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Abstract

Organochlorine pesticides (OCPs) are persistent endocrine disruptors. OCPs cross the placenta;
this prenatal exposure has been associated with adverse pregnancy outcomes. We investigated
associations between prenatal exposure to OCPs and gestational age and birth weight in 600
infants born between 1960 and 1963. The primary OCP was 1,1,1-trichloro-2,2-bis(p-
chlorophenyl)ethane (p,0'-DDT), its primary metabolite, 1,1’-dichloro-2,2"-bis(o-
chlorophenyl)ethylene(p,p’-DDE) and the contaminant, 1,1,1-trichloro-2-(p-chlorophenyl)-2-(o-
chlorophenyl)-ethane (0,0"-DDT). Regression analysis indicated that for each natural log unit
increase in p,p’-DDT, birth weight increased by 274 grams (95% CI 122, 425) when controlling
for p,p’-DDE and 0,0’ -DDT. At a given level of p,p"-DDT exposure, o,p"-DDT and p,p'-DDE
were associated with decreased birth weight. p,0"-DDE was negatively associated with length of
gestation, controlling for p,o’-DDT and o,0"-DDT. These findings suggest opposing associations
between exposure to p,o -DDT and p,p"-DDE and birth weight. We did not find evidence to
support mediation by maternal thyroid hormone status nor that the association differed by sex.
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1. Introduction

Although banned in the 1970s, organochlorine pesticide (OCP) exposure is ubiquitous as
these compounds and their metabolites persist in the environment, are lipophilic and
bioaccumulate. Perhaps the best studied OCP is dichlorodiphenyltrichloroethane (DDT).
DDT is a composite term frequently used to include the active ingredient 1,1,1-trichloro-2,2-
bis(p-chlorophenyl)ethane (p,p -DDT), its contaminant 1,1,1-trichloro-2-(p-
chlorophenyl)-2-(o-chlorophenyl)-ethane (o,0"-DDT) and primary metabolite 1,1 -
dichloro-2,2'-bis(p-chlorophenyl)ethylene (p,0’-DDE). Reproductive outcomes following
DDT exposure have been studied in wildlife since the early 1960s [1]. As a result of adverse
findings in those studies, numerous studies in humans were initiated. Indeed, because OCPs
cross the placenta [2] hypotheses regarding decreased fetal growth, as well as developmental
outcomes have been proposed.

Human exposure to p,o"-DDT and o,p"-DDT occurs primarily through direct contact with
pesticide application and diet, while the source of exposure to p,p"-DDE depends on
whether exposure to p,p’-DDT is active. During active exposure, humans convert p,p -DDT
to p,p"-DDE but otherwise p,p -DDE exposure occurs largely via diet. The greater
detectability and higher levels of p,p"-DDE seen in humans is a result of the longer half-life
of this compound in the environment, and consequent bio-accumulation in the food chain,
relative to its counterparts. Following the ban of DDT in the early 1970s, blood
concentrations of p,p’ -DDT, p,p’-DDE, and 0,0’ -DDT have decreased by approximately
five fold [3, 4].

OCPs are endocrine disrupting compounds (EDCs) [5, 6]. Due to the structural similarity of
p,p'-DDT and p,p’-DDE to thyroid hormones, it is plausible that p,0’-DDT or p,p’-DDE
may interfere with the synthesis, transport, receptor binding or action of these hormones [7].
Though the epidemiologic evidence is conflicting, studies examining prenatal exposure to
p,p -DDT and p,p -DDE and infant thyroid hormone levels have suggested that exposure to
these OCPs is associated with increases in thyroid stimulating hormone (TSH) [8], decreases
in free thyroxine (fT4) [8, 9], decreases in total thyroxine (TT4) [10], and/or decreases in
(total triiodothyronine (TT3) [11, 12]. Still, other studies report no such associations [13,
14]. Both exposure to OCPs and perturbed thyroid function during pregnancy are posited to
result in similar adverse pregnancy outcomes [3, 15]. Thus, it is plausible to hypothesize a
mediation mechanism by which impaired maternal thyroid function, resulting from exposure
to OCPs, negatively impacts the developing fetus /n utero.

At present, some evidence suggests there are independent associations between adverse
pregnancy outcomes and both OCP exposure [16-18] and impaired maternal thyroid
function during pregnancy [15, 19, 20]. In animal studies, prenatal p,o"-DDT exposure has
been associated with premature delivery [21, 22] and increased fetal resorption or abortion
[21, 23]. In epidemiologic studies, associations between exposure to p,0’-DDT and p,0’- p,p
’-DDE and fetal growth are less consistent. Longnecker et al. (2001) found increased odds
ratios relating maternal p,0"-DDE levels above > 60p.g/L with preterm delivery and being
for small for gestational age [16]. Similarly, Wolff et al. (2007) found an inverse association
between maternal p,p"-DDE concentrations and birth weight [18]. Other studies also have
found p,p’ -DDT to be associated with preterm delivery [24], although many studies have
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found no evidence of significant associations with birth outcomes [17, 25-27]. These
discrepant results may be due, in part, to issues of exposure characterization. Exposure to
DDT is complex due to both contamination (0,0"-DDT) and the presence of a major
metabolite (p,p’ -DDE); each compound reflects timing, level and sources of exposure and
host metabolism.

Studies have likewise provided evidence favoring an association between maternal thyroid
dysfunction and adverse pregnancy outcomes. Several have suggested that in comparison to
euthyroid mothers, mothers with hypothyroidism (elevated TSH and decreased fT4) or
subclinical hypothyroidism (elevated TSH and fT4 within the normal range) are more likely
to deliver preterm infants [28-30] and, to a lesser extent, infants with low birth weights [31];
the risk of these complications is greater in overtly hypothyroid mothers compared to those
with sub-clinical hypothyroidism [15]. Previous studies of OCP exposure and pregnancy
outcomes have not considered possible mediation pathways. Because of the vital role
thyroid hormone plays in growth and development of the fetus, a mediation pathway
warrants further exploration.

