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Abstract

Background—~Prenatal environmental phenol and phthalate exposures may alter immune or
inflammatory responses leading to respiratory and allergic disease.

Objectives—We estimated associations of prenatal environmental phenol and phthalate
biomarkers with respiratory and allergic outcomes among children in the Mount Sinai Children’s
Environmental Health Study.

Methods—We quantified urinary biomarkers of benzophenone-3, bisphenol A,
paradichlorobenzene (as 2,5-dichlorophenol), triclosan, and 10 phthalate metabolites in third
trimester maternal samples and assessed asthma, wheeze, and atopic skin conditions via parent
questionnaires at ages 6 and 7 years (n=164 children with 240 observations). We used logistic
regression to estimate covariate-adjusted odds ratios (ORs) and 95% confidence intervals (CIs) per
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standard deviation difference in natural log biomarker concentrations and examined effect measure
modification by child’s sex.

Results—Associations of prenatal 2,5-dichlorophenol (all outcomes) and bisphenol A (asthma
outcomes) were modified by child’s sex, with increased odds of outcomes among boys but not
girls. Among boys, ORs for asthma diagnosis per standard deviation difference in biomarker
concentration were 3.00 (95% CI: 1.36, 6.59) for 2,5-dichlorophenol and 3.04 (95% ClI: 1.38,
6.68) for bisphenol A. Wheeze in the past 12 months was inversely associated with low molecular
weight phthalate metabolites among girls only (OR: 0.27, 95% CI: 0.13, 0.59) and with
benzophenone-3 among all children (OR: 0.65, 95% ClI: 0.44, 0.96).

Conclusions—Prenatal bisphenol A and paradichlorobenzene exposures were associated with
pediatric respiratory outcomes among boys. Future studies may shed light on biological
mechanisms and potential sexually-dimorphic effects of select phenols and phthalates on
respiratory disease development.
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Introduction

Asthma is the leading chronic pediatric disease worldwide, causing substantial morbidity
(Akinbami et al. 2016; Asher and Pearce 2014). Emerging evidence suggests that exposures
to environmental contaminants during the prenatal period may increase the risk of
developing respiratory and allergic disease in childhood. Environmental exposures during
early life can cause irreversible changes to the immune system and have been shown to alter
lung development, reduce lung function, and increase respiratory illness and allergic
manifestations later in life (Harding et al. 2009; Martino and Prescott 2011; Miller and
Marty 2010). In particular, the role of estrogen in immune response suggests the potential
for endocrine disrupting chemicals to influence development of asthma and allergic disease
(Bonds and Midoro-Horiuti 2013).

Some phenols, including bisphenol A, benzophenone-3, 2,5-dichlorophenol (a metabolite of
paradichlorobenzene), and triclosan, as well as phthalates are synthetic environmental
chemicals that may induce immunologic changes leading to adverse respiratory and allergic
outcomes. Although these chemicals (or their precursors) are rapidly metabolized and
excreted, their ubiquity in consumer products has led to widespread exposures in the general
U.S. population (Centers for Disease Control and Prevention 2017b). Bisphenol A is used in
the manufacture of polycarbonate plastics and epoxy resins and can be detected in products
such as canned foods and beverages, toys, and dental sealants. Benzophenone-3 is used as a
UV filter in sun-blocking agents and plastics. Paradichlorobenzene, also known as 1,4-
dichlorobenzene, isa disinfectant used in mothballs and deodorizers. Triclosan is an
antibacterial agent found in products such as detergents, textiles, and personal care products.
Low molecular weight phthalates (LMWPSs) are contained in cosmetics, personal care
products, and medications while high molecular weight phthalates (HMWPS) are used in
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plastic tubing, food packaging and processing materials, vinyl flooring, and building
materials.

Prenatal bisphenol A and phthalate exposures are hypothesized to increase the risk of asthma
and allergy by altering immune or inflammatory responses (Robinson and Miller 2015),
potentially via endocrine disruption (Bonds and Midoro-Horiuti 2013). While the exact
mechanisms by which these chemicals could impact development of respiratory and allergic
disease are not well understood, early life bisphenol A and phthalate exposures in
experimental animals may result in pro-inflammatory immune responses, allergic
sensitization, and bronchial inflammation that may depend on exposure timing and offspring
sex (Bauer et al. 2012; Chen et al. 2015; Han et al. 2014; Jahreis et al. 2017; Midoro-Horiuti
et al. 2010; Nakajima et al. 2012; O’Brien et al. 2014; Petzold et al. 2014; Shin et al. 2014;
Wang et al. 2017; Yanagisawa et al. 2008). In humans, several studies have reported a
deleterious impact of prenatal bisphenol A exposure on respiratory outcomes in early
childhood (Gascon et al. 2015; Spanier et al. 2012; Spanier et al. 2014b; Vernet et al. 2017;
Zhou et al. 2017) while another study did not (Donohue et al. 2013). Similarly, most
prospective birth cohort studies evaluating prenatal phthalate exposures have reported
associations with respiratory and allergic outcomes, particularly for HMWPs (Gascon et al.
2015; Herberth et al. 2017; Jahreis et al. 2017; Just et al. 2012; Ku et al. 2015; Smit et al.
2015; Whyatt et al. 2014) though there are exceptions (Vernet et al. 2017; Wang et al. 2014).

Limited research suggests that early life exposures to other environmental phenols, including
benzophenone-3, paradichlorobenzene, and triclosan, may also affect respiratory health.
Although mechanistic studies are sparse, these environmental phenols may affect
development or severity of asthma and allergic diseases via alteration of immune function or
disruption of the gut or airway microbiome (Jerschow et al. 2012; Savage et al. 2012).
Several cross-sectional studies have reported associations of 2,5-dichlorophenol and
triclosan concentrations with increased asthma, asthma morbidity, and allergic sensitization
(Bertelsen et al. 2013; Clayton et al. 2011; Jerschow et al. 2012; Jerschow et al. 2014;
Savage et al. 2014; Savage et al. 2012; Spanier et al. 2014a). In the only prospective study,
prenatal 2,5-dichlorophenol concentrations were associated with increased rates of wheeze,
whereas benzophenone-3 was associated with decreased rates, in a French cohort of boys
(Vernet et al. 2017).

In the current study, we sought to examine whether prenatal urinary concentrations of
bisphenol A, benzophenone-3, 2,5-dichlorophenol, triclosan, and 10 phthalate metabolites
were associated with respiratory and allergic disease among school-aged children
participating in a prospective pregnancy cohort study in New York City. As a secondary aim,
we assessed effect measure modification by child’s sex.

Materials and Methods

Study Population

The Mount Sinai Children’s Environmental Health Study is a prospective pregnhancy cohort
that enrolled pregnant women in New York City from 1998 to 2002. Details of this cohort
have been described previously (Engel et al. 2007). Briefly, 479 primiparous women were
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enrolled from the Mount Sinai prenatal clinic and two adjacent private practices. Seventy-
five women were excluded because of medical complications, very premature births (<32
weeks gestation or <1500 g), delivery of an infant with birth defects, inability to obtain
biological specimens before delivery, change of residence, or refusal to continue
participation. Trained research assistants collected maternal baseline sociodemographic and
household characteristics during an in person, two-hour structured interview conducted at
third trimester prenatal care visits. Delivery characteristics and infant sex were ascertained
from a computerized perinatal database at Mount Sinai Hospital.

The final cohort consists of 404 mother-infant pairs for whom birth data are available. Urine
specimens were collected from 401 women and there was sufficient volume for
quantification of environmental phenols in 367 specimens and phthalates in 382. Following
previous analyses of this cohort, we excluded participants with a creatinine concentration
<10 pg/dL (n=1) due to the potential for inaccurate biomarker measurements (Wolff et al.
2008). Outcome data were available for 164 children who attended at least one follow-up
visit at 6 or 7 years of age. If the child attended both visits, we included these repeated
measures in analyses of symptoms in the past 12 months. Thus, the final sample size for our
current study on respiratory and allergic disease outcomes consisted of 159 children with
232 observations for the environmental phenols analyses and 164 children with 240
observations for the phthalates analyses.

Human Subjects

We obtained written informed consent from women prior to participation. At child follow-up
visits, we obtained informed consent from the parent as well as assent from children aged 7
years. We received approval for the study from the Mount Sinai School of Medicine
Institutional Review Board and for the present analysis from the University of North
Carolina at Chapel Hill Institutional Review Board. The involvement of the Centers for
Disease Control and Prevention (CDC) laboratory was determined not to constitute
engagement in human subjects research.

