(B.E.)
and the Canada Research Chairs program (J.C.).

References

ATSDR (Agency for Toxic Substances and Disease Registry). 2002. Public Health
Statement: DDT, DDE, and DDD. https://www.atsdr.cdc.gov/ToxProfiles/tp35-
c1-b.pdf [accessed 6 March 2018].

Bahena-Medina LA, Torres-Sanchez L, Schnaas L, Cebrian ME, Chavez CH,
Osorio-Valencia E, et al. 2011. Neonatal neurodevelopment and prenatal ex-
posure to dichlorodiphenyldichloroethylene (DDE): a cohort study in Mexico.
J Expo Sci Environ Epidemiol 21(6):609-614, PMID: 21750576, https://doi.org/
10.1038/jes.2011.25.

Barbieri MM, Berger JO. 2004. Optimal predictive model selection. Ann Stat 32(3):870—
897, https://doi.org/10.1214/009053604000000238.

Barlow SM, Sullivan FM, Lines J. 2001. Risk assessment of the use of deltamethrin
on bednets for the prevention of malaria. Food Chem Toxicol 39(5):407-422,
PMID: 11313107, https://doi.org/10.1016/S0278-6915(00)00152-6.

Barr DB, Olsson AO, Wong LY, Udunka S, Baker SE, Whitehead RD, et al. 2010.
Urinary concentrations of metabolites of pyrethroid insecticides in the general
U.S. population: National Health and Nutrition Examination Survey 1999-2002.
Environ Health Perspect 118(6):742-748, PMID: 20129874, https://doi.org/10.
1289/ehp.0901275.

Barr JR, Maggio VL, Barr DB, Turner WE, Sjodin A, Sandau CD, et al. 2003. New high-
resolution mass spectrometric approach for the measurement of polychlorinated
biphenyls and organochlorine pesticides in human serum. J Chromatogr B Analyt
Technol Biomed Life Sci 794(1):137-148, PMID: 12888206, https://doi.org/10.1016/
$1570-0232(03)00451-3.

Bayley N. 2006. Bayley Scales of Infant and Toddler Development (Bayley-1ll). 3rd
Edition. New York, NY:Psychological Corporation.

Ben Slima A, Chtourou Y, Barkallah M, Fetoui H, Boudawara T, Gdoura R. 2017.
Endocrine disrupting potential and reproductive dysfunction in male mice exposed
to deltamethrin. Hum Exp Toxicol 36(3):218-226, PMID: 27164926, https://doi.org/10.
1177/0960327116646617.

Beusenberg M, Orley J. 1994. A User's Guide to the Self-Reporting Questionnaire—
SRQ. Geneva, Switzerland:World Health Organization, Division of Mental Health.

Blumberg SJ, Bialostosky K, Hamilton WL, Briefel RR. 1999. The effectiveness of a
short form of the Household Food Security Scale. Am J Public Health 89(8):1231—
1234, PMID: 10432912, https://doi.org/10.2105/AJPH.89.8.1231.

Bobb JF, Valeri L, Claus Henn B, Christiani DC, Wright RO, Mazumdar M, et al. 2015.
Bayesian kernel machine regression for estimating the health effects of multi-
pollutant mixtures. Biostatistics 16(3):493-508, PMID: 25532525, https://doi.org/10.
1093/biostatistics/kxu058.

Environmental Health Perspectives

Bouwman H, Sereda B, Meinhardt HM. 2006. Simultaneous presence of DDT and
pyrethroid residues in human breast milk from a malaria endemic area in
South Africa. Environ Pollut 144(3):902-917, PMID: 16564119, https://doi.org/10.
1016/j.envpol.2006.02.002.

Brander SM, He G, Smalling KL, Denison MS, Cherr GN. 2012. The in vivo estrogenic
and in vitro anti-estrogenic activity of permethrin and bifenthrin. Environ Toxicol
Chem 31(12):2848-2855, PMID: 23007834, https://doi.org/10.1002/etc.2019.