Here, we add to the literature by considering associations between p,p’-DDT, p,p’-DDE and
0,0’ -DDT and birth weight in a well characterized cohort from the 1960s. We a priori
hypothesize that DDT and its components will be associated with decreased birth weight and
decreased gestational age. We also explore the possible role of maternal thyroid status as a
mediator.

2. Methods
2.1. Study design

The CHDS is a prospective birth cohort designed to observe women, their pregnancies and
their offspring [32]. The cohort recruited members of the Kaiser Health Plan who were
receiving obstetric care at the Oakland, California Kaiser Foundation Hospital and nearby
East Bay clinics from 1959 through 1966. Women were enrolled at the confirmation of their
pregnancies and followed through delivery. The CHDS includes data on 20,754 pregnancies
and 19,044 live births. All live births were followed through at least age 5 years, with some
subsets of children whose families remained in the San Francisco Bay area being observed
through adolescence. At 12 months only 48 (0.2%) subjects were lost to follow up and at
age 5 years 89.4% were still under observation.

Detailed information on maternal and paternal characteristics was obtained through maternal
interview. Maternal and pediatric medical records were abstracted to obtain information
about maternal prenatal care measures, labor and delivery, and child's serial growth (weight
and height) through age 5. Serum samples were collected from the women during each
trimester of pregnancy and postpartum. After fractionation, serum samples were frozen at
—-20°C, stored and archived. Subjects provided informed consent in accordance with
practices in the 1960s.

The data in the present analysis are derived from a study of organochlorine compounds
(OCs), thyroid hormone levels and neurocognitive outcomes at ages 5, 9-11 and 15-17. The
study base for the present analysis is drawn from a subset of CHDS children who
participated in neurocognitive examinations through successive follow-up at ages 5, 9-11
and 15-17 (n=1752). Of these participants, we analyzed a sample of 600 infants (300 male,
300 female). The 600 were selected at random from the 500 males and 453 females who
remained eligible after excluding subjects with inadequate second trimester sera (for the
measurement of thyroid hormones), inadequate postpartum maternal serum (for the
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measurement of OCs) and subjects with missing gestational age. Pregnancy serum samples
used for this analysis were drawn between 1960 and 1963, when DDT was still in active use.

2.2. Laboratory analyses

All serum samples were stored at —20 °C, with minimal thaw-refreeze cycles, until analyzed
in 2007-2008. OCs were measured in sera collected immediately post partum (within three
days of delivery) from the mother. Serum levels of DDT (p,0 -DDT, p,p’-DDE, 0,0’ -DDT)
were measured. Serum levels of 11 polychlorinated biphenyl (PCB) congeners (66, 74, 99,
118, 138, 153, 170, 180, 187, 194 and 203) were also obtained. PCB and DDT assays were
performed at both the Environmental Chemistry Laboratory of the California Department of
Toxic Substances Control and at the Mount Sinai School of Medicine. The assay methods
are detailed in a previous publication [33]. Serum triglyceride and cholesterol levels were
measured in the laboratory of Dr. Nadir Rafai at The Children's Hospital, Harvard Medical
School.

Previous reports have established that a wide array of organochlorines are detectable in
CHDS serum and that measures between laboratories are comparable [34, 35]. The limits of
detection (LOD) for both laboratories are also well below those generally considered
satisfactory, ranging from 0.10 to 0.80 ng/mL for p,p"-DDE and p,p’-DDT, and from 0.03 to
0.40 for o,p"-DDT. Minimum percent of samples with detectable levels were 99.9% for p,p
"-DDE, 99.7% for p,p’-DDT and 93.3% for o,0"-DDT. The maximum coefficients of
variations calculated from quality control samples were 13.1, 28.3 and 25.5 for p,p"-DDE,
p,p -DDT and o,0"-DDT respectively.

Maternal thyroid function during pregnancy was assessed using free thyroxine (FT4) and
thyroid stimulating hormone (TSH) measured in archived samples taken in the second
trimester. All thyroid assays were performed at The Children's Hospital, Harvard Medical
School. FT4 and TSH were measured using immunoassays on the Roche E Modular system
(Roche Diagnostics, Indianapolis, IN). For FT4, the detection limit was 0.023 ng/dL and the
day-to-day imprecision values at concentrations of 0.68, 1.64 and 3.94 ng/dL were 3.5, 3.3
and 6.6%, respectively. For TSH, the detection limit was 0.005 ulU/mL and the day-to-day
imprecision values at concentrations of 0.084, 0.91 and 3.96 ulU/mL were 5.4, 2.1 and
1.8%, respectively. In a preliminary study (Factor-Litvak, unpublished data), we found that
second trimester serum samples from pregnant women stored at —20 C for approximately 20
years had values of total T4 and TSH comparable to that of fresh sera.

2.3. Description of potential covariates

Potential covariates included maternal race, smoking status, occupation, education, age,
body mass index (BMI) and parity and infant sex. Where possible, covariates were analyzed
as continuous variables in regression models (i.e. maternal age and BMI), although for
descriptive tables all variables were expressed categorically. Categories of variables
included maternal race (white, black and mixed-race/other), smoking (never, former and
current), occupation (employed and house-wife/part-time worker), education (less than a
high-school diploma, a high school diploma only, a high school diploma and some college
or trade school and college graduates), age (15-24, 25-29, 30-34, and > 35 years), BMI
(underweight (<18.5 kg/m?), normal weight (18.5-24.99 kg/m?), overweight (25-29.99 kg/
m2) and obese (=30 kg/m2)), parity (0, 1, 2 and =3) and infant sex (male and female).

