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ARTICLE INFO ABSTRACT

Handling Editor: Lesa Aylward Experimental and observational data implicate phthalates as developmental toxicants. However, few data are
available to assess the maternal risks of gestational exposure by race and infant sex. To begin to address this data
gap, we characterized associations between maternal urinary phthalate metabolites and birth outcomes among
African American and white mothers from a southeastern U.S. population. We enrolled pregnant African
American (n = 152) and white (n = 158) women with singleton live births between 18 and 22 weeks gestation.
We measured phthalate metabolites (mono-n-butyl phthalate (MBP), monoisobutyl phthalate (MiBP), mono-
benzyl phthalate (MBzP), mono(2-ethylhexyl) phthalate (MEHP), mono(2-ethyl-5-oxohexyl) phthalate
(MEOHP), mono-2-ethyl-5-hydroxyhexyl phthalate (MEHHP), monoethyl phthalate (MEP), monomethyl
phthalate (MMP), and the sums of DEHP (XDEHP) and DBP (£DBP) metabolites) in up to two gestational urine
specimens from mothers, and evaluated confounder-adjusted associations per natural log unit greater con-
centration with birth weight for gestational age z-score, small for gestational age (SGA; < 10th %tile), preterm
birth (PTB; < 37 weeks gestation), and low birth weight (LBW; < 2500 g). We also tested for interactions by
maternal race and infant sex. We found that lower z-scores were associated with greater MiBP ( = —0.28; 95%
CI: —0.54, —0.02) and MMP (B = —0.30; 95% CI: —0.52, —0.09) concentrations, while MEP interacted with
race (p = 0.04), indicating an association among whites (3 = —0.14; 95% CI: —0.28, 0.001) but not among
African Americans (f = 0.05; 95% CI = —0.09, 0.19). Greater MiBP (OR = 2.82; 95% CI: 1.21, 6.56) and
MEOHP (OR = 2.80; 95% CI: 1.05, 7.42) were associated with an overall higher SGA risk, greater MEHP was
associated with higher SGA risk (p = 0.10) in whites (OR = 3.26 95% CI: 0.64, 16.56) but not in African
Americans (OR = 0.71 95% CI: 0.07, 7.17), and the associations for MiBP (p = 0.02) and XDBP (p = 0.02)
varied by infant sex. We detected interactions for PTB in which African Americans were at higher risk than
whites for greater MiBP (p = 0.08) and MEP (p = 0.02) although lower risk for greater MEHP (p = 0.09).
Greater MEP was associated with an overall higher LBW risk (OR = 1.33; 95% CI: 0.95, 1.86), and males were at
higher risk than females with greater MBP (p = 0.002), MiBP (p = 0.02), MBzP (p = 0.01), MEP (p = 0.002),
MMP (p = 0.09), and =DBP (p = 0.01) concentrations. Overall, our results suggest that gestational phthalate
exposure is associated with adverse maternal birth outcomes, and that the effects vary by maternal race and
infant sex.
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1. Introduction

Phthalates comprise esters of phthalic acid that are added to plas-
tics, including polyvinyl chloride (PVC), to impart flexibility, and are
used as solvents in cosmetics and personal care products, as coatings for
medications, and as fragrance carriers (Buckley et al., 2012; Dodson
et al., 2012; Ferguson et al., 2017b; Hernandez-Diaz et al., 2013; Koch
et al., 2013; Wittassek et al., 2011). Human exposure occurs through
dietary intake or dermal absorption, although inhalation can be re-
levant as well. Despite rapid metabolism to their monoester forms and
excretion, with in vivo half-lives measured in hours (Calafat, 2016;
Koch et al., 2014), widespread use of phthalate-containing products
leads to almost continuous exposure (CDC, 2018; James-Todd et al.,
2017; Woodruff et al., 2011). Phthalates cross the placenta (Caserta
et al.,, 2011) and have been quantified in amniotic fluid (Silva et al.,
2004) and cord blood (Lin et al., 2011). Experimental and observational
evidence implicate phthalates as endocrine disrupting compounds, in-
cluding anti-androgenic (Kay et al., 2014), estrogenic (Chen et al.,
2014), thyroid (Boas et al., 2012), and cortisol altering (Ferguson and
Chin, 2017) activities, with potentially critical implications for fetal
growth, and maintenance of pregnancy. Growing evidence of adverse
fetal developmental effects from maternal phthalate exposure has
raised considerable concern among clinicians and investigators world-
wide (ACOG and ASRM, 2013; Di Renzo et al., 2015; Gore et al., 2015;
National Academy of Sciences, 2017; Wang et al., 2016; WHO and
UNEP, 2013).

U.S. biomonitoring studies report nearly ubiquitous exposure to
phthalates among pregnant women (James-Todd et al., 2017; Woodruff
et al., 2011). Evidence from our prior work (Wenzel et al., 2018a;
Wineland et al., 2019) and others' (Burris and Hacker, 2017; James-
Todd et al., 2016; Morello-Frosch and Shenassa, 2006; Vesterinen et al.,
2017) suggest that phthalates may contribute to ongoing reproductive
health differences between African Americans and whites. Pregnant
African Americans women appear to generally have greater exposures
to phthalates than their white counterparts do (CDC, 2018; Wenzel
et al., 2018b; Zota and Shamasunder, 2017), and experience a disparate
burden of adverse birth outcomes, including preterm birth (PTB), low
birth weight (LBW), and fetal growth restriction (Burris and Hacker,
2017). For example, in 2017, pregnant African Americans suffered
substantially higher rates of PTB (13.8%) and LBW (13.9%) than
pregnant white women (9.1% and 7.0%, respectively) (Martin et al.,
2018). Both prematurity and growth restriction are associated with a
higher risk of mortality at all ages (Crump et al., 2011), as well as with
morbidities across the life course, including neurodevelopmental com-
plications (Castanys-Munoz et al., 2017; Mwaniki et al., 2012), cardi-
ovascular disease (Barker, 2004), and endocrine disorders (Barker,
2004; Castanys-Munoz et al., 2017). The American Congress of Ob-
stetrics and Gynecology now recognizes the significant contribution
that environmental exposures, such as phthalates, may have on the
racial disparities seen in perinatal outcomes (ACOG, 2015; ACOG and
ASRM, 2013).

Several U.S. investigations have reported associations between birth
outcomes and gestational phthalate exposures (Adibi et al., 2009;
Ferguson et al., 2014a; Ferguson et al., 2016; Sathyanarayana et al.,
2016; Shoaff et al., 2016; Smarr et al., 2015; Watkins et al., 2016;
Weinberger et al., 2014; Whyatt et al., 2009; Wolff et al., 2008).
However, significant gaps remain in understanding the possible dif-
ferential impact on African Americans, where the exposures are the
highest and likely most pronounced (Burris and Hacker, 2017; James-
Todd et al., 2016; Vesterinen et al., 2017), and in characterizing vul-
nerability by infant sex. To help to address these data gaps, we mea-
sured a panel of highly prevalent phthalate metabolites in prospectively
collected urine specimens from pregnant African American and white
women and characterized associations with birth outcomes in male and
female infants.
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2. Methods
2.1. Study population

We previously described participant enrollment in detail (Wenzel
et al., 2018a). Briefly, 391 women from the Charleston, SC me-
tropolitan area were enrolled into a mother-infant birth cohort at the
Medical University of South Carolina (MUSC) between 2011 and 2014.
Women were enrolled while presenting for a routine 18-22 weeks ge-
station fetal anatomic ultrasound. Eligible women were at least 18 years
of age, had a first trimester ultrasound-dated gestational age singleton
male or female fetus, and planned to deliver at MUSC. We excluded
women without a first trimester ultrasound-dated confirmation of ge-
stational age; women with multiple gestations, fetal anomalies, or fetal
chromosomal aneuploidy; women using progesterone or chronic ster-
oids; and women with any recognized endocrine disorder, including
pre-gestational diabetes and thyroid disease. We also excluded women
who did not want to learn the fetal sex as our initial study aim was to
evaluate penile development. Thus, we first targeted women with male
fetuses for enrollment, but we began to enroll women with female fe-
tuses shortly thereafter.