Broadhead WE, Gehlbach SH, de Gruy FV, Kaplan BH. 1988. The Duke-UNC
Functional Social Support Questionnaire. Measurement of social support in
family medicine patients. Med Care 26(7):709-723, PMID: 3393031.

Cox JL, Holden JM, Sagovsky R. 1987. Detection of postnatal depression. Development
of the 10-item Edinburgh Postnatal Depression Scale. Br J Psychiatry 150:782-786,
PMID: 3651732.

Eriksson P, Ahlbom J, Fredriksson A. 1992. Exposure to DDT during a defined period in
neonatal life induces permanent changes in brain muscarinic receptors and
behaviour in adult mice. Brain Res 582(2):277-281, PMID: 1393550, https://doi.org/
10.1016/0006-8993(92)90144-X.

Eskenazi B, Marks AR, Bradman A, Fenster L, Johnson C, Barr DB, et al. 2006. In utero
exposure to dichlorodiphenyltrichloroethane (DDT) and dichlorodiphenyldichloro-
ethylene (DDE) and neurodevelopment among young Mexican American children.
Pediatrics 118(1):233-241, PMID: 16818570, https://doi.org/10.1542/peds.2005-3117.

Fenton TR, Kim JH. 2013. A systematic review and meta-analysis to revise the
Fenton growth chart for preterm infants. BMC Pediatr 13:59, PMID: 23601190,
https://doi.org/10.1186/1471-2431-13-59.

Furlong MA, Barr DB, Wolff MS, Engel SM. 2017. Prenatal exposure to pyrethroid
pesticides and childhood behavior and executive functioning. Neurotoxicology
62:231-238, PMID: 28811173, https://doi.org/10.1016/j.neuro.2017.08.005.

Gaspar FW, Harley KG, Kogut K, Chevrier J, Mora AM, Sjodin A, et al. 2015. Prenatal
DDT and DDE exposure and child 1Q in the CHAMACOS cohort. Environ Int
85:206-212, PMID: 26414943, https://doi.org/10.1016/j.envint.2015.09.004.

Gladen BC, Rogan WJ, Hardy P, Thullen J, Tingelstad J, Tully M. 1988. Development after
exposure to polychlorinated biphenyls and dichlorodiphenyl dichloroethene trans-
placentally and through human milk. J Pediatr 113(6):991-995, PMID: 3142988,
https://doi.org/10.1016/S0022-3476(88)80569-9.

Greenland S. 1993. Methods for epidemiologic analyses of multiple exposures: a
review and comparative-study of maximum-likelihood, preliminary-testing, and
empirical-Bayes regression. Stat Med 12(8):717-736, PMID: 8516590,
https://doi.org/10.1002/sim.4780120802.

Hlongwana KW, Mavundza EJ, Mohapi EP, Kruger P, Urbach J, Mukaratirwa S, et al.
2013. Vector-control personnel’s knowledge, perceptions and practices towards
insecticides used for indoor residual spraying in Limpopo Province, South Africa.
Parasit Vectors 6(1):118, PMID: 23618516, https://doi.org/10.1186/1756-3305-6-118.

Horton MK, Rundle A, Camann DE, Boyd Barr D, Rauh VA, Whyatt RM. 2011. Impact of
prenatal exposure to piperonyl butoxide and permethrin on 36-month neurodevel-
opment. Pediatrics 127(3).:e699-e706, PMID: 21300677, https:/doi.org/10.1542/peds.
2010-0133.

Jusko TA, Klebanoff MA, Brock JW, Longnecker MP. 2012. In-utero exposure to
dichlorodiphenyltrichloroethane and cognitive development among infants and
school-aged children. Epidemiology 23(5):689-698, PMID: 22766752, https://doi.org/
10.1097/EDE.0b013e31825fb61d.

Kariger P, Frongillo EA, Engle P, Britto PM, Sywulka SM, Menon P. 2012. Indicators
of family care for development for use in multicountry surveys. J Health Popul
Nutr 30(4):472-486, PMID: 23304914, https://doi.org/10.3329/jhpn.v30i4.13417.