Pre-pregnancy maternal weight was not ascertained for all participants; thus we used weight
and height measured at first interview to calculate maternal BMI. Weight was adjusted to
compensate for variation in gestational age by regressing weight on gestational age using the
locally weighted scatterplot smoothing (LOWESS) technique [36]. Adjusted weight was
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then imputed as the fitted mean weight at 104 days of gestation, the median gestational age
at first interview, plus each mother's residual from the locally weighted regression and
scatterplot smoothing technique fit. This procedure removes differences in weight due to
differences in gestational age at first interview. Maternal weight gain during pregnancy was
thus calculated by subtracting the last measured pre-delivery weight from the adjusted first
weight.

Finally, as in previous studies, the sum of PCB congeners (PCBqgts)) Was examined as a
covariate in regression models [17]. In addition, for further comparability with other studies,
we also examined as a covariate PCB congener 153 (PCB153) because it is one of the most
prevalent congeners and is present at high concentrations [37, 38].

2.4. Description of prenatal outcomes

Infant birth weight and length of gestation were extracted from medical records. Length of
gestation was determined by mothers' self-reported last menstrual period and recorded
delivery date. There were 14 women in the sample with gestational length greater than 44
weeks; excluding these women did not change the findings.

Birth weight in grams and length of gestation in weeks were examined as continuous
measures and were the primary outcomes in the study. We also calculated percentiles of
birth weight-for-gestational-age, using race stratified tables as previously reported [39]. A
small-for-gestational age (SGA) variable was created from these percentiles and was defined
as birth weight less than the 101 percentile for gestational age. There were very few low-
birth weight (N=11) and preterm (N=21) infants in our sample; thus the sample was not
sufficiently powered to analyze these. We considered SGA as a secondary outcome.

2.5. Statistical analysis

The distributions of all variables were examined. Variables with skewed distributions were
transformed to reduce impact of extreme values e.g. OCP concentrations were transformed
using the natural logarithmic function and TSH concentrations were transformed using the
square root function. Correlations between DDT components (p,0 -DDT, p,p’-DDE and o,p
’-DDT), and between DDT components and PCBs (PCByta and PCB153) were also
examined using the Spearman’s rank correlation coefficients. Preliminary analyses compared
the 600 infants selected for the study to those not selected using Chi-squares for categorical
variables and t-tests for continuous variables with similar within sample variances.

We used multiple linear regression analysis to assess the associations between exposures
and either birth weight or gestational age, with and without adjustment for potential
confounders. For SGA, logistic regression models were used with the same set of predictors
and control variables. Potential confounders were selected based on those previously
reported to be associated with birth weight or gestational age in the literature or those known
to confound the relationship between OCPs and pregnancy outcomes, which included infant
sex, maternal age, race, education, BMI, occupation, marital status, parity, smoking status
and exposure to PCBs (PCBiqta and PCB153). All models adjusted for the lab (ECL vs.
MSSM) in which OCPs were measured and serum triglycerides and cholesterol transformed
using the natural logarithmic function [40]. Potential covariates were included in a “core'
regression model if they were associated with birth weight or gestational age. The core
regression model did not include the exposure of interest. After exposure was included,
covariates were deleted from final regression models if their exclusion resulted in an
unsubstantial change (<0.5 standard error) in the estimated regression coefficient relating
exposure to outcome.
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Final linear models for the birth weight outcome were adjusted for the following covariates:
maternal race, age at delivery, smoking status during pregnancy, BMI at first visit, infant
sex, and linear and quadratic terms for length of gestation centered at its mean. Linear
models for birth weight percentiles were adjusted for maternal age, BMI at first visit,
employment status and smoking status during pregnancy, as well as infant sex. Linear
models for length of gestation were adjusted for maternal race, age at delivery, employment
status during pregnancy and infant sex.

We excluded subjects missing covariates (N = 21, 21, and 8 for the birth weight, birth
weight percentile and length of gestation outcomes, respectively). For an additional 22
women, OCP, total cholesterol and triglyceride concentrations were unable to be measured
due to a laboratory problem; these subjects did not differ from the remaining on important
variables, including the outcomes. Further taking into consideration the exclusion of the 14
participants with length of gestation greater than 44 weeks, final sample sizes for birth
weight, birth weight percentile and length of gestation models were 543, 543, and 556
respectively.

DDT was the main exposure in the study. We examined each component of DDT exposure
separately, that is p,p’-DDT (the primary component), 0,0"-DDT (a contaminant) and p,p’ -
DDE (the primary metabolite). We also examined the joint effects by including all three
components in the same models, to account for total exposure to DDT. We explored the
dose-response pattern by categorizing each component into tertiles.

We examined whether the associations between DDT (each component and considered
jointly) and birth outcomes were mediated by maternal thyroid function using linear
regression analysis [12]. In these analyses, FT4 and TSH were included separately in the
regression models; we considered the following as evidence for mediation: reductions in the
magnitude of the estimated regression coefficient for the exposure of interest, i.e. OCPs, as
well as associations between FT4 and/or TSH and exposure and outcome.

Final analyses examined sex specific associations between exposures and each birth
outcome as reported previously [16]. We stratified models by sex to examine sex specific
associations between all DDT components and outcome.

All analyses were performed using SAS version 9.2.

Our sample had a mean birth weight of 3387 grams and mean gestational age of 40.2 weeks
(Table 1). There were 87 (14.8%) SGA infants in our sample and the mean percentile of
birth weight-for-gestational age was 43.2%. Comparisons between the 600 randomly
selected subjects from the larger pool of all Adolescent Study participants show no
significant differences in relevant variables (birth weight, number of previous live births,
percent male infants, mothers' education at birth, mothers' smoking status during
pregnancy). Significant differences in gestational age were reported, with days of gestation
being three days longer in those selected (p<0.001). Table 2 presents the distributions of
maternal concentrations of p,p’-DDT, p,p’-DDE and o,p"-DDT. Spearman correlation
coefficients were 0.73 between p,p’ -DDT and p,p’-DDE, 0.74 between p,p'-DDT and 0,0’ -
DDT, and 0.57 between p,p"-DDE and 0,0’ -DDT. Spearman correlation coefficients were
0.51, 0.58, and 0.36 between PCBytg and p, “DDT, PCByyta and p,0"-DDE, and PCByyy
and o,0’-DDT, respectively. Concentrations of p,0’-DDT, p,0’-DDE and o,0"-DDT were
higher in non-white mothers, older mothers and those who had not achieved a high-school
diploma (Table 3). In addition, mothers who never smoked had significantly higher p,p’-
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DDT and o,0"-DDT concentrations, and obese mothers had higher levels of p,p’-DDT and
0,0’ -DDT compared with underweight mothers.