At enrollment, sampling time 1 (T;), women completed an inter-
viewer-administered study questionnaire to ascertain demographic and
lifestyle factors, medical and obstetrics histories, and potential sources
of phthalate exposure. Women also provided spot urine specimens at T;
(n = 319). We collected a follow-up, sampling time 2 (T5), urine spe-
cimen from a subgroup of women (n = 219) who returned for a routine
scheduled office visit approximately nine weeks (range =4 to
14 weeks) later (i.e., at 24 to 32 weeks gestation). We obtained gesta-
tional age at delivery (GA) and birth weight (BW) information from the
electronic medical record for the entire cohort, which ultimately in-
cluded 185 males and 134 females. All mothers that participated in the
study completed informed consent and the study protocol was approved
by the MUSC Institutional Review Board. The current study includes
310 women who self-identified as African American (n = 152) or white
(n = 158) on the study questionnaire. Women excluded from the cur-
rent analysis reported Asian (n = 5), Hispanic (n = 2), or “other”
(n = 2) race/ethnicity, or did not have a live birth at MUSC.

2.2. Laboratory analysis

Urinary phthalate metabolites were extracted and analyzed at the
Hollings Marine Laboratory in Charleston, SC USA. The analysis was
previously described in detail (Wenzel et al., 2018a). Briefly, each urine
sample was spiked with isotopically labeled (*3C) phthalate monoesters
(Cambridge Isotope Laboratories, Tewksbury, MA USA) and 4-methy-
lumbelliferone glucuronide (4-MeUM, Sigma-Aldrich Inc., St. Louis, MO
USA) and treated with B-glucuronidase (Roche Inc., Indianapolis, IN
USA) to deconjugate the monoesters. The isotopically labeled phthalate
metabolite monoesters were used as internal standards to correct for
extract recoveries. 4-MeUm was used to verify deconjugation. After
spiking, analytes were extracted using solid phase extraction (Oasis
HLC, 6 mL, 200 mg, Waters Inc. Milford, MA USA). Urine extracts were
analyzed using a liquid chromatograph (Agilent Technologies, Santa
Clara, CA USA) coupled to triple quadrupole mass spectrometry using
an API 4000 triple quadrupole mass spectrometer (Applied Biosystems
DS/Sciex, Foster City, CA USA). We analyzed concentrations of mono-n-
butyl phthalate (MBP), monoisobutyl phthalate (MiBP), monobenzyl
phthalate (MBzP), mono(2-ethylhexyl) phthalate (MEHP), mono(2-
ethyl-5-oxohexyl) phthalate (MEOHP), mono(2-ethyl-5-hydroxyhexyl)
phthalate (MEHHP), monoethyl phthalate (MEP), and monomethyl
phthalate (MMP). We also calculated DEHP as the sum of MEHP,
MEOHP, and MEHHP concentrations, and XDBP as the sum of MBP and
MiBP concentrations, in nmol/L. A sample of well-characterized quality
control (QC) material and a reagent blank were included in each batch
of ten samples. We re-extracted two batches with a QC value out of the
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99% confidence interval. No two consecutive batches had QC values
both outside of the 95% confidence interval and no 12 consecutive
batches had QC values all above or below the mean. Final phthalate
monoester levels were calculated using isotope dilution calibration
curves generated using known standard solutions analyzed along with
each batch and reported as ng/mL.

Detection limits were calculated as three times the standard devia-
tion of blanks or the value of the lowest detectable calibrant, whichever
was greater. No values were imputed for measurements below detection
limits. We used machine-read values to avoid bias that has been de-
monstrated using these approaches (Cole et al., 2009; Richardson and
Ciampi, 2003; Schisterman et al., 2006). Phthalate metabolite con-
centrations were corrected for urinary specific gravity (SG) read using a
handheld digital refractometer (Atago USA, Inc., Bellevue, WA USA), as
P. = P((1.016-1)/(SG-1)), where P. is the SG-corrected phthalate
concentration (ng/mL), 1.016 is the mean urinary SG for all partici-
pants, and SG is the specific gravity of the individual sample. (Pearson
et al., 2009).

2.3. Outcome variables

We calculated sex-specific BW for gestational age Z-scores (Z-BW)
using a North American reference population (Kramer et al., 2001). Z-
BW reflects fetal growth velocity, and we defined the lowest 10% of Z-
BW as small for gestational age (SGA) (Sharma et al., 2016). We defined
preterm birth (PTB) as delivery at < 37 weeks gestation and low BW
(LBW) as < 2500 g at delivery (WHO, 1977).

2.4. Confounding variables

We a priori identified potential confounding factors from the lit-
erature as predictors both of phthalate exposure and birth outcomes, or
antecedents thereof. We then incorporated these factors into a directed
acyclic graph (DAG), as shown in Fig. S1, to identify parsimonious
covariate sets to minimize confounding without introducing bias
(Greenland et al., 1999; Hernan et al., 2004). Potential confounding
variables included: maternal age at study enrollment (years); maternal
body mass index (kg/m?), calculated as weight divided by height
measured at study enrollment; maternal education as a categorical in-
dicator of socioeconomic status (defined by “less than high school,”
“finished high school,” “completed some college or technical school,”
and “graduated college or technical school”); dichotomous cigarette
smoking since learning of the study pregnancy (no/yes); race (white/
African American); and infant sex (male/female).

2.5. Data analysis

We examined and characterized the distributions of all covariates.
We used a natural log transformation to stabilize the variance of urinary
phthalate metabolites after adding a constant to accommodate zeros
and negative values, as distributions were heavily skewed. We used
Student's t-tests and y>-tests to examine differences in continuous and
categorical covariates according to maternal race and Pearson corre-
lations to evaluate associations among urinary phthalate metabolite
concentrations. We used paired t-tests to evaluate differences between
urinary phthalates at T; and T,.

