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Abstract

Background: Previous studies of prenatal phthalate exposure and childhood asthma are
inconsistent. These studies typically model phthalates as individual, rather than co-occurring,
exposures. We investigated whether prenatal phthalates are associated with childhood wheeze and
asthma using a mixtures approach.

Methods: We studied dyads from two prenatal cohorts in the ECHO-PATHWAYS consortium:
CANDLE, recruited 2006-2011 and TIDES, recruited 2011-2013. Parents reported child
respiratory outcomes at age 4—6 years: ever asthma, current wheeze (symptoms in past 12 months)
and current asthma (two affirmative responses from ever asthma, recent asthma-specific
medication use, and/or current wheeze). We quantified 11 phthalate metabolites in third trimester
urine and estimated associations with child respiratory outcomes using weighted quantile sum
(WQS) logistic regression, using separate models to estimate protective and adverse associations,
adjusting for covariates. We examined effect modification by child sex and maternal asthma.

Results: Of 1481 women, most identified as White (46.6%) or Black (44.6%); 17% reported an
asthma history. Prevalence of ever asthma, current wheeze and current asthma in children was
12.3%, 15.8% and 12.3%, respectively. Overall, there was no adverse association with respiratory
outcomes. In sex-stratified analyses, boys’ phthalate index was adversely associated with all
outcomes (e.g., boys’ ever asthma: adjusted odds ratio per one quintile increase in WQS phthalate
index (AOR): 1.42; 95% confidence interval (Cl): 1.08, 1.85, with mono-ethyl phthalate (MEP)
weighted highest). Adverse associations were also observed in dyads without maternal asthma
history, driven by MEP and mono-butyl phthalate (MBP), but not in those with maternal asthma
history. We observed protective associations between the phthalate index and respiratory outcomes
in analysis of all participants (e.g., ever asthma: AOR; 95% CI: 0.81; 0.68, 0.96), with di(2-
ethylhexyl)phthalate (DEHP) metabolites weighted highest.

Conclusions: Results suggest effect modification by child sex and maternal asthma in

associations between prenatal phthalate mixtures and child asthma and wheeze.

Keywords
Phthalate; Prenatal; Mixtures; Asthma; Respiratory; Pregnancy

1. Introduction

Asthma is a complex disease that is influenced by both genetic and environmental factors
and is associated with substantial morbidity in childhood (Akinbami et al., 2009; Keet et al.,
2015; Shaw et al., 2011; Smith et al., 2005). The prenatal period is a particularly important
time during which maternal environmental exposures may have an adverse effect on the
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developing lung and immune system. Phthalates, for example, are a class of widely used
chemicals that may be associated with perturbations in lung development (Chen et al., 2010;
Liu et al., 2016; Rosicarelli and Stefanini, 2009). Used as plasticizers to increase flexibility,
solvency, or durability, phthalates are commonly added to products such as polyvinyl
chloride, medical supplies, food packaging, and personal care products (Wang et al., 2019;
Zota et al., 2014). Phthalates leach out of products and enter the environment, where human
exposure may occur via multiple routes, including ingestion, inhalation, dermal absorption,
as well as placental transfer (Adibi et al., 2003; Duty et al., 2005; Jensen et al., 2012;
Meeker et al., 2009; Rudel et al., 2003; Serrano et al., 2014). Humans are exposed to many
different phthalate chemicals at the same time, so exposure to phthalate mixtures is common
in the general population (Silva et al., 2004), as well as in pregnant women (Adibi et al.,
2003; Adibi et al., 2008; Shu et al., 2018; Wenzel et al., 2018). However, phthalates have
traditionally been studied as individual chemical exposures. Several recent studies have
incorporated a mixtures approach to epidemiologic studies of phthalate exposure and
adverse health outcomes (Chiu et al., 2018; Romano et al., 2018; Stroustrup et al., 2018;
Woods et al., 2017), but associations between prenatal phthalate mixtures and childhood
wheeze and asthma have not been described.

Prenatal exposures to certain phthalates have been associated with adverse health outcomes
in children (Bornehag et al., 2018; Kobrosly et al., 2014; Sathyanarayana et al., 2016; Swan
et al., 2015; Wittassek et al., 2011), including child respiratory and atopic disease (Berger et
al., 2018; Gascon et al., 2015; Jahreis et al., 2018; Ku et al., 2015; Whyatt et al., 2014). For
example, prenatal maternal urinary metabolites of di(2-ethylhexyl) phthalate (DEHP),
butylbenzyl phthalate (BBzP), and di-n-butyl phthalate (DnBP) have previously been
associated with childhood wheeze and asthma, although findings across studies are
inconsistent (Gascon et al., 2015; Ku et al., 2015; Whyatt et al., 2014) and are limited by
relatively small sample sizes. Studies support several plausible pathways linking prenatal
exposure to individual phthalates and adverse childhood respiratory outcomes, including
endocrine disruption (Yoon et al., 2014), proinflammatory immune responses (Berger et al.,
2018; Chalubinski and Kowalski, 2006), allergic sensitization (Soomro et al., 2018), airway
inflammation (Jahreis et al., 2018), and oxidative stress during pregnancy (Ferguson et al.,
2014; Ferguson et al., 2015; Guo et al., 2014; Holland et al., 2016). However, little is
understood regarding cumulative exposure to multiple phthalates simultaneously and child
respiratory health, particularly in the epidemiologic literature. Therefore, we investigated the
association between mixtures of third trimester phthalate metabolites and childhood wheeze
and asthma outcomes in a large combined analysis of two geographically and
demographically diverse mother—child cohorts.