Measurement of Environmental Phenol and Phthalate Biomarkers

To assess exposure to environmental phenols and phthalates, we collected a spot urine
sample from participating women during their third trimester of pregnancy (mean=31.5
weeks gestation, SD=5.1 weeks, range=25-40 weeks gestation). Samples were stored at
—80°C until shipment on dry ice to the CDC for quantification of creatinine, environmental
phenols and phthalates biomarkers concentrations. Environmental phenol biomarkers
included bisphenol A, benzophenone-3, 2,5-dichlorophenol, and triclosan. Phthalate
biomarkers included monoisobutyl phthalate (MiBP, a metabolite of diisobutyl phthalate),
mono-n-butyl phthalate (MnBP, a metabolite of di-n-butyl phthalate), monoethyl phthalate
(MEP, a metabolite of diethyl phthalate), monobenzyl phthalate (MBzP, a metabolite of
butyl benzyl phthalate), mono(3-carboxypropyl) phthalate (MCPP, a nonspecific metabolite
of di-n-octyl phthalate and other HMWPs and a minor metabolite of dibutyl phthalate), and
four metabolites of di(2-ethylhexyl) phthalate (DEHP): mono(2-ethyl-5-carboxypentyl)
phthalate (MECPP), mono(2-ethyl-5-hydroxyhexyl) phthalate (MEHHP), mono(2-ethyl-5-
oxohexyl) phthalate (MEOHP), and mono(2-ethylhexyl) phthalate (MEHP). Urine samples
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were analyzed for target analytes at the CDC using solid phase extraction coupled with high
performance liquid chromatography—isotope dilution tandem spectrometry as described
previously (Kato et al. 2005; Ye et al. 2005).

Outcome Assessment

We obtained information on asthma, wheeze, and atopic skin conditions via a health
assessment questionnaire administered to parents when children were 6 and 7 years of age.
The questionnaire included items from the International Study of Asthma and Allergies in
Children (ISAAC) questionnaire as well as additional questions about health symptoms in
the past 12 months. The ISAAC questionnaire is a validated instrument designed to ascertain
asthma and wheezing symptoms in children from parental report at age 6 or 7 years (Asher
et al. 1995; Jenkins et al. 1996). We focused on four ISAAC questionnaire items, including
asthma diagnosis (ever), emergency department visits for asthma in the past 12 months (as a
measure of severity), and wheezing or whistling in the chest (ever and in the past 12
months). Because our sample size was not sufficiently large to assess morbidity among
children with asthma, we examined emergency department visits in the past 12 months as a
measure of asthma severity by comparing children with a recent emergency visit due to an
asthma attack to children without asthma. We also assessed atopic skin conditions using
parent report of rashes, eczema, or hives in the past 12 months. There were 164 children
with questionnaire responses, of whom 76 provided data at both the 6- and 7-year visits (240
total observations). For children with multiple visits, we used the child’s response at age 7 to
define ever occurrence of symptoms and we incorporated both responses in repeated
measures analyses of symptoms in the past 12 months.

Statistical Analyses

First, we examined descriptive statistics and covariate distributions to check for outlying
values. To assess whether baseline covariates were associated with loss to follow-up in our
cohort, we conducted chi-square tests comparing covariate distributions in the study sample
(N=164) to children without a follow-up visit at age 6 or 7 (N=240). For descriptive analyses
of exposure biomarker correlations, we set exposure biomarker values below the limit of
detection (LOD) to the LOD divided by the square root of two (Hornung and Reed 1990).

For inferential analyses of exposure biomarker associations with outcomes, we used multiple
imputation to account for potential bias due to missing covariate data and biomarker
concentrations below the LOD. Using the SAS MI procedure, we created 50 datasets to
multiply impute a missing value for type of home ownership (n = 1) using fully conditional
specification with the discriminant function method (van Buuren 2007). Next, we multiply
imputed environmental phenol and phthalate biomarker concentrations below the LOD by
drawing values from a truncated normal distribution with parameters defined by the mean
and standard deviation of the observed biomarker distribution, zero as the lower bound, and
the LOD as the upper bound (Buckley et al. 2016a; Uh et al. 2008). Because the DEHP
metabolites MECPP, MEHHP, MEHP, and MEOHP are highly correlated, we constructed a
molar sum of DEHP metabolites (ZDEHP) in each dataset based on the imputed values of
the component metabolites. Following the same procedures, we also created molar sum
variables for metabolites of LMWPs (ZLMWP, including MEP, MnBP, and MiBP) and
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HMWPs (ZHMWP, including MCPP, MBzP, and DEHP metabolites). We standardized the
natural log of each environmental phenol biomarker and phthalate metabolite or molar sum
to its mean and standard deviation. While this approach facilitates comparison of biomarker
effect sizes relative to their distributions in the study population, we note that a standard
deviation change in natural log biomarker concentration corresponds to a different
magnitude of absolute change in concentration for each biomarker. For example, a standard
deviation change from the mean is equivalent to the following differences in concentration
(ug/L) for each biomarker: 2,5-dichlorophenol: 387; triclosan: 94; benzophenone-3: 73;
bisphenol A: 4; MEP: 1081; MnBP: 122; MiBP: 19; MCPP: 9; MBzP: 62; ZDEHP: 322;
MECPP: 132; MEHHP: 80; MEHP: 21; and MEOHP: 70.

We estimated associations of environmental phenol and phthalate biomarkers with asthma,
wheeze, and atopic skin conditions using logistic regression. For outcomes with repeated
measures, we used generalized estimating equations with an independent working
correlation matrix to account for within-person correlation. To minimize bias while
maximizing precision of our estimates, we identified adjustment variables using directed
acyclic graphs and included all confounders and predictors of childhood respiratory and
allergic outcomes that were not on the causal pathway. These variables included
sociodemographics (maternal age, race/ethnicity, pre-pregnancy body mass index (BMI),
education, marital status), residential characteristics (type of residence, number of
occupants, pets), predictors of asthma, wheeze, and atopic skin conditions (maternal
smoking during pregnancy, persons in the household with asthma, persons in the household
with allergies, child’s sex, age at follow-up), and creatinine (as a measure of urinary
dilution). We modeled natural log creatinine, maternal age, and maternal pre-pregnancy BMI
using restricted quadratic splines (Howe et al. 2011) and age at follow-up (months) as a
continuous variable. We combined maternal Hispanic and other race/ethnicities for analysis,
and modeled all multi-level categorical variables using disjoint indicator coding to allow for
non-monotonic associations. We estimated covariate-adjusted odds ratios (ORs) and 95%
confidence intervals (CIs) per standard deviation increase in natural log biomarker
concentrations using the SAS GENMOD procedure and combined estimates from the 50
imputations using the MIANALYZE procedure.

As part of our analyses, we also assessed effect measure modification of associations by
child’s sex given that some environmental phenols and phthalates are endocrine disrupting
chemicals for which we have observed sex differences in their associations with other
outcomes in prior studies of our cohort (Buckley et al. 2016b; Doherty et al. 2017; Wolff et
al. 2008). We accounted for potential differences in confounder-outcome associations by sex
by applying a reduced augmented product term approach to limit bias while maintaining
precision of our estimates (Buckley et al. 2017). For these models, we included product
terms between child’s sex and exposure as well as between child’s sex and two variables that
act as proxies for genetic predisposition (person in the household with asthma and person in
the household with allergies) to adjust for potential sex-specific confounding given the male
predominance of atopic disease in early childhood (Thomsen 2015).

We conducted several sensitivity analyses to assess the robustness of associations in our
study. First, to examine independent associations of environmental phenol and phthalate
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biomarkers with outcomes, we included all four environmental phenol biomarkers as well as
ZLMWP and ZHMWP in the same model. Second, we examined exposure-response
relationships by modeling associations between tertiles of biomarker creatinine-corrected
concentrations, and respiratory and allergic outcomes. Due to the smaller sample size for
sex-specific analyses, we conducted these secondary analyses for the overall population
only. Third, because we had repeated measures for outcomes reported in the past 12 months
for 76 participants, we conducted stratified analyses for responses at age 6 years (N=92)
and age 7 years (N = 148) to assess robustness of primary models and explore potential
differences by age.

We conducted all statistical analyses using SAS software version 9.4 (SAS Institute Inc.).
Our criteria for statistical significance were alpha levels of 0.05 and 0.1 for main effects and
effect measure modification, respectively.

Approximately 40% of the initial cohort attended at least one follow-up visit at age 6 or 7
years. Baseline characteristics of the study sample were generally similar to those of the full
cohort, with most mothers being young (<25 years), Hispanic, and not married or living with
the father of the child (Table 1). However, mothers of children in the current study sample
were slightly older with higher pre-pregnancy BMI and lower socioeconomic status
compared to those not followed-up.