Longnecker MP. 2005. Invited commentary: why DDT matters now. Am J Epidemiol
162(8):726-728, PMID: 16120697, https://doi.org/10.1093/aje/kwi277.

Lubin JH, Colt JS, Camann D, Davis S, Cerhan JR, Severson RK, et al. 2004.
Epidemiologic evaluation of measurement data in the presence of detection limits.
Environ Health Perspect 112(17):1691-1696, PMID: 15579415, 10.1289/ehp.7199.

Lyall K, Croen LA, Sjédin A, Yoshida CK, Zerbo O, Kharrazi M, et al. 2017. Polychlorinated
biphenyl and organochlorine pesticide concentrations in maternal mid-pregnancy
serum samples: association with autism spectrum disorder and intellectual disabil-
ity. Environ Health Perspect 125(3):474-480, PMID: 27548254, https://doi.org/10.1289/
EHP277.

Macintyre UE, Venter CS, Vorster HH. 2001a. A culture-sensitive quantitative food
frequency questionnaire used in an African population: 1. Development and
reproducibility. Public Health Nutr 4:53-62, PMID: 11315681, https://doi.org/10.
1079/PHN200040.

Maclntyre UE, Venter CS, Vorster HH. 2001b. A culture-sensitive quantitative food
frequency questionnaire used in an African population: 2. Relative validation by
7-day weighted records and biomarkers. Public Health Nutr 4(1):63-71, PMID:
11315682, https://doi.org/10.1079/PHN200041.

Maclntyre UE, Venter CS, Vorster HH, Steyn HS. 2001¢. A combination of statistical
methods for the analysis of the relative validation data of the quantitative food
frequency questionnaire used in the THUSA study. Transition, Health and
Urbanisation in South Africa. Public Health Nutr 4(1):45-51, PMID: 11315680,
https://doi.org/10.1079/PHN200039.