2. Methods

This investigation included mother—child dyads enrolled in two prenatal cohorts
participating in the NIH ECHO-PATHWAY'S consortium: The Conditions Affecting
Neurocognitive Development and Learning in Early childhood (CANDLE) study and The
Infant Development and the Environment Study (TIDES). The CANDLE study was
designed to reflect the demographics of pregnant women in Shelby County (Memphis), TN.
Healthy women, between 16 and 40 years of age, with an uncomplicated singleton
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pregnancy and plans to deliver at a participating study hospital were recruited in their second
trimester of pregnancy using community-based and clinic-based recruitment (Sontag-Padilla
et al., 2015; Tylavsky et al., 2015). Between 2007 and 2011, 1457 children were born whose
mothers were active in the study (Tylavsky et al., 2015). The study included visits in the
second and third trimesters and at delivery during which trained research staff obtained
sociodemographic, mental health, and medical histories and collected biospecimens (Sontag-
Padilla et al., 2015; Volgyi et al., 2013). Postnatally, study participation included clinic visits
for the dyads at approximately child age 1, 2, 3, and 4-6 years.

The TIDES study is a prospective prenatal cohort (Bornehag et al., 2018) that recruited
women older than 18 years with a healthy pregnancy in their first trimester from four
university-based prenatal clinics including the University of San Francisco, California (San
Francisco, CA), the University of Rochester Medical Center (Rochester, NY), the University
of Minnesota (Minneapolis, MN), and University of Washington/Seattle Children’s (Seattle,
WA). In total, 749 children were born to TIDES mothers between 2011 and 2013. Study
procedures included prenatal visits every trimester, a birth exam, birth record review, and a
postnatal visit around age 4 years. Each visit included biospecimen collection and survey-
based assessments of sociodemographics, medical history, health behaviors, maternal stress
and depression, as well as other factors (Bornehag et al., 2018).

For the current study, we included CANDLE and TIDES dyads with third trimester urinary
phthalate metabolite measurements and children who completed the 4 to 6-year follow-up
visit between ages 3.7 to 6.5 years. We excluded children born very preterm (< 32 weeks
gestational age) to decrease the likelihood that children had underlying lung abnormalities.
All mothers provided consent for themselves and their children. All ECHO-PATHWAYS
research activities were approved by the University of Washington (UW) IRB.

2.1. Maternal urinary phthalate metabolites

Our primary prenatal exposure of interest included phthalate mixtures characterized by
phthalate metabolites measured in spot urine samples collected in the women’s third
trimester. Both cohorts collected urine samples in polypropylene (i.e., phthalate-free)
containers and subsequently processed and stored specimens using phthalate-free materials
(Swan et al., 2015). For TIDES, urine samples were stored on dry ice and shipped to the
Division of Laboratory Sciences, National Center for Environmental Health, Centers for
Disease Control (CDC) and Prevention (Silva et al., 2007). Analytic details have been
described previously (Serrano et al., 2014). In brief, solid-phase-extraction coupled with
isotope dilution high-performance liquid chromatography tandem mass spectrometry
(HPLC-MS/MS) was used to measure urinary metabolite concentrations. For women in
CANDLE, samples were processed and stored at —80 °C in the study repository (University
of Tennessee Health Science Center Department of Pathology) until shipment for analysis.
Urine samples were analyzed for 21 metabolites using solid phase extraction and high-
performance liquid chromatography tandem mass spectrometry (HPLC-MS/MS) at
Wadsworth Laboratory, New York State Department of Health. Detailed methods have been
previously described (Asimakopoulos et al., 2016; Guo et al., 2011; Rocha et al., 2017). The
Wadsworth Laboratory participates in the CDC Proficiency Testing Program, which ensures
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comparability and reliability of analytic methods utilized at each lab in the program as well
as harmonization of methods across labs. Process and instrument blanks were included for
quality control at both labs. Specific gravity (SpG) of all samples was determined using a
handheld refractometer.

2.2. Child wheeze and asthma outcomes

We assessed three respiratory outcomes in study children, including current wheeze, ever
asthma, and current asthma. Outcomes were ascertained by parent-report to questions from
the International Study of Asthma and Allergies in Childhood (ISAAC) questionnaire (Asher
et al., 1995) and other questions related to asthma-specific medication and healthcare use. In
both the CANDLE and TIDES cohorts, current wheeze was characterized by affirmative
responses to both of the following questions: “has your child ever had wheezing or whistling
in the chest at any time in the past?” and “has your child ever had wheezing or whistling in
the chest in the last 12 months?”(Adams et al., 2019; Asher et al., 1995). Ever asthma was
assessed using the ISAAC questionnaire in both cohorts (“Has your child ever had
asthma?”). Lastly, we characterized current asthma as children with a history of asthma with
current medication use or symptoms, as well as children with current symptoms and
medication use. Accordingly, parent report of two of the following fulfilled the criteria for
current asthma: 1) current wheeze, 2) ever asthma, or 3) asthma-specific medication use in
the past 12 months (CANDLE) or asthma-specific medication or health care use in the
previous two years (TIDES), which is how the data was captured during the respective
cohort study visits.