Third trimester urinary environmental phenol biomarker and phthalate metabolite
concentrations were widely detected in participating women (detection frequency >80%)
(Table 2). Compared to the U.S. general population of females during a similar time period,
median biomarker concentrations of women in our cohort were similar except that we
observed higher 2,5-dichlorophenol and lower benzophenone-3 concentrations. Spearman
correlation coefficients were low among the environmental phenol biomarkers (0<0.3) and
moderate among phthalate metabolites (o range: 0.4-0.8). Correlations of environmental
phenols with phthalate metabolites were moderate for 2,5-dichlorophenol and bisphenol A
(o range: 0.3-0.4) and low for triclosan and benzophenone-3 (o range: 0-0.2) (Supplemental
Material, Table S1).

One-quarter of the children had ever received an asthma diagnosis and nearly 40% had ever
experienced wheezing or whistling in the chest (Table 3). As expected, prevalence of asthma
or wheeze symptoms in the past 12 months were lower than lifetime prevalences of asthma
or wheeze. Reports of rashes, eczema, or hives in the past 12 months occurred at 35% of the
follow-up visits. Among the 76 participants with visits at both 6 and 7 years of age, the
proportion of discordant responses for outcomes assessed in the past 12 months were 28%
for wheezing or whistling in the chest, 18% for emergency room visit for asthma, and 16%
for rashes, eczema or hives.

Associations of environmental phenol biomarkers with child respiratory and allergic
outcomes are reported in Table 4. In overall models, we observed associations of third
trimester maternal urinary 2,5-dichlorophenol concentrations with increased odds of ever
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being diagnosed with asthma (OR: 1.51, 95% CI: 0.93, 2.46), emergency room visits for an
asthma attack in the past 12 months (OR: 2.07, 95% CI: 1.17, 3.68), and rashes, eczema, or
hives in the past 12 months (OR: 1.71, 95% CI: 1.15, 2.55). Associations between 2,5-
dichlorophenol and all five outcomes were modified by child’s sex, with statistically
significant positive associations for boys but null associations for girls (Table 4).

Prenatal urinary bisphenol A concentrations were associated with increased odds of ever
being diagnosed with asthma (OR: 1.66, 95% CI: 1.04, 2.66). This association was modified
by child’s sex with a positive association among boys (OR: 3.04, 95% CI: 1.38, 6.68) and no
association among girls (OR: 0.94, 95% CI: 0.48, 1.84). Bisphenol A findings followed a
similar pattern for other asthma and wheeze outcomes but were only statistically significant
for emergency room visits for an asthma attack in the past 12 months among boys (Table 4).

Maternal urinary benzophenone-3 concentrations were associated with decreased odds of
wheezing or whistling in the chest in the past 12 months in all children (OR: 0.65, 95% ClI:
0.44, 0.96) and among girls (OR: 0.52, 95% CI: 0.28, 0.97). Urinary benzophenone-3
concentrations were also non-significantly associated with lower odds of an emergency
room visit for asthma in the past 12 months (OR: 0.58, 95% CI: 0.27, 1.25). Maternal
urinary triclosan concentrations were not associated with asthma, wheeze, or atopic skin
conditions (Table 4).

Table 5 reports associations of phthalate metabolites and molar sums with child respiratory
and allergic outcomes. Higher maternal urinary ZLMWP concentrations were associated
with lower odds of wheeze symptoms (ever and past 12 months) among girls but not boys.
Associations with individual LMWP metabolites were uniformly inverse among girls, with
statistically significant inverse associations between prenatal MEP and MnBP concentrations
and wheeze outcomes in girls. HMWP metabolites (individual and summed) were not
associated with asthma, wheeze, or atopic skin conditions.

Findings were similar to the primary results when including all environmental phenols in the
same model to assess their independent associations (Supplemental Material, Table S2).
Additionally including ZLMWP and ZHMWP variables in the multiple biomarker model
resulted in larger, statistically significant associations of 2,5-dichlorophenol with ever being
diagnosed with asthma (OR: 1.88, 95% CI: 1.09, 3.26) and wheezing or whistling in the
chest in the past 12 months (OR: 1.59, 95% CI: 1.03, 2.46). Phthalate associations were
unchanged upon adjustment for environmental phenols with the exception of an inverse
relationship between prenatal ZLMWP concentrations and rashes, eczema, and hives in the
past 12 months (OR: 0.52, 95% CI: 0.30, 0.91) that was not observed in the single biomarker
model (OR: 0.90, 95% ClI: 0.60, 1.34).

Sensitivity analyses examining potential non-linear exposure-response relationships
generally revealed monotonic increases or decreases in odds with increasing exposure
category (Supplemental Material, Table S3). Children in the middle tertile (OR: 3.32, 95%
Cl: 1.09, 10.12), but not the highest tertile (OR 0.83, 95% ClI: 0.23, 2.94), of prenatal
triclosan concentrations had increased odds of ever being diagnosed with asthma compared
to the lowest tertile but estimates were imprecise.
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In stratified models estimating associations of maternal urinary biomarker concentrations
with outcomes in the past 12 months separately for the age 6 and age 7 year visits,
association were similar to the primary analyses though estimates were less precise (data not
shown).

Discussion

In this prospective cohort study, we observed associations of higher prenatal bisphenol A
and 2,5-dichlorophenol urinary concentrations with parent-reported respiratory and allergic
outcomes among boys but not girls. In addition, we found associations of biomarkers of
LMWPs and benzophenone-3 concentrations with reduced odds of wheeze symptoms,
particularly among girls, whereas triclosan and biomarkers of HMWPs were not associated
with any of the outcomes examined.

To our knowledge, the only other study to assess associations of prenatal 2,5-dichlorophenaol,
benzophenone-3, and triclosan with child respiratory and allergic outcomes was a French
pregnancy cohort of 587 boys that measured concentrations in second trimester urine
samples and examined respiratory outcomes through age 5 years (Vernet et al. 2017). While
we observed positive associations of prenatal 2,5-dichlorophenol concentrations with all
outcomes among boys, Vernet et al. reported associations with wheeze but not with asthma
or with additional outcomes not examined in the present study, including bronchiolitis/
bronchitis and forced expiratory volume in the first second of expiration (FEV1) (Vernet et
al. 2017). Like Vernet et al., we also observed inverse associations of prenatal
benzophenone-3 concentrations with wheeze but not with other outcomes, and no
associations with triclosan.

We observed a positive association between third trimester maternal urinary bisphenol A
concentrations and odds of asthma among boys. Patterns of association were similar for
parent-reported wheeze outcomes, though not statistically significant. These findings
support a potential relationship between /n utero bisphenol A exposure and adverse
respiratory outcomes, which has also been suggested by the majority of prior studies
(Donohue et al. 2013; Gascon et al. 2015; Spanier et al. 2012; Spanier et al. 2014b; Vernet et
al. 2017; Zhou et al. 2017). While the critical window of susceptibility for effects of
bisphenol A on asthma and wheeze are not known, prior studies suggests that timing of
vulnerability to bisphenol A may differ by respiratory phenotype. Spanier et al. found that
bisphenol A concentrations during early pregnancy were uniquely related to wheeze whereas
associations with FEV4 did not depend on timing of exposure during gestation (Spanier et al.
2012; Spanier et al. 2014b). Another study reported stronger associations of respiratory and
allergic outcomes with bisphenol A concentrations measured in the third trimester compared
to first trimester, with the largest difference for asthma at age 7 years (Gascon et al. 2015).
Taken together, these studies suggest that bisphenol A exposures during early pregnancy
may be more relevant for wheeze whereas those occurring during late pregnancy may be
more important for asthma. If so, our findings of a stronger association between third
trimester bisphenol A concentrations with asthma than wheeze may relate to exposure
misclassification for the latter outcome.
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Our study is the first to observe stronger associations of prenatal bisphenol A concentrations
with respiratory outcomes among boys compared with girls. Two studies of bisphenol A that
examined modification by child’s sex reported no statistically significant differences in
associations between boys and girls evaluated from age 6 months through 3 years (Spanier et
al. 2012) or from birth through age 7 years (Gascon et al. 2015), while another reported
stronger associations with wheeze or eczema among girls at 6 months of age (Zhou et al.
2017). Sexually-dimorphic associations may be due to the endocrine disrupting activity of
bisphenol A or to sex differences is asthma development (Carey et al. 2007; Chang and
Mitzner 2007). Alternatively, our findings may be due to chance given our limited sample
size when assessing sex-specific associations. If confirmed in other populations, it would
also be important to assess sex differences at older ages given the change in sex-specific
prevalence of asthma from male predominance in early childhood to female predominance
upon puberty (Fu et al. 2014).