No significant associations were found between OCPs and length of gestation in models
adjusted only for serum lipids and laboratory when exposure was defined as each component
of DDT separately (Table 4). After adjustment for the full set of covariates, for each natural
log unit increase in p,p’-DDE we observed a non-significant 0.25 week decrease in length of
gestation week decrease in length of gestation (95% CI: —0.58, 0.08) (Table 4). In the model
with all components of DDT, each natural log unit increase in p,p’-DDE was associated
with a 0.49 week reduction in length of gestation (95% CI: —0.97, —0.004) Results did not
change when exposure was categorized by tertiles (data not shown). These associations
diminished when PCBit5 Was added as a covariate (estimated regression coefficient for p,p
’-DDE reduced to —0.099 weeks (95% CI -0.49, 0.29)). Similar reductions were found
when PCBygtq) Was replaced with PCB153.

In utero exposure to p,p’-DDT was associated with increased birth weight (Table 4) and
increased birth weight percentile for gestational age (Supplementary Table S1). For each
natural log unit increase in p,p’-DDT concentration, adjusted birth weight increased by 92
grams (95% CI: 7, 176). When the three variables, p,p"-DDT, p,p"-DDE and 0,0’ -DDT,
were included in the same model, adjusted birth weight increased by 274 grams (95% ClI
122, 425), decreased by 173 grams (95% CI -296, —10) and decreased by 73 grams (95% ClI
-155, 5), for each natural log unit increase in the respective exposures (Table 4). Similarly,
when included in the same model, adjusted percentiles of birth weight-for-gestational age
increased by 14.4 percentiles (95% CI 5.1, 23.8), decreased by 8.7 percentiles (95% CI
-17.7,0.2), and decreased by 4.6 percentiles (95% CI —9.5, 0.4) for each log-unit increase in
pp -DDT, p,p’-DDE, and o,p"-DDT exposure, respectively (Supplementary Table S1).
When exposure was categorized as tertiles, a significant dose-response relationship was
observed with covariate-adjusted mean birth weights increasing with tertiles of p,p'-DDT
(p<0.05) and this effect was substantially magnified when o,0"-DDT and p,p"-DDE were
considered concurrently in the model (p<0.01) (Figure 1). In the joint model, adjusted mean
birth weight decreased with increasing tertiles of both p,p"-DDE and o,p"-DDT.
Associations were unchanged when PCByqta O PCB153 Was controlled in the models.
Addition of the adjusted maternal weight gain variable into the joint model did not change
the interpretation of our results. p,o"-DDT remained positively associated with birth weight
(b= 288; 95% CI: 143, 433) , while p,p’-DDE (b=-81; 95% Cl: -219, 57) and 0,0’-DDT
(b=-85; 95% CI: —162, —-9) remained negatively associated with birth weight; however,
associations with p,0’-DDE lost statistical significance. Logistic regression models of SGA
did not reach statistical significance, likely due to the small number of SGA infants in our
sample (N=87), though the direction of associations was consistent with results of birth
weight and percentile birth weight-for-gestational age analyses (Supplementary Table S2).

We did not find evidence of mediation by maternal thyroid status on the association between
pregnancy outcomes and exposure to the DDT metabolites because neither FT4 nor TSH
was related to exposures or outcomes [Supplementary Tables S3 (FT4) and S4 (TSH)]. We
also did not find evidence of sex differences in the OCP associations.

4. Discussion

Overall, we saw significant associations between exposure to the pesticide DDT and
pregnancy outcomes. Our results suggest inverse associations between exposure to p,p’ -
DDE and length of gestation such that there was approximately a three day decrease for each
natural log unit increase in p,p’-DDE; however, this association diminishes when PCBs are
also controlled for in the model.
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Our results also suggest a complex relationship between overall DDT exposure and birth
weight, but findings support the hypothesis that DDT compounds influence fetal growth.
When considered simultaneously, p,p -DDT and p,p’-DDE had opposite associations with
birth weight such that for each log unit increase in p,0"-DDT birth weight increased by 274
grams (95% CI 122, 425) and for each log unit increase in p,p"-DDE, birth weight decreased
by 153 grams (95% CI —296, —10). Supplementary analysis examining the ratio of p,p’-
DDT to p,p’-DDE support the concept that relative amounts of these compounds determine
the direction of the associations observed (Supplementary Table S5). In adjusted regression
analysis we found that with each unit increase in p,p’-DDT/p,p’-DDE ratio, birth weight
significantly increased by 567 g (95% CI 171, 962). Results changed minimally when 0,0’ -
DDT was also added to the model (b=571; 95% CI: 144, 998). This finding is consistent
with what we see in linear regression analyses for joint exposure and provides added
confidence in our findings. A higher proportion of p,p’-DDT predicted higher birth weight.

Figure 1 suggests that infants born to mothers in the lowest p,p’-DDT tertile also have the
lowest birth weights (although still in the range considered clinically normal) and that the
difference between the lowest tertile and highest tertile (i.e. approximately 200 grams) is
similar to the well-known association between cigarette smoking during pregnancy and birth
[41]. However, our findings suggest that the impact of exposure on birth weight depends on
either the recency of exposure or differences in metabolism of p,o’-DDT. For example,
although speculative, this result may be attributed to differences in genetic polymorphisms
in the enzymes which are responsible for p,p’ -DDT metabolism [42]. Alternatively, we
speculate that the recency of exposure may be associated with either increased or decreased
birth weight, as results using the ratio of p,0o"-DDT to p,p’-DDE indicated that a increasing
ratio predicts higher birth weight while a decreasing ratio predicts lower birth weight. In
either case, our results demonstrate that DDT and its components disrupt fetal growth.