In a first set of multivariable statistical models we used a multiple
informants approach for joint estimation of T; and T, urinary phthalate
metabolites as confounder-adjusted predictors of Z-BW and SGA, in
multiple linear regression and multiple logistic regression models, re-
spectively (Sanchez et al., 2011). This approach simultaneously evalu-
ates the effects of T; and T, urinary phthalate metabolites, and permits
confounder effects to vary by sampling time, such that E
(Y) = Bok + B1xXki + PakZi, where Y; = outcome for participant i,
k =T; or T, X = urinary phthalate metabolite concentrations, and
Z = a vector of confounding variables. It also allows for testing
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heterogeneity of T; and T as the cross-product between phthalates and
time. We implemented this strategy using SAS PROC GENMOD with the
REPEATED statement for generalized estimating equations, an identity
or binomial link, normal or logit distribution on the outcome as ap-
propriate, working independence assumption, and model-based robust
standard errors. We also employed stabilized inverse probability of
treatment weights to minimize the impact of selection bias arising from
differences between n = 310 women with T; urinary phthalate meta-
bolites and n = 183 who also had T, urinary phthalate metabolites
(Cole and Hernan, 2008), as only participants with both T; and T, ur-
inary phthalate metabolites were included in these models. We eval-
uated the evidence for sensitive exposure windows as differences be-
tween associations at T; and T» using type-3 tests of time interactions.
We then assessed modification of effects according to maternal race
with “augmented” interactions and according to infant sex with “tra-
ditional” interactions, and tested using likelihood ratios. Augmented
interaction models incorporated a series of cross-product terms for race
with all covariates and provided unbiased phthalate-race interaction
effects in the presence of race dependent confounding (Buckley et al.,
2017), such that E(Yl) =a+ [31Xi + 132Ri + ﬁBXiRi + 13421 + [-}’SRiZi’
where R = maternal race. The traditional approach incorporated only a
cross-product term for phthalate metabolites and sex, such that E
(Yl) =a+ [51Xi + ﬁzsi + [33XiSi + [54Zi’ where S = infant sex. Our
previous work suggested that predictors of exposure differ according to
race in the study population (Wenzel et al., 2018b) and both ours and
others' previous work suggests vulnerabilities according to infant sex
(Sathyanarayana et al., 2016; Shoaff et al., 2016; Watkins et al., 2016;
Weinberger et al., 2014; Wenzel et al., 2018a).

In a second set of multivariable statistical models we used multiple
logistic regression to estimate associations between individual T; ur-
inary phthalate metabolites and PTB or LBW, adjusted for confounding
variables. We did not adjust LBW models for GA, which is predicted by
phthalates (Ferguson and Chin, 2017), and governs fetal development.
So incorporation into regression models might underestimate effects
(Schisterman et al., 2009). Approximately 42.9% of women with a PTB
and 47.6% of women with a LBW did not have the opportunity to
provide a T, urine, biasing these measures towards longer GA (i.e.,
“survivor bias”) and so we evaluated only T; urine as a predictor (Ho
et al., 2013). We were unable to adjust the LBW and PTB interaction
models for smoking due to sparse strata. Again, we further evaluated
effects according to maternal race using augmented interaction models
and according to infant sex using traditional interaction models. We
also limited the analysis to spontaneous PTB (n = 11) and to late PTB
>34 weeks gestation (n = 22) given previous reports of subgroup-
specific associations with maternal urinary phthalates (Ferguson et al.,
2014a).

In main effects models we operationalized phthalate metabolites as
both continuous variables, to maximize power for detecting modest
associations, and as categorical tertiles, to allow for non-linear asso-
ciations. For interaction models we used continuous phthalate meta-
bolites as categorical models did not converge. We employed inference
by multiple imputation using SAS PROC MI with the “MCMC” option to
impute missing values for some covariates (n = 1 missing for BMI,
n = 2 for T; MMP and MEP, n = 3 for smoking, and n = 18 for edu-
cation), using 10 data sets under a missing at random (MAR) assump-
tion, to minimize selection bias and to maximize statistical power (Lee
and Carlin, 2010; Little and Rubin, 2002). Across all analyses, the
plausibility of model assumptions was evaluated. Residual analyses
were performed to assess adequacy of the fitted models and to identify
influential observations (i.e., Dfbeta > |1.96| for urinary phthalate
metabolites), which were excluded and the analysis repeated. All sta-
tistical tests were two-tailed, with significance defined asp < 0.05 for
main effectsand p < 0.10 for interactions. SAS v9.4 (SAS Institute, Inc.
Cary, NC USA) was used for the data analysis. We used the “mi-
combine.chisquare” package in R v.3.5.1 (R Core Team, Vienna, Aus-
tria) for combined type-3 tests.
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Table 1
Mean = standard deviation for demographic factors at enrollment (T;) and birth outcomes among study participants, by maternal race.
Factors Overall African American White p-Value®
(n = 310) (n =152) (n = 158)
Maternal age (years) 27.6 = 5.6 26.1 = 5.6 29.1 = 5.3 < 0.0001
Maternal BMI (kg/m?)" 201 = 7.1 31.3 + 7.9 27.1 + 5.6 < 0.0001
Maternal education, n*
< High school 30 (10.3) 22 (15.1%) 8 (5.3%) < 0.0001
Finished high school 57 (19.5) 44 (31.2%) 13 (8.6%) -
Some college/technical school 77 (26.4) 43 (30.5%) 34 (22.5%) -
Graduated college/technical school 128 (43.8) 32 (22.5%) 96 (63.6%) -
Average annual household income’
< $15,000 51 (23.0%) 43 (46.2%) 8 (6.2%) < 0.0001
$15,000-$44,999 62 (28.0%) 40 (43.0%) 22 (17.1%) -
$45,000-$75,000 43 (19.4%) 8 (8.6%) 35 (27.1%) -
> $75,000 66 (29.7%) 2 (2.2%) 64 (49.6%) -
Maternal cigarette smoking, n° 37 (12.1%) 20 (13.3%) 17 (10.9%) 0.53
Infant sex, n
Female 131 (42.3%) 68 (44.5%) 63 (39.9%) 0.39
Male 179 (57.7%) 84 (55.3%) 95 (60.1%) -
Gestational age at delivery (weeks) 38.8 = 1.8 385 = 2.1 39.0 = 1.4 0.01
Preterm birth, n 28 (9.4) 14 (9.2%) 14 (8.9%) 0.91
Spontaneous’ 11 (39.3%) 5 (35.7%) 6 (42.9%) 0.70
Late (34-37 weeks)" 22 (78.6%) 8 (57.1%) 14 (100.0%) 0.02
Birth weight (g)* 3285.0 = 538.3 3111.2 = 514.0 3450.0 = 509.5 < 0.0001
Low birth weight, n® 19 (6.2%) 13 (8.7%) 6 (3.8%) 0.08
Small for gestational age, n® 33 (10.7%) 23 (15.3%) 10 (6.3%) 0.01

p-Value for unadjusted difference between African Americans and whites.
n = 1 missing value.

n = 18 missing values.

n = 88 missing values.

n = 3 missing values.

f Among n = 28 preterm births.

¢ n = 2 missing values.

a
b
c
d

e

3. Results

Table 1 describes the distribution of demographic and lifestyle
factors, and birth outcomes between African Americans and whites in
this analysis. On average, African American mothers were younger, had
a greater BMI, and lower levels of educational achievement and average
annual household income compared to their white counterparts. Ge-
stational age was approximately one-half week shorter for African
American infants than for white infants (p = 0.01), and African
American infants were nearly 339g less than white infants
(p < 0.0001), with a 4.9% borderline significant higher prevalence of
LBW (p = 0.08), and a significantly higher likelihood than white mo-
thers for SGA (p = 0.01). While PTB did not vary by race, African
American mothers were less likely to have PTB at > 34 weeks than
white mothers (p = 0.02). Overall, more than half of PTBs were in-
duced (n = 17, 60.7%) and most (n = 22, 78.6%) were at > 34 weeks
gestation.