047004-10


https://www.atsdr.cdc.gov/ToxProfiles/tp35-c1-b.pdf
https://www.atsdr.cdc.gov/ToxProfiles/tp35-c1-b.pdf
https://www.ncbi.nlm.nih.gov/pubmed/21750576
https://doi.org/10.1038/jes.2011.25
https://doi.org/10.1038/jes.2011.25
https://doi.org/10.1214/009053604000000238
https://www.ncbi.nlm.nih.gov/pubmed/11313107
https://doi.org/10.1016/S0278-6915(00)00152-6
https://www.ncbi.nlm.nih.gov/pubmed/20129874
https://doi.org/10.1289/ehp.0901275
https://doi.org/10.1289/ehp.0901275
https://www.ncbi.nlm.nih.gov/pubmed/12888206
https://doi.org/10.1016/S1570-0232(03)00451-3
https://doi.org/10.1016/S1570-0232(03)00451-3
https://www.ncbi.nlm.nih.gov/pubmed/27164926
https://doi.org/10.1177/0960327116646617
https://doi.org/10.1177/0960327116646617
https://www.ncbi.nlm.nih.gov/pubmed/10432912
https://doi.org/10.2105/AJPH.89.8.1231
https://www.ncbi.nlm.nih.gov/pubmed/25532525
https://doi.org/10.1093/biostatistics/kxu058
https://doi.org/10.1093/biostatistics/kxu058
https://www.ncbi.nlm.nih.gov/pubmed/16564119
https://doi.org/10.1016/j.envpol.2006.02.002
https://doi.org/10.1016/j.envpol.2006.02.002
https://www.ncbi.nlm.nih.gov/pubmed/23007834
https://doi.org/10.1002/etc.2019
https://www.ncbi.nlm.nih.gov/pubmed/3393031
https://www.ncbi.nlm.nih.gov/pubmed/3651732
https://www.ncbi.nlm.nih.gov/pubmed/1393550
https://doi.org/10.1016/0006-8993(92)90144-X
https://doi.org/10.1016/0006-8993(92)90144-X
https://www.ncbi.nlm.nih.gov/pubmed/16818570
https://doi.org/10.1542/peds.2005-3117
https://www.ncbi.nlm.nih.gov/pubmed/23601190
https://doi.org/10.1186/1471-2431-13-59
https://www.ncbi.nlm.nih.gov/pubmed/28811173
https://doi.org/10.1016/j.neuro.2017.08.005
https://www.ncbi.nlm.nih.gov/pubmed/26414943
https://doi.org/10.1016/j.envint.2015.09.004
https://www.ncbi.nlm.nih.gov/pubmed/3142988
https://doi.org/10.1016/S0022-3476(88)80569-9
https://www.ncbi.nlm.nih.gov/pubmed/8516590
https://doi.org/10.1002/sim.4780120802
https://www.ncbi.nlm.nih.gov/pubmed/23618516
https://doi.org/10.1186/1756-3305-6-118
https://www.ncbi.nlm.nih.gov/pubmed/21300677
https://doi.org/10.1542/peds.2010-0133
https://doi.org/10.1542/peds.2010-0133
https://www.ncbi.nlm.nih.gov/pubmed/22766752
https://doi.org/10.1097/EDE.0b013e31825fb61d
https://doi.org/10.1097/EDE.0b013e31825fb61d
https://www.ncbi.nlm.nih.gov/pubmed/23304914
https://doi.org/10.3329/jhpn.v30i4.13417
https://www.ncbi.nlm.nih.gov/pubmed/16120697
https://doi.org/10.1093/aje/kwi277
https://www.ncbi.nlm.nih.gov/pubmed/15579415
https://www.ncbi.nlm.nih.gov/pubmed/10.1289/ehp.7199
https://www.ncbi.nlm.nih.gov/pubmed/27548254
https://doi.org/10.1289/EHP277
https://doi.org/10.1289/EHP277
https://www.ncbi.nlm.nih.gov/pubmed/11315681
https://doi.org/10.1079/PHN200040
https://doi.org/10.1079/PHN200040
https://www.ncbi.nlm.nih.gov/pubmed/11315682
https://doi.org/10.1079/PHN200041
https://www.ncbi.nlm.nih.gov/pubmed/11315680
https://doi.org/10.1079/PHN200039

MacLehose RF, Dunson DB, Herring AH, Hoppin JA. 2007. Bayesian methods for
highly correlated exposure data. Epidemiology 18(2):199-207, PMID: 17272963,
https://doi.org/10.1097/01.ede.0000256320.30737.c0.

MAL-ED Network Investigators. 2014. The MAL-ED study: a multinational and multidisci-
plinary approach to understand the relationship between enteric pathogens, malnu-
trition, gut physiology, physical growth, cognitive development, and immune
responses in infants and children up to 2 years of age in resource-poor environ-
ments. Clin Infect Dis 59(suppl 4):S193-206, PMID: 25305287, https://doi.org/10.1093/
cid/ciu6b3.

Malik JK, Aggarwal M, Kalpana S, Gupta RC. 2017. Chlorinated hydrocarbons and
pyrethrins/pyrethroids. In: Reproductive and Developmental Toxicology. 2nd
Edition. London, UK:Elsevier, Academic Press, 633—655.

Mandhane SN, Chopde CT. 1997. Neurobehavioral effects of low level fenvalerate
exposure in mice. Indian J Exp Biol 35(6):623-627, PMID: 9357167.

Nasuti C, Cantalamessa F, Falcioni G, Gabbianelli R. 2003. Different effects of Type
I and Type Il pyrethroids on erythrocyte plasma membrane properties and en-
zymatic activity in rats. Toxicology 191(2—3):233-244, PMID: 12965126.

0'Hara RB, Sillanpda MJ. 2009. A review of Bayesian variable selection methods:
what, how and which. Bayesian Anal 4(1):85-117, https://doi.org/10.1214/09-
BA403.