A 2005 study of the association of p,p’-DDT and p,p’-DDE with birth weight in a different
sample from the CHDS found similar results [17]: a positive association for p,p -DDT and a
negative association for p,0"-DDE; however, neither was statistically significant. That study
design was based on a nested case-control sample of hypospadias and cryptorchidism among
420 males in the CHDS and did not include an investigation of o,0"-DDT. These differences
in study design (nested case-control vs. prospective), sample characteristics and size (420
males vs. 600 males and females) and method of exposure assessment (our study included
exposure to o0,0"-DDT and an examination of total exposure to DDT) may explain the
differences in the two analyses.

To our knowledge, no other studies examining DDT and birth outcomes have reported
assessing total DDT exposure by including all components in the same model. We posit that
higher concentrations of p,0’-DDT and o,0"-DDT may represent more recent exposure to
commercial DDT or lower individual metabolic conversion of p,p’-DDT to p,0" DDE.
Under this assumption, o,0"-DDT is a marker of recent exposure as it is the least persistent
component of DDT, being quickly metabolized and eliminated from the body [43]. In
contrast, p,p"-DDE is the most stable long-term marker since it is more slowly metabolized
than p,p"-DDT and most persistent in the environment [43]. Thus, p,0 -DDE is often used as
a proxy for p,p"-DDT. However during active DDT use, individual p,p’-DDE levels are
considered to result from metabolic conversion following direct exposure to p,0’-DDT and
also from ingestion of already metabolized p,p"-DDE in the environment. Therefore it is
difficult to separate exposure from metabolism in interpreting an individual's p,0"-DDE
levels. This underscores the importance of controlling for all components of the pesticide
DDT when assessing total exposure.
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Some researchers consider the ratio of p,0"-DDT to p,p’-DDE as the metric for recent
exposure [16, 17]; this represents the timing of exposure as well as the rate of metabolic
clearance. For example, women who are slower at eliminating p,0 -DDT or were more
recently exposed to p,0"-DDT would have a higher ratio [44]. Such a metric was used by
Cohn et al. (2003), to evaluate the associations between prenatal DDT exposure and time to
pregnancy in daughters [45] and testicular cancer in son [44]. In those studies higher ratios
of p,p’-DDT to p,p’-DDE were associated with longer time to pregnancy in daughters and
testicular cancer in sons, suggesting that higher or more recent exposure to p,p -DDT, or
slower metabolism of p,p'-DDT was deleterious.

p,p -DDT and p,p’-DDE may operate through different biological pathways; p,p"-DDT
exhibits little estrogenic or androgenic activity, 0,0"-DDT is thought to be weakly
estrogenic, and p,p’-DDE has potent anti-androgenic activity [46]. As these components of
DDT operate through different hormone receptors, they are likely to have different
biological effects. We note that /n utero exposure to high levels of estrogen is associated
with increased birth weight [47, 48]. The effects of /n utero exposure to environmental anti-
androgens on birth weight are less established, although a few studies in males have
postulated that androgen insufficiency may contribute to low-birth weight and, thus, later
reproductive dysfunction, such as hypospadias [49]. Cohn et al. (2003) provides evidence in
support of opposing effects of p,p'-DDT and p,p’-DDE, with maternal concentrations of p,p
’-DDT associated with a reduced probability of pregnancy in daughters and maternal
concentrations of p,p’-DDE associated with a raised probability [45]. Due to these
differences, we conclude that modeling simultaneously for all major DDT components
elucidates the compound specific associations.

Previous reports of associations between pesticide exposure and pregnancy outcomes are
inconsistent. Discrepant findings result mainly from differences in classification and
assessment of exposure and outcome variables, and population differences such as
background levels of pesticides. In a prospective study of 2,380 subjects from the National
Collaborative Perinatal Study (NCPP), Longnecker et al. (2001) assessed birth weight
(continuous and dichotomized at 2500g), gestation (continuous and dichotomized at 37
weeks), and SGA in relation to p,p’-DDE exposure (<15 ng/mL, 15-29 ng/mL, 30-44 ng/
mL, 45-59 ng/mL, and =60 ng/mL) [16]. Increasing categories of p,p’-DDE were associated
with decreased birth weight and length of gestation, and increased odds of preterm birth,
low-birth weight and SGA. For example, the adjusted mean birth weight was 150 grams
lower for infants in the highest category of p,0"-DDE (= 60 ng/mL) compared to infants in
the lowest (<15ng/mL). The authors also considered p,p’-DDT exposure and the ratio of p,p
"-DDT/p,p’-DDE and did not find associations with either (no data shown). It is noteworthy
that this population was similar to ours in terms of years of enrollment into the study (1959 -
1966 vs. 1960 — 1963 in our study) and median serum p,p’-DDE levels (25 ng/mL vs. 38.7
ng/mL in our study) which is higher than current population levels [4]. In addition, the range
of p,p’-DDE levels in both studies were similar (3-178 ng/mL in NCPP vs 5-285 ng/mL in
our study). o,0"-DDT levels were not reported. We also observe negative associations with
o0 -DDE and birth weight in our study, however these associations only reach a level of
significance when p,p"-DDT and 0,0 -DDT are jointly considered.