We did not observe positive associations of third trimester phthalate metabolite
concentrations with asthma, wheeze, or atopic skin conditions. However, biomarkers of
LMWPs were associated with reduced odds of wheeze outcomes in girls. Animal studies
examining early life exposures have focused on HMWPSs with most reporting adjuvant
effects on allergic and inflammatory respiratory responses (Chen et al. 2015; Han et al.
2014; Jahreis et al. 2017; Wang et al. 2017), although one found a protective effect of
prenatal DEHP exposure on airway inflammation in mouse offspring (Shin et al. 2014).
Although our study and one other (Vernet et al. 2017) did not observe associations of
biomarkers of prenatal HMWPs with increased asthma or wheeze symptoms, several other
epidemiologic studies support the animal findings (Gascon et al. 2015; Ku et al. 2015; Smit
et al. 2015; Whyatt et al. 2014). Gascon et al. observed stronger associations of first
trimester concentrations of metabolites of HMWPs with wheeze compared to third trimester,
suggesting that our study (third trimester) and Vernet et al. (second trimester) may not have
measured phthalate metabolites in the relevant critical window for wheeze which may have
caused exposure misclassification biasing results toward the null (Gascon et al. 2015; Vernet
et al. 2017).

In contrast to our finding of an inverse association of biomarkers of LMWPs with wheeze,
two prior studies reported associations of third trimester MnBP concentrations with
increased asthma diagnosis or symptoms, although neither study examined wheeze
outcomes or differences by child’s sex (Jahreis et al. 2017; Whyatt et al. 2014). Other
studies have reported null associations of biomarkers of LMWPs with asthma and wheeze
(Gascon et al. 2015; Ku et al. 2015; Vernet et al. 2017). As our findings have not been
replicated in other cohorts, non-causal factors related to study design and analyses may
explain these differences (e.g., small sample size among girls, multiple testing bias,
unmeasured confounding). Still, given the focus of experimental studies on HMWPs,
additional human and animal studies examining potential sex-specific effects of early life
LMWP exposures on lung development and function could provide useful data to assess the
plausibility of our findings.

With respect to atopic skin conditions, we observed an association of 2,5-dichlorophenol
with increased odds of rashes, eczema, or hives in the past 12 months among boys but not
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girls. While there are no other prospective studies of 2,5-dichlorophenol and atopic skin
conditions, a cross-sectional study found that urinary 2,5-dichlorophenol concentrations
were positively associated with levels of total serum immunoglobulin E and with asthma
morbidity among atopic but not non-atopic wheezers (Jerschow et al. 2014). Similar to our
findings, most previous studies of prenatal exposures to other environmental phenols and
phthalates have not observed associations with atopy, immunoglobulin E, or eczema at birth
or during early childhood (Ashley-Martin et al. 2016; Ashley-Martin et al. 2015; Donohue et
al. 2013; Gascon et al. 2015; Stelmach et al. 2015; Wang et al. 2014), though some studies
have reported isolated associations of third trimester concentrations of dibutyl or butylbenzyl
phthalates with atopic outcomes (Herberth et al. 2017; Jahreis et al. 2017; Just et al. 2012).

Our study has several limitations. First, we relied on a spot urine sample collected during the
third trimester of pregnancy to assess exposure to select environmental phenols and
phthalates. Exposure to these non-persistent chemicals (or their precursors) is episodic, and
prior studies that collected multiple biomarker samples during pregnancy report poor
reproducibility (intra-class correlation coefficient, ICC<0.4) for bisphenol A and DEHP
metabolites and moderate reproducibility (ICC range: 0.4 to 0.7) for other biomarkers
studied in the current analysis (Adibi et al. 2008; Braun et al. 2011; Braun et al. 2012; Engel
et al. 2014; Ferguson et al. 2014; Meeker et al. 2013; Philippat et al. 2013). While a single
spot urine sample may be adequate to classify exposure to certain non-persistent chemicals
over a period of weeks to months (Calafat et al. 2015), our study may have misclassified
exposures if the third trimester is not the relevant window of susceptibility for respiratory or
allergic disease development. Assuming monotonic exposure-response and independent,
non-differential exposure measurement error, we expect this misclassification would likely
bias associations towards the null (Perrier et al. 2016; VanderWeele and Hernan 2012).
While we detected statistically significant associations of biomarkers with respiratory and
allergic outcomes, measurement error may explain some differences in our study findings
compared to previous reports. In addition, we lacked information on postnatal environmental
phenol and phthalate exposures and thus could not explore the contribution of childhood
exposures. While we conducted sensitivity analyses to account for potential confounding
among these correlated chemicals, we did not have adequate sample size to examine the
association of exposure mixtures with respiratory and allergic outcomes.

Additionally, we did not perform clinical confirmation of outcomes. While our children were
old enough for stable asthma diagnosis, they may have self-reported a diagnosis that
occurred before age 5 years when diagnoses are susceptible to misclassification (National
Asthma Education and Prevention Program 2007). However, we ascertained asthma and
wheeze using the ISAAC questionnaire, a validated instrument widely used in epidemiologic
studies of childhood asthma (Jenkins et al. 1996). This questionnaire also allowed us to
evaluate the consistency of results with ever versus recent asthma and wheeze symptoms.
Although we observed some differences between the characteristics of our study sample and
the original pregnancy cohort, we previously conducted state-of-the-art sensitivity analyses
assessing potentially informative loss to follow-up in this cohort and did not observed
evidence of selection bias (Buckley et al. 2016a; Buckley et al. 2016b). Still, substantial
attrition in our cohort resulted in limited sample size for assessing sex-specific effects and
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precluded us from examining the shape of exposure-response relationships by child’s sex.
Our sample size also limited us from evaluating additional effect measure modifiers.

Our results may not be generalizeable to other populations as our cohort is comprised of a
multiethnic inner-city population with higher prevalence of ever asthma diagnosis (25%)
compared to children aged 5-14 years in the United States as a whole (10%) (Centers for
Disease Control and Prevention 2017a). In addition, exposures to environmental phenols and
phthalates have changed over time such that exposure distributions among pregnant women
in our study are not representative of present day exposures. In the U.S. population,
concentrations of bisphenol A, 2,5-dichlorophenol, triclosan, and several phthalate
metabolites (MEP, MnBP, MBzP, and DEHP metabolites) have decreased since our study
began while benzophenone-3, MiBP, and MCPP concentrations have remained stable or
increased (Centers for Disease Control and Prevention 2017b).

Despite these limitations, our study has several strengths. It is one of the first investigations
of prenatal exposures to benzophenone-3, triclosan, and the precursor of 2,5-dichlorophenol
in relation to childhood respiratory and allergic disease, and the only study to date to include
girls. We adjusted for numerous potential confounders including multiple measures of
socioeconomic status, residential characteristics, and known predictors of respiratory and
allergic disease development. Finally, our findings were robust to potential confounding due
to correlation among exposures.

Conclusions

In this population of New York City children, we observed sex-specific associations of
prenatal urinary biomarkers of select environmental phenols and phthalates with asthma and
allergic disease. Our results support prior studies linking prenatal bisphenol A exposure with
worsened respiratory health in childhood. Patterns of association for other phenols were
similar to the only previous study, and we further identified potential sex-dependent
relationships of prenatal exposure to paradichlorobenzene (the precursor of 2,5-
dichlorophenol) and benzophenone-3 with respiratory and allergic outcomes. Taken
together, our study and previous investigations suggest that environmental phenol exposures
during pregnancy may influence the development of respiratory and allergic disease in
children. Future work would provide useful data to confirm associations observed for
paradichlorobenzene and benzophenone-3 biomarkers, elucidate potential biological
mechanisms, and determine whether associations persist into adulthood.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

We thank Manori Silva, Ella Samandar, Jim Preau, Xiaoyun Ye, Amber Bishop, and Jack Reidy for the
measurement of the phthalates and phenols biomarkers. The Mount Sinai Children’s Environmental Health Study
was supported by grants from NIEHS (ES009584), EPA (R827039 and RD831711), ATSDR, and The New York
Community Trust. LQA was funded by an NHLBI Career Development Award (1K01HL138124) and MSW was
supported by grants from NIEHS (P30 ES023515 and ES026555).

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



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Buckley et al. Page 13

The findings and conclusions in this report are those of the authors and do not necessarily represent the official
position of the Centers for Disease Control and Prevention.