2.3. Covariates

The CANDLE and TIDES studies collected sociodemographic, medical, and family history
for the mother—child dyads at enrollment and the prospective study visits. Investigators
harmonized variable definitions for analysis. Maternal characteristics obtained during
pregnancy included age at delivery, self-reported race, self-reported ethnicity, education
level (less than high-school, high-school completed (including some college), graduated
college or technical school, at least some graduate work or graduate/professional degree),
pre-pregnancy body mass index (BMI) calculated from self-reported pre-pregnancy weight
and height (BMI, kg/m?2), smoking during pregnancy (yes/no), parity (number of previous
live births), and study site (CANDLE [TN] or TIDES [NY, MN, CA, WA]). Child sex and
birth year were obtained at delivery (CANDLE [2007-2012], TIDES [2011-2013]).
Maternal history of asthma (yes/no) was ascertained at the 4 to 6 year follow-up visit.

2.4. Statistical analyses

We determined the concentrations and examined the distributions of the individual urinary
phthalate metabolites (ng/mL). We imputed values below the limit of detection (LOD) as
LOD divided by the square root of two as performed in numerous environmental analyses
(Hornung and Reed, 1990). In order to normalize their distributions, phthalate metabolite
concentrations were log_transformed. In addition, the metabolite concentrations were
adjusted for specific gravity using the following formula, where SpG_median refers to the
median SpG for each respective cohort: [phth metab]_adj = [phth
metab]_raw*[(-SpG_median - 1)/(SpG - 1)] (Boeniger et al., 1993; Bornehag et al., 2018).

Environ Int. Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Adgent et al.

Page 6

We used descriptive analyses to describe cohort characteristics using means and standard
deviations, medians and interquartile ranges, percentiles, frequencies, and correlations as
appropriate.

Our analyses included 11 metabolites, corresponding to low-molecular weight metabolites
(monoethyl phthalate [MEP], mono-butyl phthalate [MBP], and monoisobutyl phthalate
[MiBP]) and high-molecular weight metabolites (monobenzyl phthalate [MBzP], mono[3-
carboxypropyl] phthalate [MCPP], monocarboxyoctyl phthalate [MCOP],
monocarboxynonyl phthalate [MCNP], mono[2-ethylhexyl] phthalate [MEHP], mono[2-
ethyl-5-hydroxyhexyl] phthalate [MEHHP], mono[2-ethyl-50x0-hexyl] phthalate [MEOHP]
and mono [20ethyl-5-carboxypentyl] phthalate [MECPP]). We selected metabolites for
inclusion if they were detectable in at least 80% of the combined CANDLE and TIDES
cohorts to allow for values < LOD to fit in the lowest quintile, although a small number of
samples with values < LOD (3%) were not included in the lowest quintile after specific
gravity correction. We also included MEHP (detected in 79% of the combined cohort), due
to its importance as a primary metabolite of DEHP and previously observed toxicity
(Jaakkola and Knight, 2008). The lowest two quintiles of MEHP were modeled as a single
category to account for high proportion of less than LOD values.

For our primary analyses, we employed weighted quantile sum regression (WQS) to
quantify the association between third trimester urinary phthalate metabolite mixtures and
child study outcomes (Carrico et al., 2015). WQS is a statistical learning methodology that
identifies a weighted sum of components in the mixture of urinary metabolite concentrations
that is most strongly associated with a health outcome of interest, in this case binary
measures of asthma and wheeze. The WQS index is a weighted sum of individual
component concentrations, with each concentration categorized into quantiles. The weights
are selected using bootstrap resampling methods to identify the mixture (including key
drivers) that is most strongly associated with the outcome in a multivariable logistic
regression model in a pre-specified direction of association. We repeated the analysis for
positive and negative directions of association (i.e., adverse and protective associations). We
used the R package (gWQS) to conduct WQS in logistic regression, using site-specific
quintiles to categorize phthalate concentrations and 1000 bootstrap runs for each analysis.
We calculated p-values and confidence intervals based on an analysis of the full sample
using robust sandwich standard errors (Zeileis, 2004, 2006).

We a prioriidentified maternal and child characteristics as potential confounders to be
included in multivariable models based on review of the literature (Buckley et al., 2018;
Gascon et al., 2015; Vernet et al., 2017). Models were adjusted for maternal race (Black,
other), ethnicity (Hispanic, Non-Hispanic), age at enrollment (years), education (less than
high school, high school completion, college/technical graduate, or at least some graduate/
professional), prenatal smoking (no, yes), prior live births (none, one or more), asthma
history (no, yes), pre-pregnancy BMI, birth year (2007-2013), study site (TN, NY, MN, CA,
WA), and child sex (female, male). We performed three sensitivity analyses. First, we
included the molar sum of DEHP metabolites (X DEHP: MEHP, MEHHP, MEOHP and
MECPP) in WQS models instead of the individual DEHP metabolite constituents. Next, we
repeated the multivariable WQS model with additional adjustment for gestational age. Last,
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we repeated primary WQS models omitting one study site at a time to assess the robustness
of our findings with respect to site-specific influence.

In separate models, we assessed effect modification in the association between the WQS
prenatal phthalate index and child wheeze/asthma outcomes by child sex and maternal
asthma history. In one approach to this analysis, we assessed interaction by including a
cross-product of the variable of interest with each covariate and with the WQS phthalate
index optimized in the model without interaction (Wu et al., 2018). The interaction model
allows for determination of whether associations observed in the entire population are
consistent or different across strata. We additionally fit stratified models to allow for
different WQS weights within each stratum of child sex and maternal asthma history
(Czarnota et al., 2015). The fully stratified approach allows for the identification of distinct
phthalate mixtures that are associated with the outcome of interest in each stratum.