Fig. 1 shows the distribution of maternal urinary phthalate meta-
bolites measured at T; (enrollment). Most urinary phthalate metabo-
lites were measurable at levels that exceeded the detection limits (86%
to 100%) and were positively intercorrelated (r = 0.18 to 0.98). African
American mothers had significantly greater urinary MBP, MiBP, MBzP,
MEHP, MEP, MMP, and XIDBP concentrations than white mothers.
Maternal urinary phthalate metabolites were mostly similar at T; and
T, for n =183 (Fig. S2), although T, MBzP concentrations were
1.13ng/mL lower on average than T; MBzP (p = 0.05). The results
were similar using the non-parametric Wilcoxon signed-rank test. In-
traclass correlation coefficients (ICCs) ranged from 0.16 for MEOHP to
0.64 for MBzP. We detected weak but statistically significant
(p < 0.05) correlations for greater concentrations of most T, urinary
phthalates with younger maternal age, lower educational achievement,
lower income, and higher BMI (data not shown).

Table 2 shows the results of the linear regression analysis using both
continuous T; (enrollment) and T, (follow-up) maternal urinary

phthalates as predictors of Z-BW, adjusted for maternal age, BMI,
education, smoking during pregnancy, and race. Effect estimates were
negative for most phthalates. However, we detected statistically sig-
nificant effects only for exposure at Ty, in which greater maternal ur-
inary MiBP [ = —0.28 (95% CI: —0.54, —0.02)] and MMP
[B= —0.30 (95% CLI: —0.52, —0.09)] were associated with lower Z-
BW, and the former differed significantly from its corresponding T;
association (p = 0.05 and p = 0.14, respectively). There were border-
line significant inverse associations for Z-BW with T, XZDEHP
[B = —0.18 (95% CI: —0.38, 0.02)] and =DBP [ = —0.18 (95% CI:
—0.37, 0.01)]. The results were similar when we used categorical
phthalates (Table S1), but we also detected statistically significant ne-
gative associations for the second tertiles of T, MEOHP [(3 = —0.36
(95% CI: —0.68, —0.04)], MEHHP [ = —0.37 (95% CI: —0.69,
—0.06)], and *DEHP [B = —0.48 (95% CI: —0.79, —0.16)], and
suggestive negative associations for the second [} = —0.31 (95% CIL:
—0.66, 0.04)] and third [B = —0.31 (95% CI: —0.64, 0.03)] tertiles of
T, MBP.

We detected a statistically significant interaction for continuous
MEP with maternal race (p = 0.04). As shown in Fig. 2 (Table S2),
greater maternal urinary MEP had little impact on African American
infants at T; [B = 0.07 (95% CI: —0.06, 0.20)] and T5 [ = 0.05 (95%
CI: —0.09, 0.19)], but was associated with lower Z-BW among whites at
T, [B= —0.11 (95% C: —0.22, —0.004)] and T, [ = —0.14 (95% CIL:
—0.28, 0.001)].

Table 3 shows the results of the logistic regression analysis using
continuous T; (enrollment) and T, (follow-up) maternal urinary
phthalate metabolite concentrations as predictors of SGA, adjusted for
confounding. Greater maternal MiBP was associated with a higher SGA
risk at T, [OR = 2.82 (95% CI: 1.21, 6.56)], as was greater MEOHP
[OR = 2.80 (95% CI: 1.05, 7.42)], and MEHHP [OR = 2.33 (95% CL:
0.92, 5.94)], albeit the latter of borderline statistical significance.
Furthermore, associations were different at T; and T, for MEOHP
(p = 0.07) and MEHHP (p = 0.10). Greater MMP was associated with a
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MMP, monomethyl phthalate; DEHP, diethyl-
hexyl phthalate; DBP, dibutyl phthalate.

Race: @ African American (n=152) O White (n=158)

higher SGA risk at T; [OR = 1.81 (95% CI: 1.14, 2.86)], although not CI: 0.10, 0.81)] tertiles (Table S3).

significantly different from T, (p = 0.61). In contrast, greater MBzP As shown in Table 3, we detected a statistically significant inter-
showed a borderline significant protective T; effect [OR = 0.60 (95% action for SGA and continuous MEHP concentration with maternal race
CI: 0.35, 1.02)]. The associations with SGA were similar, albeit atte- (p = 0.10). There was little impact for greater MEHP on SGA in African
nuated and without statistical significance when using categorical American infants at T; [OR = 0.80 (95% CIL: 0.36, 1.75)] or T,
phthalates, with the exceptions of MiBP, which did not converge, and [OR = 0.71 (95% CI: 0.07, 7.17)], yet a diminished risk at T;
T, MBzP, for which we detected significant protective effects in the [OR = 0.16 (95% CI: 0.03, 0.78)] and a higher risk at T, [OR = 3.26
second [OR = 0.30 (95% CI: 0.10, 0.85)] and third [OR = 0.29 (95% (95% CI: 0.64, 16.56)] among whites (Fig. 3, Table S4). Still, the effect

Table 2
Mean change () and 95% confidence intervals (CI) of birth weight for gestational age z-score associated with continuous maternal urinary phthalate metabolites
measured at study enrollment (T;) and follow-up (T2), n = 181 mothers.

Phthalates Time 1 (enrollment) p-Value Time 2 (follow-up) p-Value p-Interaction p-Interaction p-Interaction
B (95% CI)* B (95% CI)* (Time)"® (Race)® (Sex)?
MBP —0.005 (—0.14, 0.13) 0.94 —0.19 (—0.40, 0.03) 0.08 0.10 0.51 0.56
MiBP —-0.01 (-0.16, 0.15) 0.92 —0.28 (—0.54, —0.02)’ 0.04 0.05 0.96 0.29
MBzP 0.003 (—0.11, 0.10) 0.96 —0.07 (-0.22, 0.07) 0.33 0.28 0.26 0.48
MEHP —0.05 (—0.18, 0.08) 0.42 —0.25 (—-0.62, 0.12) 0.19 0.29 0.41 0.84
MEOHP 0.002 (—0.15, 0.16) 0.98 —0.24 (—-0.53, 0.05) 0.11 0.13 0.64 0.80
MEHHP 0.02 (-0.12, 0.16) 0.77 —0.20 (—0.47, 0.07) 0.14 0.12 0.79 0.81
MEP —0.02 (-0.11, 0.07) 0.72 —0.04 (—-0.15, 0.06) 0.42 0.66 0.04" 0.67
MMP —0.13 (-0.31, 0.05) 0.17 —0.30 (-0.52, —0.09)" 0.01 0.14 0.32 0.54
~DEHP® 0.01 (-0.11, 0.12) 0.90 —0.18 (—0.38, 0.02) 0.08 0.09' 0.92 0.95
£DBP' 0.001 (—0.13, 0.13) 0.99 —-0.18 (-0.37, 0.01) 0.06 0.09" 0.48 0.66

Note: B per natural log unit greater specific-gravity corrected urinary phthalate metabolite concentration using multiple informants linear regression. Statistically
significant associations are bolded.
Abbreviations: MBP, monobutyl phthalate; MiBP, mono isobutyl phthalate; MBzP, monobenzyl phthalate; MEHP; mono ethylhexyl phthalate; MEOHP, mono-(2-
ethyl-5-oxohexyl) phthalate; MEHHP, mono(2-ethyl-5-hydroxyhexyl) phthalate; MEP, monoethyl phthalate; MMP, monomethyl phthalate; DEHP, diethylhexyl
phthalate; DBP, dibutyl phthalate.

a Estimates adjusted for maternal age (years), BMI (kg/m?), education (categorical), smoking in pregnancy (dichotomous), and race (dichotomous).