Pan IJ, Daniels JL, Goldman BD, Herring AH, Siega-Riz AM, Rogan WJ. 2009.
Lactational exposure to polychlorinated biphenyls, dichlorodiphenyltrichloro-
ethane, and dichlorodiphenyldichloroethylene and infant neurodevelopment:
an analysis of the Pregnancy, Infection, and Nutrition Babies Study. Environ
Health Perspect 117(3):488-494, PMID: 19337527, https:/doi.org/10.1289/ehp.
0800063.

Patisaul HB, Adewale HB. 2009. Long-term effects of environmental endocrine dis-
ruptors on reproductive physiology and behavior. Front Behav Neurosci 3:10,
PMID: 19587848, https://doi.org/10.3389/neuro.08.010.2009.

Phillips DL, Pirkle JL, Burse VW, Bernert JT Jr, Henderson LO, Needham LL. 1989.
Chlorinated hydrocarbon levels in human serum: effects of fasting and feeding.
Arch Environ Contam Toxicol 18(4):495-500, PMID: 2505694, https://doi.org/10.
1007/BF01055015.

Raven J. 1960. Guide to the Standard Progressive Matrices: Sets A, B, C, D, and E.
London, UK:Lewis Press.

Ribas-Fito N, Cardo E, Sala M, Eulalia de Muga M, Mazén C, Verd( A, et al. 2003.
Breastfeeding, exposure to organochlorine compounds, and neurodevelop-
ment in infants. Pediatrics 111(5 pt 1):e580-e585, PMID: 12728113.

Ribas-Fitd N, Torrent M, Carrizo D, Mufioz-Ortiz L, Julvez J, Grimalt JO, et al. 2006.
In utero exposure to background concentrations of DDT and cognitive func-
tioning among preschoolers. Am J Epidemiol 164(10):955-962, PMID: 16968864,
https://doi.org/10.1093/aje/kwj299.

Rogan WJ, Gladen BC. 1991. PCBs, DDE, and child development at 18 and 24
months. Ann Epidemiol 1(5):407—-413, PMID: 1669521.

Ruch WC. 2016. Updated Poverty Lines for South Africa. Part Email Correspondences
with a Manager of the Poverty and Inequality Statistics in Statistics South Africa,
Rauch S, ed.

Scott JG, Berger JO. 2010. Bayes and empirical-Bayes multiplicity adjustment in the
variable-selection problem. Ann Stat 38(5):2587-2619, https://doi.org/10.1214/10-
A0S792.

Southern Africa Labour and Development Research Unit. 2010. National Income
Dynamics Study. University of Cape Town, South Africa. http://www.datafirst.uct.
ac.za/dataportal/index.php/catalog/452 [accessed 7 June 2016].

Textor J, Hardt J, Kniippel S. 2011. DAGitty: a graphical tool for analyzing causal
diagrams. Epidemiology 22(5):745, PMID: 21811114, https://doi.org/10.1097/EDE.
0b013e318225¢2be.

Environmental Health Perspectives

Thomas DC, Witte JS, Greenland S. 2007. Dissecting effects of complex mixtures:
who's afraid of informative priors? Epidemiology 18(2):186-190, PMID: 17301703,
https://doi.org/10.1097/01.ede.0000254682.47697.70.

Torres-Sanchez L, Rothenberg SJ, Schnaas L, Cebrian ME, Osorio E, Del Carmen
Hernandez M, et al. 2007. In utero p,p’-DDE exposure and infant neurodevelop-
ment: a perinatal cohort in Mexico. Environ Health Perspect 115(3):435-439,
PMID: 17431495, https://doi.org/10.1289/ehp.9566.

Torres-Sanchez L, Schnaas L, Cebrian ME, Hernandez Mdel C, Valencia EO, Garcia
Hernandez RM, et al. 2009. Prenatal dichlorodiphenyldichloroethylene (DDE)
exposure and neurodevelopment: a follow-up from 12 to 30 months of age.
Neurotoxicology 30(6):1162—1165, PMID: 19733589, https://doi.org/10.1016/j.neuro.
2009.08.010.