In secondary analyses, we investigated the association between individual phthalate
metabolites and child wheeze and asthma outcomes, evaluating the 11 individual phthalate
metabolites included in the WQS analysis, as well as the molar sum of the DEHP
metabolites (X DEHP). We used multivariable logistic regression and robust sandwich
standard errors to calculate adjusted odds ratios of child wheeze and asthma outcomes for
each metabolite separately as well as ¥ DEHP, adjusting for variables listed previously. All
metabolite concentrations were log-transformed because we hypothesized a logistic-linear
relationship between metabolite concentrations on the transformed scale and respiratory
outcomes (i.e., odds ratios per 2-fold increase in concentration were similar across the range
of exposure). We used generalized additive models (R package MGCV), adjusted for
covariates, to examine dose—response relationships on both transformed (Supplemental Figs.
1-3) and untransformed scales (Supplemental Figs. 4-6), confirming appropriateness of log-
transformation. All analyses were conducted in R 3.5. Two-sided, type 1 error rates of 0.05
were used for statistical significance.

3. Results

The combined CANDLE-TIDES analytic sample included 987 mother—child dyads from
CANDLE and 494 dyads from TIDES for a total sample of 1481 dyads. On average, women
in the combined cohort were 28.3 + 5.9 years at delivery (Table 1). Most identified as either
White (46.6%) or Black (44.6%) and were non-Hispanic (96.0%); few identified as Asian
(2.7%), multiple race (2.3%), or other (3.7%). Over half had a college/technical school
education or more (54.6%) and were parous at enrollment (55.6%). Few women reported
smoking during pregnancy (7.4%) and 17.2% had a history of asthma. Compared to those
enrolled in TIDES, women in CANDLE were more likely to have lower maternal
educational attainment and to identify as Black (Table 1). Children were born at a mean
gestational age of 39.1 + 1.5 weeks, including 7.6% born moderate-to-late preterm (32— <
37 gestational weeks), and 51.2% were female (n = 758 female, n = 723 male) (Table 1).

Children were, on average, 4.4 + 0.4 years at ISAAC assessment. The prevalence for
respiratory outcomes was 15.8% for current wheeze, 12.3% for current asthma and 12.3%
for ever asthma (Table 1). Prevalence for all outcomes was higher in CANDLE than TIDES.
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Wheeze and asthma outcomes were more common in boys than girls (e.g., 15% in boys vs.
10% in girls for current asthma), and among children whose mothers had a history of asthma
(e.g., 25% with maternal asthma history vs. 10% without maternal asthma history for current
asthma).

Concentrations of third trimester urinary phthalate metabolites in the combined cohort
appeared similar to concentrations reported for U.S. women in national biomonitoring
survey estimates for years overlapping sample collection (2007-2008; 2011-2012) (Centers
for Disease Control and Prevention, 2019), with the exception of MCPP, MCOP and MCNP
which were lower than national estimates (Table 2). Concentrations were also similar
between the cohorts, except for MEP and MBP, which were higher in CANDLE than
TIDES, and MCOP and MCNP, which were higher in TIDES than CANDLE (Supplemental
Tables 1 and 2). Each metabolite was at least moderately correlated (Spearman r = 0.3) with
another metabolite (Supplemental Table 3).

Using WQS regression to assess adverse associations between phthalate mixtures and
respiratory outcomes, we observed no association between the phthalate index and current
wheeze (adjusted OR: 1.03 (95% CI: 0.86, 1.23)), current asthma (adjusted OR: 1.09 (95%
Cl: 0.89, 1.34)), or ever asthma (OR: 1.10 (95% ClI: 0.91, 1.34)) (Fig. 1a). However,
interactions between phthalate index and child sex were significant for current asthma (p-
interaction = 0.019) and borderline for current wheeze (p-interaction = 0.062) and ever
asthma (p-interaction = 0.094), corresponding to elevated odds of respiratory outcomes per
quintile increase in phthalate index among boys (e.g., current asthma: adjusted OR: 1.35
(95% CI: 1.03, 1.78)), but not girls (e.g., current asthma: adjusted OR: 0.83 (95% CI: 0.61,
1.13)) (Supplemental Table 4). In models stratified by sex, we observed odds ratios similar
to interaction model results (Fig. 2a—c). The phthalate index weights corresponding to
adverse associations in boys were highest for MEP (39%, 39% and 40% for current wheeze,
current asthma, and ever asthma, respectively), followed by MiBP and MBP (Fig. 2a—c).
Interactions between phthalate index and maternal asthma were significant for current
wheeze (p-interaction = 0.026) and current asthma (p-interaction = 0.014), and borderline
for ever asthma (p-interaction = 0.060). Odds of child respiratory outcomes were elevated
among women without a history of asthma, but not among women with asthma
(Supplemental Table 4). In stratified analyses, adverse associations among women without a
history of asthma were driven by MEP (36%) and MCOP (30%) for current wheeze; MEP
(29%) and MiBP (26%) for current asthma; and MBP (30%) and MiBP (23%) for ever
asthma (Fig. 3a—c).