> p-Value for cross-product term time * phthalates in traditional interaction regression models.

¢ p-Value for cross-product term race * phthalates » time in augmented interaction regression models also including cross-product terms for race = age * time,
race * BMI * time, race = education = time, and race * smoking in pregnancy = time.

4 p-Value for cross-product term sex * phthalates  time in traditional interaction regression models.

¢ Sum of DEHP metabolites (MEHP, MEOHP, MEHHP) in nmol/L.

f Sum of DBP metabolites (MBP, MiBP) in nmol/L.

* p-Value < 0.10.

T p-Value < 0.05.
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| Fig. 2. Adjusted mean change () and 95% con-
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T2 F 4 rollment (T,) and follow-up (T5), by maternal race®.
MRzk E } : ] : Note: Mean change per natural log unit greater spe-
H g r— —H. cific-gravity corrected urinary phthalate metabolite
MEHE' 13 | l i ,  concentration using multiple informants linear re-
I ; | f ! | gression. The forest plot shows the effect estimate as
MEOHP B | } : { the symbol and the 95% confidence interval as the
.Tr; . — — whiskers.
MEHHP T1 ' } ! *Estimates adjusted for maternal age (years), BMI
ﬁ f } i 1 (kg/mz), education (categorical), smoking in preg-
vep~ 13 F — z 1 nancy (dichotomous), and race (dichotomous); "Sum
ﬁ I e —— of DEHP metabolites (MEHP, MEOHP, MEHHP) in
o ﬁ | f— : nmol/L; “Sum of DBP metabolites (MBP, MiBP) in
ﬁ - } { 1 nmol/L; *p-value < 0.10 for cross-product term
— b ;'_]) I 1 p race * phthalates * time in augmented interaction re-
T2 } : | ' gression models also including cross-product terms
c H ! f 1 { for race x age * time, race x BMI * time, race * educa-
DBP H b ;'—H tion * time, and race * smoking in pregnancy * time.
1; | } 1 ] Abbreviations: MBP, monobutyl phthalate; MiBP,
— — T— ; mono isobutyl phthalate; MBzP, monobenzyl phtha-
-0.75 -0.50 -0.25 0.00 0.25 late; MEHP; mono ethylhexyl phthalate; MEOHP,
Covariate-adjusted heta (35% Cl) mono-(2-ethyl-5-oxohexyl) phthalate; MEHHP, mono
(2-ethyl-5-hydroxyhexyl) phthalate; MEP, monoethyl
Race: = African American (n=79) White (n=102)

estimates were imprecise due to the small number of cases. Table 3 also
presents the statistically significant interactions for SGA and continuous
MiBP (p = 0.02) and XDBP (p = 0.02) with infant sex. As shown in
Fig. 4 (Table S5), greater SGA risk was indicated for greater T; MiBP
[OR = 3.14 (95% CI: 1.54, 6.40)] and =DBP [OR = 2.48 (95% CI: 1.22,
5.04)] in female infants, whereas the corresponding effects for greater
MiBP [OR = 0.71 (95% CI: 0.32, 1.56)], and DBP [OR = 0.66 (95%
CI: 0.36, 1.20)] were protective against SGA in males. At T,, only
greater MiBP [OR = 3.52 (95% CI: 1.23, 10.11)] was associated with

Table 3

phthalate; MMP, monomethyl phthalate; DEHP, die-
thylhexyl phthalate; DBP, dibutyl phthalate.

greater SGA risk in females, yet greater MiBP [OR = 3.22 (95% CI:
1.35, 7.66)] and *DBP [OR = 1.56 (95% CI: 0.43, 5.71)] were asso-
ciated with greater SGA risk among male infants. However, the effect
estimates were again imprecise due to the small number of cases.
Table 4 shows the results of the logistic regression analysis using
continuous T; (enrollment) maternal urinary phthalates as predictors of
PTB, unadjusted, and adjusted for maternal age, BMI, education,
smoking in pregnancy, race, and infant sex. We did not detect a sta-
tistically significant association when adjusted for confounders. The

Adjusted odd ratios (OR) and 95% confidence intervals (CI) of small for gestational age associated with continuous maternal urinary phthalate metabolites measured

at study enrollment (T;) and follow-up (T»), n = 181 mothers.

Phthalates T, (enrollment) p-Value T, (follow-up) p-Value p-Interaction p-Interaction p-Interaction
OR (95% CI)” OR (95% CD)* (Time)" (Race)® (Sex)!
MBP 0.78 (0.45, 1.35) 0.38 0.81 (0.33, 1.99) 0.65 0.93 0.17 0.66
MiBP 1.24 (0.71, 2.16) 0.46 2.82 (1.21, 6.56)' 0.02 0.11 0.26 0.02
MBzP 0.60 (0.35, 1.02)" 0.06 0.65 (0.28, 1.55) 0.34 0.83 0.34 0.67
MEHP 0.70 (0.35, 1.40) 0.32 2.25 (0.64, 7.82) 0.20 0.19 0.10 0.81
MEOHP 0.83 (0.40, 1.69) 0.60 2.80 (1.05,7.42)' 0.04 0.07 0.32 0.33
MEHHP 0.80 (0.42, 1.55) 0.51 2.33 (0.92, 5.94)* 0.08 0.10¢ 0.24 0.32
MEP 0.93 (0.62, 1.39) 0.74 1.02 (0.56, 1.86) 0.94 0.80 0.76 0.71
MMP 1.81 (1.14, 2.86)" 0.01 1.47 (0.64, 3.37) 0.36 0.61 0.12 0.35
~DEHP® 0.83 (0.50, 1.38) 0.48 2.02 (0.87, 4.69) 0.10 0.10 0.21 0.33
~DBP' 0.98 (0.61, 1.60) 0.95 0.85 (0.41, 1.76) 0.66 0.72 0.13 0.02"

Note: OR per natural log unit greater specific-gravity corrected urinary phthalate metabolite concentration using multiple informants logistic regression. Statistically

significant associations are bolded.

Abbreviations: MBP, monobutyl phthalate; MiBP, mono isobutyl phthalate; MBzP, monobenzyl phthalate; MEHP; mono ethylhexyl phthalate; MEOHP, mono-(2-
ethyl-5-oxohexyl) phthalate; MEHHP, mono(2-ethyl-5-hydroxyhexyl) phthalate; MEP, monoethyl phthalate; MMP, monomethyl phthalate; DEHP, diethylhexyl

phthalate; DBP, dibutyl phthalate.

a Estimates adjusted for maternal age (years), BMI (kg/m?), education (categorical), smoking in pregnancy (dichotomous), and race (dichotomous).