Torres-Sanchez L, Schnaas L, Rothenberg SJ, Cebrian ME, Osorio-Valencia E,
Hernandez Mdel C, et al. 2013. Prenatal p,p’-DDE exposure and neurodevelop-
ment among children 3.5-5 years of age. Environ Health Perspect 121(2):263—
268, PMID: 23151722, https://doi.org/10.1289/ehp.1205034.

USDA (U.S. Department of Agriculture). 2012. Food Security in the U.S.: Survey
Tools. http://www.ers.usda.gov/topics/food-nutrition-assistance/food-security-
in-the-us/survey-tools.aspx#six [accessed 10 August 2016].

Valeri L, Mazumdar MM, Bobb JF, Claus Henn B, Rodrigues E, Sharif OIA, et al.
2017. The joint effect of prenatal exposure to metal mixtures on neurodevelop-
mental outcomes at 20-40 months of age: evidence from rural Bangladesh.
Environ Health Perspect 125(6):067015, PMID: 28669934, https://doi.org/10.1289/
EHP614.

van Balen EC, Wolansky MJ, Kosatsky T. 2012. Increasing use of pyrethroids in
Canadian households: should we be concerned? Can J Public Health 103(6):
e404-e407, PMID: 23618016.

Verner MA, Gaspar FW, Chevrier J, Gunier RB, Sjddin A, Bradman A, et al. 2015.
Increasing sample size in prospective birth cohorts: back-extrapolating pre-
natal levels of persistent organic pollutants in newly enrolled children.
Environ Sci Technol 49(6):3940-3948, PMID: 25698216, https://doi.org/10.1021/
acs.est.5b00322.

Viel JF, Rouget F, Warembourg C, Monfort C, Limon G, Cordier S, et al. 2017.
Behavioural disorders in 6-year-old children and pyrethroid insecticide expo-
sure: the PELAGIE mother—child cohort. Occup Environ Med 74(4):275-281,
PMID: 28250046, https://doi.org/10.1136/0emed-2016-104035.

Viel JF, Warembourg C, Le Maner-Idrissi G, Lacroix A, Limon G, Rouget F, et al.
2015. Pyrethroid insecticide exposure and cognitive developmental disabilities
in children: the PELAGIE mother—child cohort. Environ Int 82:69-75, PMID:
26057254, https://doi.org/10.1016/j.envint.2015.05.009.

Watkins DJ, Fortenberry GZ, Sanchez BN, Barr DB, Panuwet P, Schnaas L, et al.
2016. Urinary 3-phenoxybenzoic acid (3-PBA) levels among pregnant women in
Mexico City: distribution and relationships with child neurodevelopment. Environ
Res 147:307-313, PMID: 26922411, https://doi.org/10.1016/j.envres.2016.02.025.

WHO (World Health Organization). 2015. World Malaria Report. Geneva, Switzerland:
WHO.

Wolff MS, Zeleniuch-Jacquotte A, Dubin N, Toniolo P. 2000. Risk of breast cancer
and organochlorine exposure. Cancer Epidemiol Biomarkers Prev 9(3):271-277,
PMID: 10750665.

Xue Z, Li X, Su Q, Xu L, Zhang P, Kong Z, et al. 2013. Effect of synthetic pyrethroid pes-
ticide exposure during pregnancy on the growth and development of infants. Asia
Pac J Public Health 25(4 suppl):72S-79S, PMID: 23966607, https://doi.org/10.1177/
1010539513496267.

Yach D, Cameron N, Padayachee N, Wagstaff L, Richter L, Fonn S. 1991. Birth to
ten: child health in South Africa in the 1990s. Rationale and methods of a birth
cohort study. Paediatr Perinat Epidemiol 5(2):211-233, PMID: 2052483.