Studies of more recent cohorts often have much lower levels of OCPs, which could
contribute to inconsistencies in findings. Wolff et al. (2007), in a cohort enrolled between
1998 and 2002, observed decreasing birth weight with increasing amounts of lipid-adjusted,
log-transformed p,p’-DDE (b=-128, p=0.058) [18]. Neither p,0"-DDT nor 0,0 -DDT were
examined in this study and the median maternal serum p,p’-DDE concentration was 0.64 ng/
mL, which is much lower than in our sample (38.7 ng/mL). Berkowitz et al. (1996) found no
association between p,p’-DDE and preterm delivery in a sample of 40 U.S. mothers whose
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specimens were collected from 1990 to 1993 [25]. Median p,p’-DDE levels were low in this
study (cases: 1.3 ng/mL, controls: 1.35 ng/mL) compared with ours. The smaller sample
size, different study design and lower median levels of p,0"-DDE could all have contributed
to the difference in findings between their study and ours. Other studies also conclude no
association between p,p’-DDE and pregnancy outcomes [27, 50], however these studies are
not consistent with ours with respect to biological specimen analyzed (maternal milk vs.
serum) and year of specimen collection (1978-1982 [27] and 1993-1994 [49] vs. 1960s for
the current study).

Most recently, Govarts et al. (2011) conducted a meta-analysis using 15 studies in 12
European cohorts which examined the association between p,p’-DDE and pregnancy
outcomes including birth weight adjusted for gestational age [38]. All cohorts were
established between 1990 and 2008 and thus had lower exposure levels (measured in
maternal and cord blood samples and in breast milk) than the CHDS. p,p’-DDE in cord
blood was used as the primary measure of pesticide exposure and estimates of cord blood
levels were created for those studies with exposure metrics other than cord blood. Low-level
exposure to p,p’-DDE was not associated with birth weight; each one unit increase in p,p’-
DDE resulted in a non-significant seven gram decrease in birth weight (95% CI -18, 4) [38].
However, the median levels of p,p’-DDE in this study were quite low compared with our
study (overall median: 0.528 ng/mL; range: 0.05 — 1.21 ng/mL). In addition, there was no
examination of p,0’-DDT or o,0"-DDT.

We explored possible effect modification by sex; however, no consistent patterns or
differences between male and female infants emerged. Some studies find suggestions of sex
effects. For example, Longnecker et al (2001) found increased odds of preterm birth related
to p,p -DDE exposure in males compared to females; the adjusted odds ratios suggested a
stronger effect with increasing p,p’-DDE concentrations, although the statistical test for
interaction was not significant [16]. However others have not seen evidence of gender
specific associations [38].

In addition to our consideration of the joint effect of p,0"-DDT, o0,0"-DDT and p,p’-DDE,
our study has many strengths. First, data were collected prospectively, avoiding recall bias
and problems with temporality. High participation rates among those invited to join the full
CHDS study reduced the potential for selection biases. Of those eligible, 75.5% of
participants agreed to participate in 5-year examinations and 80% agreed to participate in the
15-17 year (adolescent) examination. From the CHDS adolescent cohort, we randomly
selected our sample, and those selected did not appreciably differ in maternal characteristics
from those who were not; thus, we have no reason to believe these factors affect the
probability of selection into our study. Length of gestation in the selected participants was
slightly longer compared to those not selected. Birth weight did not differ between those
eligible and selected participants, thus it is unlikely that study selection bias could explain
the p,p’-DDT association with birth weight.

Second, the expected relationships between known confounders and pregnancy outcomes
(e.g. maternal smoking was associated with decreased birth weight, male infants exhibited
higher birth weights, maternal BMI was associated with birth weight) are present in our
sample, thus supporting the validity of our data (data not shown). Further, we controlled for
all maternal characteristics shown to be significantly associated with DDT exposure and
pregnancy outcomes in our sample. In length of gestation models, inclusion of other known
risk factors (maternal BMI, smoking and parity) did not significantly alter results (data not
shown). Thus, confounding by other maternal characteristics is unlikely to be responsible for
our findings.
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Third, the wide range of exposure allowed examination of the association across p,p’-DDT,
p,p -DDE and o,0"-DDT exposures from low to relatively high. Indeed, we found the
significant difference in birth weight between the exposure groups of the highest tertile and
the lowest tertile. Fourth, our outcomes were considered as continuous variables, rather than
dichotomizing birth weight at 2500 g or length of gestation at 37 weeks, which we believe
has the statistical advantage of avoiding the implied assumption of homogeneity of risk
within dichotomies of the birth outcome [51]. As the percentage of infants born preterm or
low birth weight was very low (1.8% and 3.5%, respectively) in our sample, we believe
keeping the outcome as a continuous variable was preferable to an insufficiently-powered
logistic regression analysis of either outcome as a dichotomous variable. Fifth, we found
consistent results with another measure of fetal growth, birth weight percentile for
gestational age.

A particular strength of this study is that we were able to test whether thyroid disruption
mediates the effects of DDT and its components on pregnancy outcomes. The proposed
mechanism is likely due to the competitive binding by certain OCs to transthyretin (TTR),
the transport protein that carries T4 from maternal circulation to the placenta [7]. There is
some evidence that OCPs can perturb thyroid function [12]. However, we did not find any
evidence of mediation by maternal thyroid function in either birth weight or length of
gestation analyses, suggesting that DDT and its components impact fetal growth via a
different mechanism.

Our study also has several limitations. First, we were missing either laboratory data or data
on covariates on approximately 10% of our sample. However, comparisons of subjects with
missing data to those without missing data did not find appreciable differences. It should be
noted that other authors [52] have found maternal weight gain during pregnancy to be an
important confounder in analyses of environmental contaminants and birth weight. Because
a question on pre-pregnancy weight was added later in the data collection, about 30% of
mothers had missing data on pre-pregnancy weight. However we were able to adjust for
maternal weight gain during pregnancy using a Lowess adjusted variable. The interpretation
of our results does not change with the addition of the adjusted maternal weight gain
variable into our final covariates-adjusted regression model for birth weight; however,
associations with p,0’-DDE lose statistical significance.