> p-Value for cross-product term time * phthalates in traditional interaction regression models.

¢ p-Value for cross-product term race * phthalates » time in augmented interaction regression models also including cross-product terms for race = age * time,
race * BMI * time, race = education = time, and race * smoking in pregnancy = time.

4 p-Value for cross-product term sex * phthalates  time in traditional interaction regression models.

¢ Sum of DEHP metabolites (MEHP, MEOHP, MEHHP) in nmol/L.
f Sum of DBP metabolites (MBP, MiBP) in nmol/L.

* p-Value < 0.10.

T p-Value < 0.05.
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Fig. 3. Odds ratios (OR) and 95% confidence inter-
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results were similar when we limited the case definition to spontaneous
PTB (n = 11), although a greater risk for greater MEHP was of bor-
derline statistical significance [OR =1.99 (95% CL: 0.92, 4.28);
p = 0.08]. However, when limited to PTB between 34 and 37 weeks
gestation (n = 22), we detected a statistically significant protective
effect for MBP [OR = 0.33 (95% CI: 0.14, 0.79); p = 0.01], without
adjustment for smoking. When analyzing phthalates as a categorical
variable (Table S6), we detected significantly higher PTB risks for the
second [OR = 4.79 (95% CI: 1.18, 19.43)] and third [OR = 6.23 (95%
CI: 1.51, 25.75)] tertiles of MEHP relative to the first tertile, whereas a
protective effect for the second tertile of MBP was of borderline sig-
nificance [OR = 0.34 (95% CI: 0.10, 1.11)].

As shown in Table 4 and Fig. 5, we detected statistically significant
interactions by race for continuous MiBP (p = 0.08), MEHP (p = 0.09),
and MEP (p = 0.02). African Americans were at greater PTB risk than
whites for greater MiBP [OR = 2.03 (95% CI: 0.85, 4.83) vs. OR = 0.55
(95% CI: 0.16, 1.83), respectively] and MEP [OR = 1.46 (95% CI: 0.97,
2.19) vs. OR = 0.62 (95% CI: 0.34, 1.23), respectively], but at lesser
PTB risk than whites for greater MEHP [OR = 0.98 (95% CI: 0.34, 2.80)
vs. OR = 3.40 (95% CI: 1.24, 9.31), respectively] after excluding n = 1
influential observation. We also detected a significant interaction for
infant sex with continuous MEHHP (p = 0.08), in which risk was ele-
vated for females [OR = 3.71 (95% CI: 1.17, 11.73)] but not for males
[OR = 0.88 (95% CI: 0.40, 1.93)].
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Table 4
0Odd ratios (OR) and 95% confidence intervals (CI) of preterm birth associated with continuous maternal urinary phthalate metabolites measured at study enrollment
(T1), n = 310 mothers.

Phthalates OR (95% CI)* p-Value OR (95% CI)° p-Value p-Interaction (race)” p-Interaction (sex)”
MBP 0.71 (0.40, 1.29) 0.26 0.59 (0.30, 1.16) 0.13 0.37 0.34
MiBP 1.17 (0.68, 2.01) 0.58 1.15 (0.63, 2.11) 0.65 0.08 0.16
MBzP 0.90 (0.59, 1.37) 0.61 0.81 (0.49, 1.34) 0.42 0.76 0.88
MEHP 1.65 (0.96, 2.84) 0.07 1.53 (0.85, 2.76) 0.16 0.09%* 0.45
MEOHP 1.34 (0.73, 2.44) 0.35 1.24 (0.67, 2.31) 0.50 0.40 0.98
MEHHP 1.33 (0.77, 2.30) 0.31 1.25 (0.71, 2.20) 0.43 0.45 0.08
MEP 1.09 (0.82, 1.44) 0.55 1.04 (0.77, 1.41) 0.77 0.02' 0.13
MMP 0.85 (0.45, 1.62) 0.62 0.72 (0.33, 1.57) 0.42 0.87 0.59
SDEHP' 1.38 (0.88. 2.17) 0.17 1.29 (0.81, 2.07) 0.28 0.40 0.14
>DBP#® 0.88 (0.54,1.45) 0.62 0.79 (0.44, 1.40) 0.42 0.13 0.34

Note: OR per natural log unit greater specific-gravity corrected urinary phthalate metabolite concentration using logistic regression. Statistically significant asso-
ciations are bolded.
Abbreviations: MBP, monobutyl phthalate; MiBP, mono isobutyl phthalate; MBzP, monobenzyl phthalate; MEHP; mono ethylhexyl phthalate; MEOHP, mono-(2-
ethyl-5-oxohexyl) phthalate; MEHHP, mono(2-ethyl-5-hydroxyhexyl) phthalate; MEP, monoethyl phthalate; MMP, monomethyl phthalate; DEHP, diethylhexyl
phthalate; DBP, dibutyl phthalate.

# Unadjusted estimates.

b Estimates adjusted for maternal age (years), BMI (kg/mz), education (categorical), smoking in pregnancy (dichotomous), race (dichotomous), and infant sex
(dichotomous).

¢ p-Value for cross-product term race x phthalates in augmented interaction regression models also including cross-product terms for race * age, race x BMI,
race * education, and race * sex.

4 p-Value for cross-product term sex x phthalates in traditional interaction regression models.

¢ n =1 influential observation excluded.

f Sum of DEHP metabolites (MEHP, MEOHP, MEHHP) in nmol/L.

¢ Sum of DBP metabolites (MBP, MiBP) in nmol/L.

* p-Value < 0.10.

T p-vValue < 0.05.

MBP = Fig. 5. Odds ratios (OR) and 95% confidence inter-
}_ | vals (CI) of Preterm birth associated yvith continuous

i | = { maternal urinary phthalate metabolites measured at

study enrollment (T;), by maternal race®.

—— Note: OR per natural log unit greater specific-gravity

MBzR —a— corrected urinary phthalate metabolite concentra-
. —— tion using logistic regression. The forest plot shows

menp 2 e | the effect estimate as the symbol and the 95% con-

} 4 fidence interval as the whiskers.
MEOHP = “Estimates adjusted for maternal age (years), BMI

' | (kg/mz), education (categorical), race (dichot-
EHEP — omous), and infant sex (dichotomous); by = 1 influ-
ential observation excluded; “Sum of DEHP metabo-

0] ! 1 lites (MEHP, MEOHP, MEHHP) in nmol/L; 9Sum of

MEP }‘_'_‘ DBP metabolites (MBP, MiBP) in nmol/L; *p-

—— value < 0.10; "p-value < 0.05 for cross-product

MMP —— term race * phthalates in augmented interaction re-

) ——q gression models also including cross-product terms
DEHP I — for race * age, race « BMI, and race * education.

| Abbreviations: MBP, monobutyl phthalate; MiBP,

DEE d | mono isobutyl phthalate; MBzP, monobenzyl phtha-

— | late; MEHP; mono ethylhexyl phthalate; MEOHP,
—_ +—— — T 77— r . T — r mono-(2-ethyl-5-oxohexyl)  phthalate;, MEHHP,
00 05 1.0 15 20 25 30 35 40 45 50 55 60 65 7.0 75 80 85 9.0 95 10.0 mono(2-ethyl-5-hydroxyhexyl) phthalate; MEP,