Using WQS to assess protective associations, we observed lower relative odds per quintile
increase in phthalate index for all outcomes (Fig. 1b). Several high-molecular weight
phthalate metabolites, such as MEOHP (36%, current wheeze), MEHP (40%, current
asthma; 37% ever asthma), MCNP (23% current asthma) and MBzP (25% current wheeze;
22% ever asthma) were the primary contributors to these associations. No significant
interactions with child sex or maternal asthma were observed for protective associations (p-
interaction for current wheeze, current asthma and ever asthma by child sex = 0.318, 0.295
and 0.492, respectively; p-interaction for current wheeze, current asthma and ever asthma by
maternal asthma = 0.192, 0.542 and 0.595, respectively; Supplemental Table 4). However, in
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sex-stratified models, odds ratios were significantly protective for current wheeze, current
asthma and ever asthma in girls, but not boys, and the distribution of weights for each
metabolite differed between boys and girls (Fig. 2a—c). In girls, the highest weighted
metabolite was MCNP (38% for current wheeze; 37% for current asthma; 37% for ever
asthma), followed by MEHP. In boys, the highest weighted metabolite was MEHP. In WQS
models stratified by maternal asthma (Fig. 3a—c), protective associations were larger among
dyads with maternal asthma; associations were not statistically significant in dyads without
maternal asthma. The phthalate index was weighted most heavily by MEOHP, MEP or
MiBP in women with asthma (MEOHP = 28% and MEP = 27% for current wheeze; MiBP =
22% for current asthma; MiBP = 31% for ever asthma), and by MBzP (30% current wheeze;
30% ever asthma) and MEHP (48% current asthma; 29% ever asthma) among women
without asthma.

3.1. Sensitivity analyses

In sensitivity analyses, we observed similar associations for both adverse and protective
models if DEHP metabolites were modeled as a sum, with XDEHP weighted at 40% (current
wheeze), 34% (current asthma) and 25% (ever asthma) in protective models and having
negligible weight (< 1%) in adverse models. Additional adjustment for gestational age did
not modify protective or adverse WQS results. Lastly, to further assess robustness, we
repeated the primary WQS analysis excluding one study site at a time. Excluding the largest
site (CANDLE [TN]) resulted in decreased precision and a loss of statistical significance for
all models (Supplemental Fig. 7). For example, the OR for a protective association with ever
asthma changed from 0.81 (95%CI 0.68, 0.96) using the full sample to 0.67 (95% CI 0.42,
1.05) after CANDLE exclusion. Exclusion of CANDLE also modified metabolite weights
within the phthalate index (data not shown). Exclusion of any TIDES site did not
substantially modify the estimated ORs or confidence intervals (Supplemental Fig. 7), and
while there was some variability in metabolite weights, the qualitative patterns and top-
ranked metabolites in the statistically significant protective associations were not
substantially changed (data not shown). We conclude that our main findings are robust to
site exclusion on the basis that the 95% confidence intervals of each sensitivity analysis
included the point estimate derived from the full analytic sample.

3.2. Secondary analyses

Multivariable logistic regression models for individual metabolites revealed few associations
between third trimester phthalates and respiratory outcomes (Table 3). DEHP metabolites
tended to be inversely associated with respiratory outcomes; in particular, 2-fold higher
MEHP was associated with reduced odds of current wheeze (OR: 0.91 (95% ClI: 0.84,
0.99)), current asthma (OR: 0.88 (95% CI: 0.80, 0.97)), and ever asthma (OR: 0.90 (95% ClI:
0.82, 0.98)). MEP and MBP were associated with increased odds of wheeze and asthma in
unadjusted models, however estimates were substantially attenuated following adjustment
for covariates. MBzP was not significantly associated with any outcome in these models, but
results should be interpreted cautiously given a potential U-shaped dose—response
relationship (Supplemental Figs. 1-3).
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For current asthma, a marginal interaction was detected between MEP and child sex (p-
interaction = 0.053), suggesting increased relative odds in boys (OR: 1.13 (95% CI 1.01,
1.26), but not girls. Sexstratified estimates also indicated inverse associations for DEHP
metabolites were generally stronger in boys than girls, although interactions were not
significant, and that MCNP was inversely associated with current wheeze/asthma in girls,
but not boys (Supplement Table 5). Maternal asthma significantly modified the association
between MiBP and ever asthma (with maternal asthma: OR: 0.70 (95% CI: 0.52, 0.94);
without maternal asthma: OR: 1.11 (95% CI: 0.92, 1.34), p-interaction = 0.008) and current
asthma (p-interaction = 0.016), but no other interactions by maternal asthma were observed
(Supplement Table 5).

4. Discussion

In this combined analysis of two large prospective cohort studies, we investigated the
association between prenatal exposure to phthalate mixtures, characterized by third trimester
urinary phthalate metabolites, and childhood wheeze and asthma at age 4 to 6 years of age.
Characterizing adverse associations, we observed increased odds of wheeze and asthma in
boys, but not girls, and among dyads where mothers did not have a history of asthma, but not
among those with maternal asthma. These increased odds of wheeze and asthma were
associated with a phthalate index predominantly weighted by low-molecular weight
compounds (MEP, MiBP and MBP). MCOP was also weighted heavily in associations
among women without asthma. In analyses designed to characterize protective associations,
we observed reduced odds of wheeze and asthma with increasing exposure to phthalate
index weighted heavily by DEHP metabolites such as MEHP and MEOHP overall, and by
MCNP in girls. While regression analysis of individual metabolites identified some similar
associations (e.g., reduced odds of asthma and wheeze with MEHP exposure), analysis of
individual metabolites detected few adverse associations. By implementing a mixtures
approach, we have characterized simultaneous exposure to multiple phthalate compounds
and have identified associations between phthalate mixtures and wheeze/asthma not fully
observable with traditional methods.