Second, serum samples from these women were collected between 1960 and 1963 [45], a
time when DDT use was at its peak, so exposure levels today are not comparable to
exposure in this population. For example, based on the Fourth Report of the National Health
and Nutrition Examination Survey (NHANES), levels of p,p"-DDT for females sampled in
2003-04 were below the limit of detection at both the 50t and 75t percentiles of serum
concentrations and no geometric mean was calculated; however, the mean level of p,p’-
DDE (whole weight) was 1.45 ng/g (95% CI 1.16, 1.82) [4]. Thus, while we may not be able
to extrapolate these findings to the current exposure levels, our population allows us the
unique opportunity to explore relationships that would be impossible to assess in
contemporary serum. Additionally, post partum sera were used for the measurement of OCs.
This was for a practical reason, as more sera were available for this time point. However,
because OCs have a long half-life in adipose tissue we do not expect levels to vary during
pregnancy. Indeed, Longnecker et al. found that OC levels measured in maternal blood
collected serially in each trimester of pregnancy and early postpartum were highly correlated
with minimal differences [53]. There may be concerns about multiple testing, however our
analysis were a priori specified and analyses that were secondary or exploratory were stated
as such. Lastly, we cannot rule out the possibility of confounding by a co-variable or other
environmental contaminant that we did not measure.
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5. Conclusions

Our findings have public health implications for infant and potentially later adult health;
they are consistent with the notion that birth weight may be a marker of /in utero exposures.
Reductions in birth weight carries increased perinatal risk as well as implications for a
variety of adverse health effects in childhood [54-56]. Our results also raise the possibility
that OCP related alterations in birth weight may mediate the hypothesized relations between
OCPs and metabolic disorders later in life (e.g. type 1l diabetes, obesity) [57-62] or certain
cancers [63, 64]. The impact of prenatal p,p"-DDT exposure on birth weight reported here

may shed light on mechanisms for altering these risk pathways which will be explored in
future follow up of this cohort.
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Figure 1. Adjusted mean birth weight in tertiles of p,p’-DDT, p,p’-DDE and o,p’-DDT exposure
from the model with joint exposures

Covariates-adjusted mean birth weight and 95% confidence intervals for tertiles of p,p’-
DDT, p,0'-DDE and 0,0’ -DDT exposure derived from the model with joint exposures. All
three compounds were included categorized as tertiles. Covariates adjusted included
maternal race, age at delivery, smoking status during pregnancy, maternal BMI, infant sex,
linear and quadratic terms for length of gestation centered at its mean, laboratory and log-
transformed serum triglyceride and cholesterol. The lowest tertile of exposure was used as
the reference in regression models. In this joint exposures model, a trend toward decreasing
birth weight is observed with increasing p,0"-DDE and o,p"-DDT exposure at a fixed level
of p,p’-DDT. Tertile cut-points for p,p’-DDT were 1.51-8.78, 8.89-13.42, and 13.43-71.05
for tertiles 1, 2 and 3, respectively. Tertile cut-points for p,p -DDE were 4.98-33.21, 33.32—
47.47, and 47.5-285.4 for tertiles 1, 2 and 3, respectively. Tertile cut-points for o,0"-DDT
were 0.01-0.32, 0.33-0.54, 0.55-4.46 for tertiles 1, 2 and 3, respectively.

*p<0.05, **p<0.01.

Reprod Toxicol. Author manuscript; available in PMC 2014 January 01.



Page 19

Kezios et al.

"(9%) 1ua2Jad Jo (QS) uoneinap plepuess pue uesw ‘(N) Jaquinu se pajuasaid are eleq

60 €T L0 ¥ Buissin
9'6 9T ¢oT T9 I 0WS Jawio4
'8 6TT 19 or AKaueuBald uainD UM payows
Sve 06¥ 00o€ 08T MON SoYows
9T'0 99y 299 §'¢s qTe paxows JansN

Aoueubald Buung Bupjows eussreiy

T0 T 20 T Buissin
A4 62€ 502 €21 18yBiH Jo erenpels abis)|0D
€71e 1444 eee 002 100y2S apes 1/ 3bs]0] dwos
9'€e Ly L'€E 44 ajyenpel9 |0oyds ybiH
850 61T 697 €T IZA 100Y3S YBIH >

yuig s,piiyd e uoleanp3 JayloN

780 §'6v €0L 009 00€ deN
% %

600 8T 6T ()42 LT 009 SULIG 3AIT SNOIA3Id JO JequinN

100> €97 T6Lc  vOVT L'CT 1'¢8¢ 009 (wia) 0} JNT 'sAep) uonElSID

¢6'0 0'€es L'esee  0Ocvl €€y 8'/8E€ 009 (6) wbram yuig

aneA-d Qs uesy N as uesN N

(0Z#T=N) 8108|385 10N (009=N) pa1o8|as a|qetieA

papnjoxa asoyl pue Apnis ay) Ul Papn|aul asoy) uasmiag sainea) ajduwres

T alqel

$watermark-text $watermark-text $watermark-text

Reprod Toxicol. Author manuscript; available in PMC 2014 January 01.



Page 20

Kezios et al.

$watermark-text

"(WSSIA) aUIDIPaIAl JO |00Y9S TeUIS JUno pue (7D3) Aloreloge] Ansiway) [eiuswuoliAug :Aloreioqe| Aq pauiodal ae sajgerien ._.n_n_w

$watermark-text

¢?olqel

GGZT G000 OTTFE€ST 26T 62T 980 009 (w/nim) HsL
ov'z 9,0 TZOF9CT 8T €ZT ETT 009 (p/Bu) y14
8¢ 100 T900F990 980 9¥0 T€0 O9IT INSSIN
9y 050 YS0F9S0  ¥90 TY0 L0 65 703
o9y 100 GG0F8S0 890 EF0 8Z0 GG Laa-do
T85T 0G  8SZFEIS 609 8.y L€ 0T INSSIN
v'e8c 8Tl CTC¥eTw G6y €L6 L6C 8S 703
v'68C 86V CEZFCWy TS L8 00E 8. 3aaq-ad
TTL. ST  LOTF€ST 99T L2l L8 01 INSSIN
625  G€ §9F22T S¥T GOT 6L 6GY 703
TTL ST L'L¥62T  TSGT 80T 6L 6.G l1aaq-dd
XeN  UIN  dSFURIN WIS, U0S WSz ON 108310 2nsoch

SEIVERIEN]

"SUOII_NUSIU0I pIoJAyl pue (Twy/Bu) apionsad Jeulsrew Jo uonnguisiq

$watermark-text

Reprod Toxicol. Author manuscript; available in PMC 2014 January 01.