Covariate-adjusted OR (35% Cl) monoethyl phthalate; MMP, monomethyl phthalate;
Race: m African American (n=152) White (n=158) g;:é{P’ diethylhexyl phthalate; DBP, dibutyl phtha-

Table 5 shows the results of the logistic regression analysis using (p = 0.01), MEP (p = 0.002), MMP (p = 0.09), and XDBP (p = 0.01)
continuous T; (enrollment) maternal urinary phthalates as predictors of with infant sex (Table 5). As shown in Fig. 6, female infants were at
LBW, unadjusted and adjusted for confounding. Greater maternal ur- lower LBW risk than male infants associated with greater maternal
inary MEP [OR = 1.33 (95% CI: 0.95, 1.86)] was associated with a urinary MBP [female: OR = 0.19 (95% CIL: 0.05, 0.78) vs. male:
greater LBW risk adjusted for confounding, although of borderline OR = 1.51 (95% CI: 0.57, 3.97)], MiBP [female: OR = 0.85 (95% CI:
statistical significance (p = 0.09). We did not detect associations using 0.26, 2.77) vs. male: OR = 2.23 (95% CI: 0.85, 5.83)], MBzP [female:
categorical phthalates (Table S7), although there was a borderline OR = 0.23 (95% CI: 0.06, 0.85) vs. male: OR = 0.97 (95% CI: 0.38,
significant protective effect for the third tertile of MBzP [OR = 0.29 2.48)], MEP [female: OR = 0.61 (95% CI: 0.28, 1.32) vs. male:
(95% CI: 0.07, 1.09)]. We also detected statistically significant inter- OR = 2.34 (95% CI: 1.32, 4.15)], MMP [female: OR = 1.17 (95% CI:
actions for continuous MBP (p = 0.002), MiBP (p = 0.02), MBzP 0.33, 4.10) vs. male: OR = 3.67 (95% CI: 1.50, 9.02)], and *DBP
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Table 5
0Odd ratios (OR) and 95% confidence intervals (CI) of low birth weight associated with continuous maternal urinary phthalate metabolites measured at study
enrollment (T,), n = 308 mothers.

Phthalates OR (95% CI)* p-Value OR (95% CI)" p-Value p-Interaction (race)” p-Interaction (sex)”
MBP 1.03 (0.55, 1.93) 0.92 0.70 (0.32, 1.53) 0.37 0.10 0.002°
MiBP 1.64 (0.91, 2.94) 0.10 1.26 (0.62, 2.56) 0.53 0.20 0.025"
MBzP 0.87 (0.52, 1.46) 0.60 0.61 (0.32, 1.19) 0.15 0.44 0.01'
MEHP 0.93 (0.41, 2.13) 0.86 0.93 (0.37, 2.33) 0.88 0.13 0.62
MEOHP 0.82 (0.33, 2.00) 0.66 0.74 (0.28, 1.96) 0.55 0.51 0.59
MEHHP 0.87 (0.40, 1.91) 0.73 0.81 (0.35, 1.87) 0.62 0.53 0.57
MEP 1.41 (1.03, 1.91)’ 0.03 1.33 (0.95, 1.86) 0.09 0.61 0.002°
MMP 1.82 (1.10, 3.01)’ 0.02 1.23 (0.52, 2.92)¢ 0.64 0.14 0.09
S~DEHP' 0.94 (0.50, 1.74) 0.83 0.90 (0.47, 1.75) 0.76 0.47¢ 0.65
>DBP#® 1.25 (0.72, 2.16) 0.43 0.88 (0.44, 1.77) 0.73 0.12 0.01'

Note: OR for a natural log unit greater specific-gravity corrected urinary phthalate metabolite concentration using logistic regression. Statistically significant as-
sociations are bolded.
Abbreviations: MBP, monobutyl phthalate; MiBP, mono isobutyl phthalate; MBzP, monobenzyl phthalate; MEHP; mono ethylhexyl phthalate; MEOHP, mono-(2-
ethyl-5-oxohexyl) phthalate; MEHHP, mono(2-ethyl-5-hydroxyhexyl) phthalate; MEP, monoethyl phthalate; MMP, monomethyl phthalate; DEHP, diethylhexyl
phthalate; DBP, dibutyl phthalate.

# Unadjusted estimates.

b Estimates adjusted for maternal age (years), BMI (kg/mz), education (categorical), race (dichotomous), and infant sex (dichotomous).

¢ p-Value for cross-product term race x phthalates in augmented interaction regression models also including cross-product terms for race * age, race x BMI,
race * education, and race * sex.

d p-Value for cross-product term sex * phthalates in traditional interaction regression models.

¢ n =1 influential observation excluded.

f Sum of DEHP metabolites (MEHP, MEOHP, MEHHP) in nmol/L.

% Sum of DBP metabolites (MBP, MiBP) in nmol/L.

* p-Value < 0.10.

T p-value < 0.05.

* p-vValue < 0.01.
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Sex: Female (n=131) m Male (n=177)

[female: OR = 0.43 (95% CI: 0.14, 1.37) vs. male: OR = 1.69 (95% CL: population were mostly greater than reported for U.S. women
0.65, 4.40)]. (18-44 years) from 2011 to 2014 (CDC, 2018). African American mo-
thers had substantially greater urinary phthalate metabolites than
white mothers, possibly predisposing their infants to stronger perinatal
effects. However, the pattern of race-specific associations between
phthalate metabolites and birth outcomes was mixed. For example,
white infants had a lower Z-BW than African American infants in as-
sociation with greater maternal urinary MEP, in addition to a higher
SGA risk in association with greater urinary MEHP compared to African
Americans. Yet, PTB risk was elevated in association with greater

4. Discussion

In this prospective birth cohort study of African American and white
mothers with singleton newborns, we detected associations between
greater concentrations of maternal urinary phthalates measured at two
points during gestation and lower Z-BW as well as elevated risks for
LBW. Urinary phthalate metabolite concentrations in our study
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Table 6
Epidemiologic studies investigating maternal phthalates exposure with birth outcomes in U.S. study populations.
n n n Urine Phthalate
: i a b
Author, year Study location Study years (total) (AAINHB) (white) sapmles metabolites GA® BW
measured
G Charleston, SC 2011-2014 310 152 158 2 8
Study
Whyatt, New York City 19992006 331 93 0 3 3
2009
Wolff, .
2088 New York City 1998-2002 382 107 80 1 10
Adibi, Los Angeles, CA; Minneapolis, MN;
2009 Columbia, MO, lowa City, A 19992002 283 <18 238 ! 3
26'1‘2”' 16 counties in Ml & TX 20052009 233 2 194 1 14
;g:i“s"“’ Boston, MA 2006-2008 482 77 282 3 9
;g;%”“"’ Boston, MA 2006-2008 482 77 282 4 9
Sathayarayana, San Francisco, CA; Minneapolis, MN; g
2016 Rochester, NY; Seattle, WA 2010-2012 753 86 49 ! 10
;‘éﬁts"'"s* Ann Arbor, MI 2009-2012 68 <7 58 1 9
;‘éj":berger' New Brunswick, NJ Not reported 72 21 23 1 10
ggfgﬁ' Cincinnati, OH 2003-2006 368 111 231 2 9
Legend: ncrease [l Decrease [ Increase & Decrease [l No change Not reported