References

Adibi JJ, Whyatt RM, Williams PL, Calafat AM, Camann D, Herrick R, Nelson H, Bhat HK, Perera
FP, Silva MJ, Hauser R. Characterization of phthalate exposure among pregnant women assessed by
repeat air and urine samples. Environ Health Perspect. 2008; 116:467-473. [PubMed: 18414628]

Akinbami LJ, Simon AE, Rossen LM. Changing Trends in Asthma Prevalence Among Children.
Pediatrics. 2016:137. [PubMed: 27543009]

Asher I, Pearce N. Global burden of asthma among children. Int J Tuberc Lung Dis. 2014; 18:1269-
1278. [PubMed: 25299857]

Asher MI, Keil U, Anderson HR, Beasley R, Crane J, Martinez F, Mitchell EA, Pearce N, Sibbald B,
Stewart AW, et al. International Study of Asthma and Allergies in Childhood (ISAAC): rationale
and methods. Eur Respir J. 1995; 8:483-491. [PubMed: 7789502]

Ashley-Martin J, Dodds L, Arbuckle TE, Marshall J. Prenatal triclosan exposure and cord blood
immune system biomarkers. International journal of hygiene and environmental health. 2016;
219:454-457. [PubMed: 27167448]

Ashley-Martin J, Dodds L, Levy AR, Platt RW, Marshall JS, Arbuckle TE. Prenatal exposure to
phthalates, bisphenol A and perfluoroalkyl substances and cord blood levels of IgE, TSLP and
IL-33. Environ Res. 2015; 140:360-368. [PubMed: 25913155]

Bauer SM, Roy A, Emo J, Chapman TJ, Georas SN, Lawrence BP. The effects of maternal exposure to
bisphenol A on allergic lung inflammation into adulthood. Toxicological sciences : an official
journal of the Society of Toxicology. 2012; 130:82-93. [PubMed: 22821851]

Bertelsen RJ, Longnecker MP, Lovik M, Calafat AM, Carlsen KH, London SJ, Lodrup Carlsen KC.
Triclosan exposure and allergic sensitization in Norwegian children. Allergy. 2013; 68:84-91.
[PubMed: 23146048]

Bonds RS, Midoro-Horiuti T. Estrogen effects in allergy and asthma. Curr Opin Allergy Clin Immunol.
2013; 13:92-99. [PubMed: 23090385]

Braun JM, Kalkbrenner AE, Calafat AM, Bernert JT, Ye X, Silva MJ, Barr DB, Sathyanarayana S,
Lanphear BP. Variability and predictors of urinary bisphenol A concentrations during pregnancy.
Environ Health Perspect. 2011; 119:131-137. [PubMed: 21205581]

Braun JM, Smith KW, Williams PL, Calafat AM, Berry K, Ehrlich S, Hauser R. Variability of urinary
phthalate metabolite and bisphenol A concentrations before and during pregnancy. Environ Health
Perspect. 2012; 120:739-745. [PubMed: 22262702]

Buckley JP, Doherty BT, Keil AP, Engel SM. Statistical Approaches for Estimating Sex-Specific
Effects in Endocrine Disruptors Research. Environ Health Perspect. 2017; 125:067013. [PubMed:
28665274]

Buckley JP, Engel SM, Mendez MA, Richardson DB, Daniels JL, Calafat AM, Wolff MS, Herring AH.
Prenatal Phthalate Exposures and Childhood Fat Mass in a New York City Cohort. Environ Health
Perspect. 2016a; 124:507-513. [PubMed: 26308089]

Buckley JP, Herring AH, Wolff MS, Calafat AM, Engel SM. Prenatal exposure to environmental
phenols and childhood fat mass in the Mount Sinai Children’s Environmental Health Study.
Environ Int. 2016b; 91:350-356. [PubMed: 27037776]

Calafat AM, Longnecker MP, Koch HM, Swan SH, Hauser R, Goldman LR, Lanphear BP, Rudel RA,
Engel SM, Teitelbaum SL, Whyatt RM, Wolff MS. Optimal Exposure Biomarkers for
Nonpersistent Chemicals in Environmental Epidemiology. Environ Health Perspect. 2015;
123:A166-168. [PubMed: 26132373]

Carey MA, Card JW, Woltz JW, Germolec DR, Korach KS, Zeldin DC. The impact of sex and sex
hormones on lung physiology and disease: lessons from animal studies. American journal of
physiology Lung cellular and molecular physiology. 2007; 293:L.272-278. [PubMed: 17575008]

Centers for Disease Control and Prevention. Current Asthma Prevalence Percents by Age, United
States: National Health Interview Survey, 2015. Statistics N.C.f.H; Atlanta, GA: 2017a.

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



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Buckley et al.

Page 14

Centers for Disease Control and Prevention. Fourth National Report on Human Exposure to
Environmental Chemicals, Updated Tables, January, 2017. 2017b.

Chang HY, Mitzner W. Sex differences in mouse models of asthma. Canadian journal of physiology
and pharmacology. 2007; 85:1226-1235. [PubMed: 18066124]

Chen L, Chen J, Xie CM, Zhao Y, Wang X, Zhang YH. Maternal Disononyl Phthalate Exposure
Activates Allergic Airway Inflammation via Stimulating the Phosphoinositide 3-kinase/Akt
Pathway in Rat Pups. Biomedical and environmental sciences : BES. 2015; 28:190-198. [PubMed:
25800443]

Clayton EM, Todd M, Dowd JB, Aiello AE. The impact of bisphenol A and triclosan on immune
parameters in the U.S. population, NHANES 2003-2006. Environ Health Perspect. 2011;
119:390-396. [PubMed: 21062687]

Doherty BT, Engel SM, Buckley JP, Silva MJ, Calafat AM, Wolff MS. Prenatal phthalate biomarker
concentrations and performance on the Bayley Scales of Infant Development-11 in a population of
young urban children. Environ Res. 2017; 152:51-58. [PubMed: 27741448]

Donohue KM, Miller RL, Perzanowski MS, Just AC, Hoepner LA, Arunajadai S, Canfield S, Resnick
D, Calafat AM, Perera FP, Whyatt RM. Prenatal and postnatal bisphenol A exposure and asthma
development among inner-city children. The Journal of allergy and clinical immunology. 2013;
131:736-742. [PubMed: 23452902]

Engel LS, Buckley JP, Yang G, Liao LM, Satagopan J, Calafat AM, Matthews CE, Cai Q, Ji BT, Cai
H, Engel SM, Wolff MS, Rothman N, Zheng W, Xiang YB, Shu XO, Gao YT, Chow WH.
Predictors and variability of repeat measurements of urinary phenols and parabens in a cohort of
Shanghai women and men. Environ Health Perspect. 2014; 122:733-740. [PubMed: 24659570]

Engel SM, Berkowitz GS, Barr DB, Teitelbaum SL, Siskind J, Meisel SJ, Wetmur JG, Wolff MS.
Prenatal organophosphate metabolite and organochlorine levels and performance on the Brazelton
Neonatal Behavioral Assessment Scale in a multiethnic pregnancy cohort. Am J Epidemiol. 2007;
165:1397-1404. [PubMed: 17406008]

Ferguson KK, McElrath TF, Ko YA, Mukherjee B, Meeker JD. Variability in urinary phthalate
metabolite levels across pregnancy and sensitive windows of exposure for the risk of preterm birth.
Environ Int. 2014; 70:118-124. [PubMed: 24934852]

Fu L, Freishtat RJ, Gordish-Dressman H, Teach SJ, Resca L, Hoffman EP, Wang Z. Natural
progression of childhood asthma symptoms and strong influence of sex and puberty. Annals of the
American Thoracic Society. 2014; 11:939-944. [PubMed: 24896645]

Gascon M, Casas M, Morales E, Valvi D, Ballesteros-Gomez A, Luque N, Rubio S, Monfort N,
Ventura R, Martinez D, Sunyer J, Vrijheid M. Prenatal exposure to bisphenol A and phthalates and
childhood respiratory tract infections and allergy. The Journal of allergy and clinical immunology.
2015; 135:370-378. [PubMed: 25445825]

Han Y, Wang X, Chen G, Xu G, Liu X, Zhu W, Hu P, Zhang Y, Zhu C, Miao J. Di-(2-ethylhexyl)
phthalate adjuvantly induces imbalanced humoral immunity in ovalbumin-sensitized BALB/c mice
ascribing to T follicular helper cells hyperfunction. Toxicology. 2014; 324:88-97. [PubMed:
25093321]

Harding, R., Snibson, K., O’Reilly, M., Maritz, G. Early Environmental Influences on Lung
Development: Implications for Lung Function and Respiratory Health throughout Life. In:
Newnham, J., Ross, M., editors. Early Life Origins of Human Health and Disease. Basel: Karger;
2009.