1X31-)ewiarems 1Xa1-)ew1a1ems

1Xa1-)1ewa1ems

Kezios et al. Page 21

Table 3

Concentrations of p,p’-DDT, p,p’-DDE and o,0’-DDT by sample characteristics”

Pesticides (mean + SD)

Sample Characteristics n#  p,p’-DDT  p,p’-DDE o,p’-DDT

Total sample 579 129+77 442%232 058%055
Maternal race
White? 412 115+68 416+194 047041
Black 115 155+84% 498+328% 085+072"
Other 52 180+86" 523+220° 087+0.75"

Sex of infant
Male§ 285 125+74  419+201 054+051

Female 294 132+79 463+257° 061+0.59

Maternal smoking status

NeverS 307 135479 440%257  0.63+0.60
Current 174 118+74F 465+21.1 050+043"
Former 94 12.7+£7.2 40.5+18.0 0.56 + 0.59

Maternal occupation

Employed 234 12776  452+252 0.57 £0.50

House wife/Part-time® 338  128+7.6  432+216  058+059

Maternal education 4

No HS diploma 70 158+89F 469+223 (089+0807
HS diploma only§ 194 121+66 442+243 053+0.50
HS + some college 195 123+6.6 438+236 0.55+0.52
College graduate 119 133+95 43.0+21.2 0.53+0.46
Maternal age categories
15-24 158 12.1+6.6  453+272 0.55+0.46
25-29% 162 124+75 435%235 0.60+0.65
30-34 141 13.0+89 425+20.7 057+0.57
>35 117 143+74° 457+195 0.61+050

Maternal BMI categories

Underweight 19 115477 4724241 044+037

Normal® 406 127+79 455+248  0.56+054

Over-weight 105 12.8+6.1 393+165° 0.59+0.50

Obese 32 156+9.1% 432+223 086+081"
Parity

0§ 163 125+%79 449 + 26.7 0.57 £ 0.52

1 145 119+7.8 413+21.6 052+048
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Pesticides (mean + SD)

Sample Characteristics N*  p,p’-DDT  p,p’-DDE  o,p’-DDT

2 111 132+6.7 472+219 054044
=3 160 138+79° 440x216  0.68+0.69

a. . . . . . . . ] . .
Differences in OCP levels within categories of maternal covariates were evaluated using analysis of variance with Bonferroni corrections.

#group size for variables in the sample of N=579 subjects with available p,p'-DDT measures [p,0’-DDT (N=579); p,0’-DDE (N=578); o0,0’-DDT
(N=575)]
A :
HS = high-school;
§
reference category

*
p<0.05 for difference in the pesticide between two groups (a group vs. the reference).

Reprod Toxicol. Author manuscript; available in PMC 2014 January 01.



Page 23

Kezios et al.

"uonouNy WynieBo| [eanjeu Ag paluIOjSUEL} aJe SaINseaw dDO S|9pow ay uj *

'|0J31$810YD pue SapLIBoA|BLI Wniss pawoysuesi-6o| [einjeu pue Aloreloge] ‘xas Jueyul ‘snyess JuswiAojdws ‘A1aAl

"70°0>d
£
‘50°0>d
*
‘0T°0>d>50'0
+

I_E\mc JO suun ul aJe suauodwod 1 aa __<§

ap 1e afe ‘aoel [eusarew :paisnipe sajq HeA,

"|0J81$8|0YD pue SapLIBaA|BL wniss pawiossuen-Ho

Jednyeu pue Aiojeloqe| ‘(ueaw Je palauad) uolelsab Jo yibus| onelpenb pue Jeaul| ‘Xas Juesul ‘|G NSIA 1Al [eusarew ‘Aoueubald Burinp sniels Buijows ‘AIani)

"|0J31S3|0YD pue SapLIBaA|BLIY WNJSs pawoysuel

ap 1e afe ‘aoel [eularew :paisnipe mm_gm_:ﬁn

1-Bo] [eanjeu ‘Aiojeloqe| :paisnipe mm_gm:m\/m

(12°0 '9€°0-) 80°0- (210 'v¥0-) 9T'0- (5 's8T-) L9 (Lz- ‘z0z-) GTT- 1aa-do

(v00'0- ‘26'0- ,6V0- (80070 ‘96'0-) L¥'0- (ot-‘962-)  ,€ST-  (LST-'00S-) €0e- 3aq-dd

(26°0 'v1°0-) 6€°0 (28°0'21°0-) GE0 (Sev ‘zen) e VLC (€25 '902) ¥9¢ 1aq-dd
I3POIAl Jutor

(eT°0'92°0-) ¥900-  (T€0°0 ‘¥€0-) ST'0- (25 '85-) e- (T ‘T0T-) - laado

(800 '85°0-) STAE (800 '85°0-) GZ'0- (6 ‘€6-) G0 (LT-"112-) ITT- 3aq-dd

(00 ‘z€'0-) otoo-  (0g0'2€0-) 10°0- 9.1°2) 46 (€T 'v-) a4 1aqg-4dd
) saullo|yoouehIQ [enpialpu|

10%s6 57T 10%e6 ¢ 10%E6 g0 Td 10%se g
95G=U (sAep) uonelsss Jo y1bus evS=N (6) ybrem yyaig

Sawiod1NQ yuig

uoneIsa Jo yiIbua 10 BIspA yuiig 01 ainsodx3 dD0 [ereuald Buiejay salewils3 1ualoiyao) uolssalfiay paisnipe-sareLienod

v alqel

$watermark-text $watermark-text $watermark-text

Reprod Toxicol. Author manuscript; available in PMC 2014 January 01.