047004-11


https://www.ncbi.nlm.nih.gov/pubmed/17272963
https://doi.org/10.1097/01.ede.0000256320.30737.c0
https://www.ncbi.nlm.nih.gov/pubmed/25305287
https://doi.org/10.1093/cid/ciu653
https://doi.org/10.1093/cid/ciu653
https://www.ncbi.nlm.nih.gov/pubmed/9357167
https://www.ncbi.nlm.nih.gov/pubmed/12965126
https://doi.org/10.1214/09-BA403
https://doi.org/10.1214/09-BA403
https://www.ncbi.nlm.nih.gov/pubmed/19337527
https://doi.org/10.1289/ehp.0800063
https://doi.org/10.1289/ehp.0800063
https://www.ncbi.nlm.nih.gov/pubmed/19587848
https://doi.org/10.3389/neuro.08.010.2009
https://www.ncbi.nlm.nih.gov/pubmed/2505694
https://doi.org/10.1007/BF01055015
https://doi.org/10.1007/BF01055015
https://www.ncbi.nlm.nih.gov/pubmed/12728113
https://www.ncbi.nlm.nih.gov/pubmed/16968864
https://doi.org/10.1093/aje/kwj299
https://www.ncbi.nlm.nih.gov/pubmed/1669521
https://doi.org/10.1214/10-AOS792
https://doi.org/10.1214/10-AOS792
http://www.datafirst.uct.ac.za/dataportal/index.php/catalog/452
http://www.datafirst.uct.ac.za/dataportal/index.php/catalog/452
https://www.ncbi.nlm.nih.gov/pubmed/21811114
https://doi.org/10.1097/EDE.0b013e318225c2be
https://doi.org/10.1097/EDE.0b013e318225c2be
https://www.ncbi.nlm.nih.gov/pubmed/17301703
https://doi.org/10.1097/01.ede.0000254682.47697.70
https://www.ncbi.nlm.nih.gov/pubmed/17431495
https://doi.org/10.1289/ehp.9566
https://www.ncbi.nlm.nih.gov/pubmed/19733589
https://doi.org/10.1016/j.neuro.2009.08.010
https://doi.org/10.1016/j.neuro.2009.08.010
https://www.ncbi.nlm.nih.gov/pubmed/23151722
https://doi.org/10.1289/ehp.1205034
http://www.ers.usda.gov/topics/food-nutrition-assistance/food-security-in-the-us/survey-tools.aspx#six
http://www.ers.usda.gov/topics/food-nutrition-assistance/food-security-in-the-us/survey-tools.aspx#six
https://www.ncbi.nlm.nih.gov/pubmed/28669934
https://doi.org/10.1289/EHP614
https://doi.org/10.1289/EHP614
https://www.ncbi.nlm.nih.gov/pubmed/23618016
https://www.ncbi.nlm.nih.gov/pubmed/25698216
https://doi.org/10.1021/acs.est.5b00322
https://doi.org/10.1021/acs.est.5b00322
https://www.ncbi.nlm.nih.gov/pubmed/28250046
https://doi.org/10.1136/oemed-2016-104035
https://www.ncbi.nlm.nih.gov/pubmed/26057254
https://doi.org/10.1016/j.envint.2015.05.009
https://www.ncbi.nlm.nih.gov/pubmed/26922411
https://doi.org/10.1016/j.envres.2016.02.025
https://www.ncbi.nlm.nih.gov/pubmed/10750665
https://www.ncbi.nlm.nih.gov/pubmed/23966607
https://doi.org/10.1177/1010539513496267
https://doi.org/10.1177/1010539513496267
https://www.ncbi.nlm.nih.gov/pubmed/2052483

	Prenatal Exposure to DDT and Pyrethroids for Malaria Control and Child Neurodevelopment: The VHEMBE Cohort, South Africa
	Introduction
	Methods
	Study Population
	Procedures
	Bayley Scales of Infant Development
	DDT/DDE Measurements
	Pyrethroid Metabolite Measurements
	Data Analysis

	Results
	Discussion
	Conclusions
	Acknowledgments
	References