Herberth G, Pierzchalski A, Feltens R, Bauer M, Roder S, Olek S, Hinz D, Borte M, von Bergen M,
Lehmann I, Group LS. Prenatal phthalate exposure associates with low regulatory T-cell numbers
and atopic dermatitis in early childhood: Results from the LINA mother-child study. The Journal
of allergy and clinical immunology. 2017; 139:1376-1379. €1378. [PubMed: 27826096]

Hornung RW, Reed LD. Estimation of average concentration in the presence of undetectable values.
Applied Occupational and Environmental Hygiene. 1990; 5:46-51.

Howe CJ, Cole SR, Westreich DJ, Greenland S, Napravnik S, Eron JJ Jr. Splines for trend analysis and
continuous confounder control. Epidemiology. 2011; 22:874-875. [PubMed: 21968779]

Jahreis S, Trump S, Bauer M, Bauer T, Thurmann L, Feltens R, Wang Q, Gu L, Grutzmann K, Roder
S, Averbeck M, Weichenhan D, Plass C, Sack U, Borte M, Dubourg V, Schuurmann G, Simon JC,

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



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Buckley et al.

Page 15

von Bergen M, Hackermuller J, Eils R, Lehmann I, Polte T. Maternal phthalate exposure promotes
allergic airway inflammation over 2 generations through epigenetic modifications. The Journal of
allergy and clinical immunology. 2017

Jenkins MA, Clarke JR, Carlin JB, Robertson CF, Hopper JL, Dalton MF, Holst DP, Choi K, Giles GG.
Validation of questionnaire and bronchial hyperresponsiveness against respiratory physician
assessment in the diagnosis of asthma. Int J Epidemiol. 1996; 25:609-616. [PubMed: 8671563]

Jerschow E, McGinn AP, de Vos G, Vernon N, Jariwala S, Hudes G, Rosenstreich D. Dichlorophenol-
containing pesticides and allergies: results from the US National Health and Nutrition Examination
Survey 2005-2006. Ann Allergy Asthma Immunol. 2012; 109:420-425. [PubMed: 23176881]

Jerschow E, Parikh P, McGinn AP, de Vos G, Jariwala S, Hudes G, Rosenstreich D. Relationship
between urine dichlorophenol levels and asthma morbidity. Ann Allergy Asthma Immunol. 2014;
112:511-518. e511. [PubMed: 24726197]

Just AC, Whyatt RM, Perzanowski MS, Calafat AM, Perera FP, Goldstein IF, Chen Q, Rundle AG,
Miller RL. Prenatal exposure to butylbenzyl phthalate and early eczema in an urban cohort.
Environ Health Perspect. 2012; 120:1475-1480. [PubMed: 22732598]

Ku HY, Su PH, Wen HJ, Sun HL, Wang CJ, Chen HY, Jaakkola JJ, Wang SL. Prenatal and postnatal
exposure to phthalate esters and asthma: a 9-year follow-up study of a taiwanese birth cohort. PloS
one. 2015; 10:e0123309. [PubMed: 25875379]

Martino D, Prescott S. Epigenetics and prenatal influences on asthma and allergic airways disease.
Chest. 2011; 139:640-647. [PubMed: 21362650]

Meeker JD, Cantonwine DE, Rivera-Gonzalez LO, Ferguson KK, Mukherjee B, Calafat AM, Ye X,
Anzalota Del Toro LV, Crespo-Hernandez N, Jimenez-Velez B, Alshawabkeh AN, Cordero JF.
Distribution, variability, and predictors of urinary concentrations of phenols and parabens among
pregnant women in Puerto Rico. Environmental science & technology. 2013; 47:3439-3447.
[PubMed: 23469879]

Midoro-Horiuti T, Tiwari R, Watson CS, Goldblum RM. Maternal bisphenol a exposure promotes the
development of experimental asthma in mouse pups. Environ Health Perspect. 2010; 118:273-277.
[PubMed: 20123615]

Miller MD, Marty MA. Impact of environmental chemicals on lung development. Environ Health
Perspect. 2010; 118:1155-1164. [PubMed: 20444669]

Nakajima Y, Goldblum RM, Midoro-Horiuti T. Fetal exposure to bisphenol A as a risk factor for the
development of childhood asthma: an animal model study. Environ Health. 2012; 11:8. [PubMed:
22353195]

National Asthma Education and Prevention Program. Third Expert Panel on the Diagnosis and
Management of Asthma: Guidelines for the Diagnosis and Management of Asthma. Bethesda,
MD: National Heart, Lung, and Blood Institute; 2007. Section 4, Managing Asthma Long Term in
Children 0—4 Years of Age and 5-11 Years of Age.

O’Brien E, Bergin IL, Dolinoy DC, Zaslona Z, Little RJ, Tao Y, Peters-Golden M, Mancuso P.
Perinatal bisphenol A exposure beginning before gestation enhances allergen sensitization, but not
pulmonary inflammation, in adult mice. Journal of developmental origins of health and disease.
2014; 5:121-131. [PubMed: 24847698]

Perrier F, Giorgis-Allemand L, Slama R, Philippat C. Within-subject Pooling of Biological Samples to
Reduce Exposure Misclassification in Biomarker-based Studies. Epidemiology. 2016; 27:378-388.
[PubMed: 27035688]

Petzold S, Averbeck M, Simon JC, Lehmann I, Polte T. Lifetime-dependent effects of bisphenol A on
asthma development in an experimental mouse model. PloS one. 2014; 9:¢100468. [PubMed:
24950052]

Philippat C, Wolff MS, Calafat AM, Ye X, Bausell R, Meadows M, Stone J, Slama R, Engel SM.
Prenatal exposure to environmental phenols: concentrations in amniotic fluid and variability in
urinary concentrations during pregnancy. Environ Health Perspect. 2013; 121:1225-1231.
[PubMed: 23942273]

Robinson L, Miller R. The Impact of Bisphenol A and Phthalates on Allergy, Asthma, and Immune
Function: a Review of Latest Findings. Curr Environ Health Rep. 2015; 2:379-387. [PubMed:
26337065]

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



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Buckley et al.

Page 16

Savage JH, Johns CB, Hauser R, Litonjua AA. Urinary triclosan levels and recent asthma
exacerbations. Ann Allergy Asthma Immunol. 2014; 112:179-181. e172. [PubMed: 24468262]

Savage JH, Matsui EC, Wood RA, Keet CA. Urinary levels of triclosan and parabens are associated
with aeroallergen and food sensitization. The Journal of allergy and clinical immunology. 2012;
130:453-460. e457. [PubMed: 22704536]

Shin IS, Lee MY, Cho ES, Choi EY, Son HY, Lee KY. Effects of maternal exposure to di(2-
ethylhexyl)phthalate (DEHP) during pregnancy on susceptibility to neonatal asthma. Toxicology
and applied pharmacology. 2014; 274:402—-407. [PubMed: 24370437]

Smit LA, Lenters V, Hoyer BB, Lindh CH, Pedersen HS, Liermontova I, Jonsson BA, Piersma AH,
Bonde JP, Toft G, Vermeulen R, Heederik D. Prenatal exposure to environmental chemical
contaminants and asthma and eczema in school-age children. Allergy. 2015; 70:653-660.
[PubMed: 25753462]

Spanier AJ, Fausnight T, Camacho TF, Braun JM. The associations of triclosan and paraben exposure
with allergen sensitization and wheeze in children. Allergy and asthma proceedings. 2014a;
35:475-481. [PubMed: 25584915]

Spanier AJ, Kahn RS, Kunselman AR, Hornung R, Xu Y, Calafat AM, Lanphear BP. Prenatal exposure
to bisphenol A and child wheeze from birth to 3 years of age. Environ Health Perspect. 2012;
120:916-920. [PubMed: 22334053]

Spanier AJ, Kahn RS, Kunselman AR, Schaefer EW, Hornung R, Xu Y, Calafat AM, Lanphear BP.
Bisphenol a exposure and the development of wheeze and lung function in children through age 5
years. JAMA pediatrics. 2014b; 168:1131-1137. [PubMed: 25286153]

Stelmach I, Majak P, Jerzynska J, Podlecka D, Stelmach W, Polanska K, Ligocka D, Hanke W. The
effect of prenatal exposure to phthalates on food allergy and early eczema in inner-city children.
Allergy and asthma proceedings. 2015; 36:72—78. [PubMed: 26108074]

Thomsen SF. Epidemiology and natural history of atopic diseases. Eur Clin Respir J. 2015:2.