Protective associations for phthalate indices heavily weighted by MEHP and other DEHP
metabolites were unexpected but are not entirely inconsistent with prior studies. While
several prior epidemiologic studies have reported adverse associations between prenatal
DEHP metabolites and other high molecular weight phthalates (e.g., MBzP and MCOP) and
childhood asthma (Berger et al., 2019; Gascon et al., 2015; Whyatt et al., 2014) or wheeze
(Gascon et al., 2015; Ku et al., 2015), several recent studies have reported null associations
(Berger et al., 2019; Buckley et al., 2018; Jahreis et al., 2018; Ku et al., 2015; Vernet et al.,
2017). Among these prior studies, Gascon et al is the only one to assess phthalate exposure
in early pregnancy. Our study characterized third trimester exposures (first trimester samples
were not collected in CANDLE), thus highlighting a potential importance of exposure
timing in the prenatal phthalate-asthma relationship. Additionally, the samples sizes for
previous studies have ranged from n = 136 (Ku et al., 2015) to n = 587 (Vernet et al., 2017).
Several report non-significant protective effect estimates for ZDEHP or DEHP metabolites
and asthma that are comparable in magnitude to odds ratios reported in our study (Berger et
al., 2019; Buckley et al., 2018; Ku et al., 2015). It is therefore possible that small sample
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size contributed to null findings in the prior literature and that our study, with a sample of n
= 1481, is the first study with sufficient sample size to detect significantly protective effects.
Nonetheless, it remains unclear whether we are detecting a true association. Residual
confounding from un-measured sociodemographic or environmental factors (e.g., housing
and indoor air quality) may have influenced our results. Further, multiple animal studies
suggest maternal phthalate exposure is associated with increased airway inflammation in
both juvenile and adult offspring (Jahreis et al., 2018; Wang et al., 2018). In a notable
exception, Shin et al observed that murine maternal DEHP exposure significantly reduced
inflammatory cell counts and proinflammatory cytokines in offspring following an
ovalbumin challenge (Shin et al., 2014), consistent with the protective association we
observed.

Prenatal exposure to low molecular weight phthalates has also been inconsistently associated
respiratory outcomes in children. Many studies report null associations for prenatal MEP,
MBP and MiBP exposures and childhood asthma or wheeze (Berger et al., 2018; Gascon et
al., 2015; Ku et al., 2015; Vernet et al., 2017). Alternatively, Berger et al observed that
prenatal MEP was associated with decreased lung function, and MBP was associated with an
increased T helper (Th) 2 response (Berger et al., 2018), which plays an important role in
asthma pathophysiology (Barnes, 2001). Jahreis et al. reported elevated odds of childhood
asthma in association with prenatal MEP and MBP (Jahreis et al., 2018), and Whyatt et al
reported that MBP, but not MEP, was associated with increased risk of asthma (Whyatt et al.,
2014). Buckley et al. observed significant interactions with MEP and infant sex for both
wheeze and asthma outcomes (Buckley et al., 2018). For both outcomes, MEP was
associated with reduced odds in girls and non-significantly increased odds in boys (Buckley
et al., 2018). Our study, in comparison, demonstrated significantly increased odds of wheeze
and asthma in relation to a phthalate index heavily weighted by MEP in boys, but not girls.

The mechanism for a sex-specific association between MEP and childhood asthma is
unclear, and in general, studies of MEP’s biologic activity are limited. Like other phthalates,
MEP has been associated with increased oxidative stress during pregnancy (Ferguson et al.,
2015). /n vitro administration of diethyl phthalate, MEP’s parent compound, to peripheral
blood mononuclear cells has been shown to influence cytokine production, including
suppression of Thl cell mediated interferon (IFN)-gamma, interleukin (IL)-2 and tumor
necrosis factor (TNF)-alpha (Hansen et al., 2015; Romagnani, 2000). Innate immune
response is known to differ by sex (Jaillon et al., 2019), suggesting a sex-specific immune
response to phthalates is plausible. Phthalates are also recognized endocrine disruptors, and
steroid hormones may play a role in the development in asthma (Fuseini and Newcomb,
2017). However, MEP has low antiandrogenic and estrogenic potency relative to other
phthalates (Hong et al., 2005; Varshavsky et al., 2016). Additional research designed to
assess sex-specific effects of low-molecular weight phthalates and asthma are needed to
further explore plausible mechanisms.

We assessed maternal asthma status as a proxy for genetic risk for asthma, also considering
that existing asthma may modify the maternal or fetal immunologic response to phthalate
exposure. While we observed little evidence for statistical interaction between phthalates
and maternal asthma, our findings suggest that phthalate mixtures heavily weighted by low
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molecular weight phthalates (MEP, MiBP) may be associated with childhood asthma in
dyads where women do not have a history of asthma, but protective among women with
asthma. In general, maternal asthma is a predominant risk factor for childhood asthma;
therefore, it is plausible that the contribution of phthalate exposure to the increased asthma
risk is weak relative to family history and only manifests in the absence of genetic risk (i.e.,
women without asthma). However, it will be important for these associations to be studied
and confirmed in other large study populations. The protective association among women
with asthma could plausibly be explained, in part, by product use patterns leading to low-
molecular weight phthalate exposure. Women with severe or poorly controlled asthma, who
are at increased risk of having a child with asthma relative to women with mild asthma (Liu
et al., 2018), may have been inclined to actively avoid low-molecular weight phthalate-
containing products (fragrances, cosmetics, personal care products) (Zota et al., 2014), while
women with mild asthma were more tolerant and, thus, more highly exposed. However, our
study was not designed to assess product use or maternal asthma severity during pregnancy,
and thus this explanation is speculative.

Our study has many strengths. We employed WQS regression to estimate associations with a
phthalate index comprised of multiple correlated metabolites. While findings were generally
similar using WQS and traditional individual metabolite regression analyses, the WQS
approach can be more sensitive and provides additional insights into associations by
combining the individual metabolite concentrations into a single-index exposure measure
and simultaneously quantifying the relative importance of each mixture component. Using
WQS allows for the evaluation of real-life exposure to mixtures that humans experience
daily, as opposed to the traditional approach that looks at individual metabolite/outcome
relationships. In addition, our combined cohort design capitalizes on two well-characterized
cohorts to generate the largest study of prenatal phthalates and childhood asthma to date.
The CANDLE cohort includes a racially and socioeconomically diverse sample of dyads in
the Mid-South region of the U.S., with 60% of women identifying as Black. Few previous
studies of prenatal phthalates and child health outcomes have characterized exposures in
predominantly Black cohorts or within this geographic region. Inclusion of TIDES
introduces additional sociodemographic and geographic diversity, lending to wider
generalizability of our findings.

Our study also has limitations to consider. First, our study characterized phthalate exposure
using single spot urines collected in the third trimester of pregnancy. Because phthalates
have short half-lives, a single urinary measure is representative of only recent exposures.
Certain phthalate metabolites, such as MEP and MBP, have been shown to be relatively
stable across much of pregnancy, while other metabolites are likely to vary over time (Braun
et al., 2012). Therefore, potentially relevant exposures occurring prior to the third trimester
may not be well represented in our data. In addition, while the ISAAC questionnaire has
been validated and widely used to identify cases of asthma and wheeze (Asher et al., 1995;
Lukrafka et al., 2010), outcomes are based on parent report. Finally, since WQS regression
includes a supervised learning algorithm wherein weights are estimated from the data prior
to fitting a regression model to estimate the effect size and corresponding confidence interval
and p-value, there is a danger of overestimating statistical significance (e.g., Type 1 error
may exceed the nominal 0.05). One solution to this problem is to perform WQS on two
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independent data sets—one to build the WQS regression index through bootstrap sampling,
and the second to test the significance of the signal from the created index. Especially given
the central role of stratified analyses in this study, we did not consider the sample size large
enough to obtain stable results if we split the data into a discovery data set and a validation

dataset. Therefore, we estimated weights using the same data used to test for significance.

In conclusion, our findings suggest that increasing exposure to phthalate mixtures heavily
weighted by high molecular weight compounds, including MEHP, MEOHP and MBzP, are
associated with decreased odds of childhood asthma and wheeze. Exposure to mixtures
heavily weighted by low molecular weight compounds (MEP, MBP, and MiBP) are
associated with increased odds of childhood asthma and wheeze in boys and in children born
to women without a history of asthma. By combining two well-characterized cohorts, our
study represents the largest study of prenatal phthalate exposure and child respiratory health
to date. Modification of the association between prenatal MEP concentrations and childhood
asthma by sex has been observed in one previous investigation but has not been widely
studied overall. Further research is needed to replicate these findings, as well as explore
potential mechanisms related to phthalate activity in the male fetal environment and in non-
asthmatic women.
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Fig. 1. Odds ratios (95% confidence intervals) and weights from weighted quantile sum
regression for maternal urinary phthalate index and childhood asthma/wheeze, (a) adverse and
(b) protective associations.

Models are adjusted for maternal age, race, ethnicity, education, prenatal smoking, pre-
pregnancy BMI, asthma history, parity, birth year, study site and child sex.
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Fig. 2. a-c. Stratified odds ratios (95% confidence intervals) and weights from weighted quantile
sum regression for maternal urinary phthalate index and childhood a) current wheeze, b)
current asthma, c) ever wheeze by child sex.

Adverse and protective models are shown. Models are adjusted for maternal race, ethnicity,
age, education, prenatal smoking, pre-pregnancy BMI, parity, asthma history, birth year, and
study site.
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Fig. 3. a-c. Stratified odds ratios (95% confidence intervals) and weights from weighted quantile
sum regression for maternal urinary phthalate index and childhood a) current wheeze, b)

current asthma, c) ever wheeze by maternal asthma.

Adverse and protective models are shown. Models are adjusted for maternal race, ethnicity,
age, education, prenatal smoking, pre-pregnancy BMI, parity, child sex, birth year, and study
site.
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Table 1

Description of the CANDLE and TIDES Study Participants.

CANDLE? TIDESP Total
Total 987 494 1481
Maternal Characteristics
Age (years), mean + SD 26.7+£55 316+53 28359
Body mass index, mean + SD 279+7.8 26.1+62 273+73
Education, n (%)
< High School 100 (10.1)  31(6.3) 131 (8.9)
High School 463 (47.0) 76 (154) 539 (36.5)
College or Technical School Graduate 306 (31.0) 154 (31.3) 460 (31.1)
> Some Graduate/Professional 117 (11.9) 231 (47.0) 348(23.5)
Race, n (%)
Black 608 (61.6) 51 (10.4) 659 (44.6)
White or Other 379(38.4) 438(89.6) 817(55.4)
Ethnicity, n (%)
Hispanic 16 (1.6) 43(88) 59 (4.0)
Non-Hispanic 965 (98.4) 447 (91.2) 1412 (96.0)
Prenatal Smoking, n (%)
Yes 88 (8.9) 21 (4.3) 109 (7.4)
No 898 (91.1)  468(95.7) 1366 (92.6)
Prior Live Births, n (%)
0 392(39.7)  263(53.8) 655 (44.4)
1+ 595 (60.3) 226 (46.2) 821 (55.6)
History of asthma, n (%)
Yes 178 (18.2) 74 (15.1) 252 (17.2)
No 798 (81.8)  416(84.9) 1214 (82.8)
Child Characteristics
Sex, n (%)
Male 493 (49.9)  230(46.6) 723 (48.8)
Female 494 (50.1) 264 (53.4) 758 (51.2)
Gestational Age (weeks), mean+SD  38.9+13 393+17 391+15
Moderate-to-late preterm®, n (%)
Yes 66 (6.7) 47 (9.5) 113 (7.6)
No 921(93.3) 447 (90.5) 1368 (92.4)
Age at ISAAC (years), mean = SD 44+05 45+0.3 44+04
Child Outcomes
Current Wheeze, n (%)
Yes 187 (19.0) 47 (9.6) 234 (15.8)
No 798 (81.0)  445(90.4) 1243 (84.2)
Current Asthma, n (%)
Yes 155 (15.7) 28 (5.7) 183 (12.3)
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CANDLE? TIDESP Total