Uh HW, Hartgers FC, Yazdanbakhsh M, Houwing-Duistermaat JJ. Evaluation of regression methods
when immunological measurements are constrained by detection limits. BMC Immunol. 2008;
9:59. [PubMed: 18928527]

van Buuren S. Multiple imputation of discrete and continuous data by fully conditional specification.
Stat Methods Med Res. 2007; 16:219-242. [PubMed: 17621469]

VanderWeele TJ, Hernan MA. Results on differential and dependent measurement error of the
exposure and the outcome using signed directed acyclic graphs. Am J Epidemiol. 2012; 175:1303-
1310. [PubMed: 22569106]

Vernet C, Pin I, Giorgis-Allemand L, Philippat C, Benmerad M, Quentin J, Calafat AM, Ye X, Annesi-
Maesano I, Siroux V, Slama R, Group EM-CCS. In Utero Exposure to Select Phenols and
Phthalates and Respiratory and Health in Five-Year-Old Boys: A Prospective Study. Environ
Health Perspect. 2017; 125:097006. [PubMed: 28934727]

Wang B, Liu F, Dong J, You M, Fu Y, Li C, Lu Y, Chen J. Maternal exposure to environmental DEHP
exacerbated OVA-induced asthmatic responses in rat offspring. Sci Total Environ. 2017; 615:253—
261. [PubMed: 28972901]

Wang 1J, Lin CC, Lin YJ, Hsieh WS, Chen PC. Early life phthalate exposure and atopic disorders in
children: a prospective birth cohort study. Environ Int. 2014; 62:48-54. [PubMed: 24161446]
Whyatt RM, Perzanowski MS, Just AC, Rundle AG, Donohue KM, Calafat AM, Hoepner LA, Perera

FP, Miller RL. Asthma in inner-city children at 5-11 years of age and prenatal exposure to
phthalates: the Columbia Center for Children’s Environmental Health Cohort. Environ Health
Perspect. 2014; 122:1141-1146. [PubMed: 25230320]

Wolff MS, Engel SM, Berkowitz GS, Ye X, Silva MJ, Zhu C, Wetmur J, Calafat AM. Prenatal phenol
and phthalate exposures and birth outcomes. Environ Health Perspect. 2008; 116:1092-1097.
[PubMed: 18709157]

Yanagisawa R, Takano H, Inoue K, Koike E, Sadakane K, Ichinose T. Effects of maternal exposure to
di-(2-ethylhexyl) phthalate during fetal and/or neonatal periods on atopic dermatitis in male
offspring. Environ Health Perspect. 2008; 116:1136-1141. [PubMed: 18795153]

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



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Buckley et al.

Page 17
Zhou A, Chang H, Huo W, Zhang B, Hu J, Xia W, Chen Z, Xiong C, Zhang Y, Wang Y, Xu S, Li Y.

Prenatal exposure to bisphenol A and risk of allergic diseases in early life. Pediatr Res. 2017,
81:851-856. [PubMed: 28141789]

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



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Buckley et al.

Page 18

Highlights

Environmental phenols and phthalates may affect respiratory and allergic
disease risk

Measured urinary biomarkers in the third trimester of pregnancy
Assessed asthma, wheeze, and atopic skin conditions by questionnaire

2,5 dichlorophenol and bisphenol A (boys only) positively associated with
outcomes

Benzophenone-3 and select phthalates (girls only) inversely associated with
wheeze

Prenatal chemical exposures may have sex-dependent effects on respiratory
health
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Table 1

Baseline characteristics of the full cohort and children attending at least one follow-up visit at age 6 or 7 years
in the Mount Sinai Children’s Environmental Health Study

Full cohort ~ Study sample

Characteristic h (%) n (%) p-value@

N 404 165

Maternal age at delivery (years) 0.09
<185 142 (35) 51 (31)

18.5-24 132 (33) 56 (34)
25-29 44 (11) 25 (15)
230 86 (21) 32 (20)

Maternal race/ethnicity 0.4
Non-Hispanic White 86 (21) 29 (18)
Non-Hispanic Black 112 (28) 46 (28)

Hispanic 200 (50) 86 (52)
Other 6 (1) 3(2)

Maternal pre-pregnancy BMI (kg/m?) 0.05

<20 82 (20) 29 (18)
20-24.9 214 (53) 80 (49)
25-29.9 72 (18) 39 (24)

>30 35 (9) 16 (10)
Missing 1

Maternal education 0.1
< High school 118 (29) 43 (26)

High school 83(21) 37(23)
Some college 103 (26) 50 (30)
>College degree 98 (24) 34 (21)
Missing 2

Maternal marital status 0.03
Married 117 (29) 37 (23)

Living with father of child 98 (24) 39 (24)
Single/divorced/widowed 189 (47) 88 (54)

Type of residence during pregnancy 0.6
Public housing 131 (33) 56 (35)

Rental unit/privately owned 226 (56) 91 (56)
Owner occupied 46 (11) 16 (10)
Missing 1 1

Occupants in the residence (>3 total) 135 (33) 57 (35) 0.6

Pets in the residence 169 (42) 70 (43) 0.8

Maternal smoking during pregnancy 67 (17) 28 (17) 0.8

Person in household with asthma 160 (40) 67 (41) 0.7

Person in household with allergies 186 (46) 77 (47) 0.8

Child’s sex (male) 222 (55) 85 (52) 0.3
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BMI, body mass index

aChi-square p-value for comparison of covariate distribution among those followed-up (N=164) versus those not followed (N=240)
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Associations of prenatal environmental phenol biomarker concentrations with asthma, wheeze, and atopic skin

conditions at age 6 or 7 years in the Mount Sinai Children’s Environmental Health Study

Question/Biomarker

OR (95% CI)@

Overall

Girls

Boys

EMM p-valueb

Has a doctor or nurse ever said that your child has asthma?¢

2,5-dichlorophenol
Triclosan
Benzophenone-3

Bisphenol A

In the past 12 months, has your child visited the emergency room because of an asthma attack??

6.16 (1.42, 26.63)

2,5-dichlorophenol
Triclosan
Benzophenone-3

Bisphenol A

Has your child ever had wheezing or whistling in the chest at any time in the past?¢

2,5-dichlorophenol
Triclosan
Benzophenone-3

Bisphenol A

Has your child ever had wheezing or whistling in the chest at any time in the past 12 months??

2,5-dichlorophenol
Triclosan
Benzophenone-3

Bisphenol A

1.51 (0.93, 2.46)
0.88 (0.57, 1.37)
0.95 (0.60, 1.51)
1.66 (1.04, 2.66)

2.07 (1.17, 3.68)
0.64 (0.32,1.27)
0.58 (0.27, 1.25)
1.87 (0.79, 4.39)

0.99 (0.65, 1.53)
0.73 (0.50, 1.07)
0.88 (0.59, 1.32)
1.31(0.89, 1.93)

1.18 (0.81, 1.72)
0.76 (0.55, 1.07)
0.65 (0.4, 0.96)
1.15 (0.81, 1.61)

0.73 (0.34, 1.55)
0.70 (0.36, 1.34)
0.74 (0.38, 1.44)
0.94 (0.48, 1.84)

0.98 (0.41, 2.35)
0.44 (0.16, 1.24)
0.59 (0.22, 1.60)
0.97 (0.36, 2.59)

0.57 (0.31, 1.06)
0.65 (0.40, 1.08)
0.76 (0.4, 1.31)
1.04 (0.61, 1.77)

0.73 (0.41, 1.30)
0.66 (0.42, 1.03)
0.52 (0.28, 0.97)
1.08 (0.66, 1.77)

3.00 (1.36, 6.59)
1.07 (0.57, 2.02)
1.18 (0.61, 2.27)
3.04 (1.38, 6.68)

0.92 (0.36, 2.33)
0.53 (0.18, 1.54)
3.28 (115, 9.34)

2.03 (1.03, 4.00)
0.81 (0.45, 1.46)
1.01 (0.55, 1.87)
1.71(0.93, 3.13)

2.08 (1.18, 3.65)
0.88 (0.53, 1.46)
0.82 (0.48, 1.40)
1.43 (0.85, 2.43)

In the past 12 months, has your child had rashes, eczema or hives?d

2,5-dichlorophenol
Triclosan
Benzophenone-3

Bisphenol A

1.71 (1.15, 2.55)
1.03 (0.75, 1.42)
1.20 (0.85, 1.70)
1.18(0.83, 1.67)