No 832(84.3) 466 (94.3) 1298 (87.7)
Ever Asthma, n (%)

Yes 144 (14.6) 38 (7.7) 182 (12.3)
No 840(85.4) 456 (92.3) 1296 (87.7)

SD: standard deviation; ISAAC: International Study of Asthma and Allergies in Childhood; & missing data: maternal body mass index = 3;
maternal education, n = 1; maternal ethnicity, n = 6; maternal prenatal smoking, n = 1; maternal history of asthma, n = 11; child current wheeze, n =

2; child ever asthma, n = 3b missing data: maternal body mass index = 3; maternal education, n = 2; maternal race, n = 5; maternal ethnicity, n = 4;

maternal prenatal smoking, n = 5; maternal parity, n = 5; maternal history of asthma, n = 4; child current wheeze, n = 2¢ moderate-to-late preterm:
estimated gestational age 32 to < 37 weeks
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Association of prenatal phthalate metabolite with asthma and wheeze outcomes at 4-6 years of age in

combined CANDLE/TIDES cohort.

Odds Ratio (95% Confidence Interval)

Unadjusted

Adjusted

Current Wheeze
MEP
MBP
MiBP
MBzP
MCPP
MCOP
MCNP
YDEHP
MEHP
MEHHP
MEOHP
MECPP
Current Asthma
MEP
MBP
MiBP
MBzP
MCPP
MCOP
MCNP
YDEHP
MEHP
MEHHP
MEOHP
MECPP
Ever Asthma
MEP
MBP
MiBP
MBzP
MCPP
MCOP
MCNP
2DEHP
MEHP
MEHHP

1.08 (1.02, 1.15)
1.16 (1.04, 1.30)
1.05 (0.93, 1.18)
1.05 (0.96, 1.14)
1.03 (0.94, 1.14)
0.93 (0.87, 1.00)
0.87 (0.80, 0.94)
0.93 (0.83, 1.04)
0.93 (0.86, 1.01)
0.95 (0.88, 1.03)
0.93 (0.84, 1.02)
0.95 (0.85, 1.06)

1.13 (1.06, 1.20)
1.22 (1.08, 1.38)
1.10 (0.97, 1.25)
1.09 (0.99, 1.21)
0.99 (0.90, 1.09)
0.89 (0.82, 0.96)
0.81(0.74, 0.89)
0.97 (0.86, 1.09)
0.90 (0.82, 0.99)
0.97 (0.88, 1.07)
0.97 (0.86, 1.08)
0.99 (0.88, 1.12)

1.10 (1.03, 1.18)
1.21 (1.07, 1.38)
1.08 (0.95, 1.23)
1.05 (0.95, 1.17)
1.03 (0.93, 1.14)
0.94 (0.87, 1.01)
0.86 (0.79, 0.94)
0.94 (0.83, 1.05)
0.93 (0.85, 1.01)
0.96 (0.89, 1.05)
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1.02 (0.94, 1.10)
1.00 (0.87, 1.15)
0.93 (0.81, 1.07)
0.92 (0.84, 1.01)
1.04 (0.93, 1.17)
1.01 (0.92, 1.11)
0.94 (0.84, 1.04)
0.88 (0.77, 1.00)
0.91 (0.84, 0.99)
0.93 (0.85, 1.02)
0.87 (0.77,0.98)
0.91 (0.80, 1.03)

1.06 (0.97, 1.15)
1.05 (0.89, 1.23)
0.98 (0.83, 1.15)
0.95 (0.84, 1.06)
1.02 (0.90, 1.15)
0.98 (0.88, 1.09)
0.91 (0.81, 1.03)
0.91 (0.79, 1.05)
0.88 (0.80, 0.97)
0.95 (0.86, 1.05)
0.91 (0.79, 1.05)
0.96 (0.84, 1.10)

1.04 (0.95, 1.14)
1.06 (0.91, 1.23)
0.96 (0.83, 1.12)
0.91 (0.81, 1.02)
1.03 (0.91, 1.16)
1.01 (0.91, 1.12)
0.93 (0.82, 1.06)
0.89 (0.78, 1.02)
0.90 (0.82, 0.98)
0.95 (0.87, 1.05)
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Odds Ratio (95% Confidence Interval)

Unadjusted Adjusted
MEOHP 0.93(0.83,1.04) 0.89 (0.78,1.01)
MECPP 0.96 (0.85, 1.08) 0.92 (0.81, 1.05)

Values below limit of detection (LOD) are imputed as LOD/v2. Phthalate concentrations are corrected for specific gravity and log-transformed.
Robust standard errors were used. Adjusted estimates are adjusted for maternal age, maternal race, maternal ethnicity, maternal education, prenatal
smoking, pre-pregnancy BMI, maternal history of asthma, child sex, year of child’s birth and study site. Odds ratios are reported per 2-fold increase
in phthalate concentration.
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