1.00 (0.59, 1.72)
0.92 (0.60, 1.4)
1.17 (0.75, 1.83)
1.09 (0.67, 1.75)

2.41 (1.36, 4.26)
1.16 (0.71, 1.88)
1.25 (0.76, 2.06)
1.23(0.72, 2.13)

0.01
0.3
0.3

0.03

0.05
0.3
0.9
0.1

0.01
0.6
0.5
0.2

0.01
0.4
0.3
0.5

0.02
0.5
0.8
0.7

Cl, confidence interval; EMM, effect measure modification; OR, odds ratio

aOR (95% CI) per standard deviation increase in natural log biomarker concentration estimated in separate models for each biomarker based on 50
multiply imputed datasets. Sex-specific estimates obtained using biomarker x sex product terms. Estimates are adjusted for creatinine, maternal
age, race/ethnicity, pre-pregnancy body mass index, education, marital status, type of home ownership, smoking during pregnancy, person in
household with asthma, person in household with allergies, number of occupants in the home, pets in the home, age at follow-up, and, for overall

models, child’s sex.

bP-vaIue for EMM by child’s sex

c_ .. . - .
Estimated using logistic regression models

Estimated using logistic regression models with generalized estimating equations to account for within-subject correlation
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Associations of prenatal phthalate metabolite or molar sum concentrations with asthma, wheeze, and atopic

skin conditions at age 6 or 7 years in the Mount Sinai Children’s Environmental Health Study

Question/Biomarker

OR (95% C1)@

Overall

Girls

Boys

EMM p-valueb

Has a doctor or nurse ever said that your child has asthma?¢

MEP
MnBP
MiBP
MCPP
MBzP
YDEHP
ZLMWP
ZHMWP

0.95 (0.60, 1.52)
0.81 (0.47, 1.39)
1.24 (0.72, 2.13)
0.97 (0.56, 1.69)
0.92 (0.54, 1.58)
0.83 (0.51, 1.36)
0.92 (0.58, 1.47)
0.84 (0.51, 1.40)

0.47 (0.21, 1.07)
057 (0.19, 1.72)
0.83 (0.37, 1.84)
1.16 (0.45, 3.00)
0.60 (0.26, 1.41)
0.92 (0.42, 2.00)
0.47 (0.20, 1.12)
0.78 (0.34, 1.79)

1.56 (0.84, 2.89)
0.98 (0.53, 1.83)
1.89 (0.85, 4.24)
0.91 (0.46, 1.78)
1.43 (0.67, 3.04)
0.86 (0.47, 1.58)
1.40 (0.77, 2.52)
0.95 (0.51, 1.76)

0.02
0.4
0.1
0.7
0.1
0.9

0.04
0.7

In the past 12 months, has your child visited the emergency room because of an asthma attack??

MEP
MnBP
MiBP
MCPP
MBzP
ZDEHP
ZLMWP
ZHMWP

Has your child ever had wheezing or whistling in the chest at any time in the past?¢

MEP
MnBP
MiBP
MCPP
MBzP
YDEHP
ZLMWP
ZHMWP

0.89 (0.54, 1.46)
0.61(0.32, 1.17)
0.87 (0.47, 1.61)
0.68 (0.34, 1.33)
0.68 (0.34, 1.40)
0.80 (0.35, 1.83)
0.80 (0.48, 1.32)
0.77 (0.34, 1.76)

0.80 (0.53, 1.20)
0.89 (0.57, 1.39)
0.96 (0.62, 1.49)
1.12 (0.70, 1.80)
0.89 (0.57, 1.40)
0.88 (0.57, 1.35)
0.78 (0.51, 1.18)
0.84 (0.54, 1.32)

0.41(0.14, 1.17)
0.73 (0.17, 3.06)
0.45 (0.09, 2.16)
0.88 (0.31, 2.46)
0.30 (0.05, 1.94)
1.57 (0.62, 3.95)
0.40 (0.13, 1.19)
1.30 (0.55, 3.09)

0.40 (0.19, 0.83)
0.83 (0.38, 1.81)
0.73 (0.40, 1.35)
1.18 (0.59, 2.35)
0.75 (0.40, 1.39)
0.69 (0.37, 1.29)
0.40 (0.19, 0.85)
0.66 (0.34, 1.28)

1.34 (0.67,2.72)
0.67 (0.35, 1.28)
1.52 (0.56, 4.09)
0.63 (0.28, 1.42)
1.09 (0.40, 3.00)
0.62 (0.23, 1.64)
1.06 (0.54, 2.10)
0.65 (0.25, 1.70)

1.12 (0.65, 1.94)
0.88 (0.51, 1.52)
1.27 (0.65, 2.50)
0.97 (0.52, 1.80)
1.00 (0.53, 1.88)
0.96 (0.54, 1.70)
1.04 (0.61, 1.77)
0.96 (0.53, 1.73)

0.09
0.9
0.3
0.6
0.3

0.06
0.2
0.2

0.02
0.9
0.2
0.7
0.5
0.4

0.04
0.4

Has your child ever had wheezing or whistling in the chest at any time in the past 12 months??

MEP
MnBP
MiBP
MCPP
MBzP
XDEHP
2LMWP
ZHMWP

0.84 (0.59, 1.20)
0.77 (0.51, 1.16)
0.89 (0.61, 1.30)
0.83 (0.55, 1.26)
0.91 (0.61, 1.35)
0.81 (0.55, 1.19)
0.79 (0.53, 1.19)
0.82 (0.53, 1.27)

0.31 (0.15, 0.66)
0.40 (0.18, 0.87)
0.61 (0.35, 1.08)
057 (0.29, 1.12)
0.66 (0.36, 1.22)
0.54 (0.28, 1.04)
0.27 (0.13, 0.59)
0.52 (0.26, 1.04)

1.17 (0.75, 1.84)
0.97 (0.6, 1.59)
1.29 (0.74, 2.26)
1.13 (0.66, 1.93)
1.14 (0.67, 1.95)
0.91 (0.57, 1.46)
1.09 (0.68, 1.74)
1.01 (0.59, 1.72)

0.003
0.05
0.06

0.1
0.2
0.1

0.002

0.1
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Question/Biomarker

OR (95% C1)@

Overall

Girls

Boys

EMM p-valueb

In the past 12 months, has your child had rashes, eczema or hives??

MEP
MnBP
MiBP
MCPP
MBzP
YDEHP
ZLMWP
ZHMWP

0.93 (0.65, 1.32)
0.97 (0.67, 1.41)
1.18(0.81, 1.71)
1.08 (0.74, 1.59)
1.05 (0.73, 1.53)
1.17 (0.81, 1.68)
0.90 (0.60, 1.34)
1.12 (0.75, 1.65)

0.71(0.37, 1.35)
053 (0.25, 1.12)
0.90 (0.53, 1.56)
0.68 (0.36, 1.30)
0.89 (0.51, 1.55)
1.24(0.71, 2.16)
0.65 (0.31, 1.38)
1.25 (0.64, 2.46)

1.03 (0.67, 1.57)
1.21(0.76, 1.94)
1.44 (0.81, 2.56)
1.36 (0.81, 2.29)
1.15 (0.69, 1.91)
1.04 (0.66, 1.62)
1.00 (0.62, 1.59)
1.00 (0.62, 1.59)

0.3
0.07
0.2
0.1
0.5
0.7
0.3
0.6

Page 25

Cl, confidence interval; DEHP, di(2-ethylhexyl) phthalate; EMM, effect measure modification; HMWP, high molecular weight phthalates; LMWP,
low molecular weight phthalate; MiBP, monoisobutyl phthalate; MnBP, mono-n-butyl phthalate; MEP, monoethyl phthalate; MBzP, monobenzyl
phthalate; MCPP, mono(3-carboxypropyl) phthalate; OR, odds ratio

aOR (95% ClI) per standard deviation increase in natural log biomarker concentration estimated in separate models for each biomarker based on 50
multiply imputed datasets. Sex-specific estimates obtained using biomarker x sex product terms. Estimates are adjusted for creatinine, maternal
age, race/ethnicity, pre-pregnancy body mass index, education, marital status, type of home ownership, smoking during pregnancy, person in
household with asthma, person in household with allergies, number of occupants in the home, pets in the home, age at follow-up, and, for overall

models, child’s sex.

bP—vaIue for EMM by child’s sex

c_ .. . - .
Estimated using logistic regression models

Estimated using logistic regression models with generalized estimating equations to account for within-subject correlation
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