NOTE: AA/NHB, African American/non-Hispanic black; BW, birth weight; GA, gestational age.
aRefers to longer or shorter gestation for studies reporting continuous gestational age or preterm birth; PRefers to higher or
lower birth weights for studies reporting continuous birth weight, standardized birth weight, low birth weight, or small for

gestational age.

urinary MiBP and MEP among African Americans and greater MEHP
among whites, but not for the converse. Stratifying by infant sex, we
found that greater maternal urinary MBP, MiBP, MBzP, MEP, MMP, and
ZDBP were associated with a greater risk for LBW in male infants, al-
though the pattern of sex-specific effects was mixed for SGA. We also
identified modest evidence for time sensitive windows in that associa-
tions for Z-BW and SGA tended to be stronger for urinary phthalate
metabolites sampled later in fetal development. We detected associa-
tions with birth outcomes most consistently for low molecular weight
phthalate metabolites that are used in personal care products and
medications, including MiBP, MEP, and MMP (Buckley et al., 2012;
Hernandez-Diaz et al., 2013; Koch et al., 2013), as summarized by Fig.
S3. Overall, our results indicate that high maternal phthalate metabo-
lite exposures are associated with restricted in utero growth. Yet, the
effects appear to differ by maternal race and by infant sex.

The results from previous investigations of gestational phthalate
exposure and birth outcomes have been mixed (Marie et al., 2015;
Pollard and Porucznik, 2017). As summarized by Table 6, here we focus
on the results of previous U.S. investigations with study populations
most similar to our own. A New York City (NYC) cohort reported
shorter GA in association with greater third trimester maternal urinary
MEHP, MEOHP, MEHHP, and mono(2-ethyl-5-carboxypentyl)
(MECPP), a phthalate we did not measure, and YDEHP (Whyatt et al.,
2009). In contrast, an earlier NYC birth cohort reported longer GA in
association with greater third trimester urinary MEHP and the molar
sum of MBP, MiBP, MEP, and MMP (Wolff et al., 2008). The Study of
Future Families (SFF), a birth cohort from four U.S. cities, also reported
longer GA and lower PTB risk associated with greater third trimester
maternal urinary MEHP, MEOHP, MEHHP, and XDEHP (Adibi et al.,
2009). However, the Longitudinal Investigation of Fertility and the
Environment (LIFE), a prospective investigation of couples from Texas
and Michigan, reported mostly non-linear associations for quartiles of
preconception maternal urinary phthalates adjusted for paternal ex-
posure (Smarr et al, 2015). In the LIFE study, shorter GA was
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associated with greater MMP and monoisononyl phthalate (MNP) while
longer GA was associated with greater MEHP and mono-octyl phthalate
(MOP). In the same study, lower BW was associated with greater MMP,
MEP, mono-[(2-carboxymethyl)hexyl] phthalate (MCMHP), and MOP.
While we did not measure MNP, MOP, or MCMHP, we also detected
associations between greater maternal urinary MMP with lower Z-BW,
greater MEP with lower Z-BW among whites, and greater MEP with a
higher risk for LBW among males.

A large nested case-control investigation from Boston, MA (Table 6)
reported higher risks of PTB associated with greater maternal urinary
MBP, MEHP, MECPP, and =DEHP averaged across three timed collec-
tions (Ferguson et al., 2014a). Using continuous exposure, we detected
a higher risk of PTB in association with greater maternal urinary MiBP
and MEP among African Americans and MEHP among whites. However,
we also found a higher overall PTB risk associated with greater tertiles
of maternal urinary MEHP. We did not find an association for MBP with
PTB overall or when limited to spontaneous events, yet we identified an
unexpected lower risk of late PTB associated with greater MBP. The
discordant result may reflect our smaller number of PTBs (i.e., 28 vs.
130) or possibly differences in the study designs and populations. Still,
greater urinary MEOHP, MECPP, and XDEHP were also associated with
smaller combined fetal growth measurements on ultrasound and at
delivery in the Boston study (Ferguson et al., 2016), which is consistent
with our higher SGA risk in association with greater T, maternal ur-
inary MEOHP.

Other U.S. birth cohort investigations have reported on interactions
for phthalate-birth outcome associations according to infant sex, al-
though these results were also inconsistent (Table 6). The Infant De-
velopment and the Environment Study (TIDES), a large cohort in-
vestigation of mothers from four U.S. cities, reported higher BW among
males delivered at term with greater maternal urinary mono carboxy-
isononyl phthalate (MCOP), a phthalate metabolite we did not measure,
and higher BW among females delivered preterm with greater maternal
YDEHP (Sathyanarayana et al., 2016). A small Michigan cohort study
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also reported sex-based interactions for associations of BW with ma-
ternal urinary phthalate metabolites measured in the first trimester and
at the time of delivery (Watkins et al., 2016). Greater maternal urinary
~DBP was associated with higher BW but not with GA in male infants,
and with lower BW and shorter GA in female infants. In contrast, a
small cohort of “high risk” New Jersey mothers, reported no association
with BW but found shorter GA in association with greater third trime-
ster maternal urinary MEHHP among male fetuses (Weinberger et al.,
2014). We too detected interactions between infant sex and maternal
urinary phthalate metabolites for GA and BW, although we found a
higher PTB risk for females associated with greater MEHHP and greater
LBW risks for males than for females.

The Health Outcomes and Measures of the Environment (HOME)
Study from Cincinnati, OH (Table 6) is the only previous investigation
to report on race-based interactions between gestational phthalate ex-
posure and birth outcomes (Shoaff et al., 2016). The authors described
lower PTB risks with greater second and third trimester averaged ur-
inary MBP and MCPP, without associations for GA or Z-BW after con-
founder adjustment. They also reported an interaction for infant sex in
which greater urinary MBzP was associated with longer GA in males
and shorter GA in females. In contrast to their null race interactions, we
detected associations of MiBP, MEHP, and MEP with PTB, MEP with Z-
BW, and MEHP with SGA. The median wet-weight concentrations for
MBP (26.90 vs. 15.17 ng/mL), MEHP (4.50 vs 2.68 ng/mL), MEOHP
(19.80 vs. 5.78ng/mL), MEHHP (26.90 vs. 7.03ng/mL), and MEP
(131.34 vs. 45.45ng/mL) were greater for HOME participants at
16 weeks gestation than for our study population (Shoaff et al., 2016),
respectively, but not for MiBP (5.70 vs. 9.78 ng/mL) or MBzP (10.01 vs.
10.21 ng/mL). The number of African American HOME Study partici-
pants (n = 111) may have been insufficient to detect modest disparities.
A more recent Bayesian analysis of HOME Study data also reported no
association between maternal urinary phthalates and BW (Woods et al.,
2017).

The differential effects we detected for African American and white
mothers might be attributed in part to systematic differences in
phthalate exposures, differences in the hormonal milieu of pregnancy
(Faupel-Badger et al., 2011; Henderson et al., 1988; Potischman et al.,
2005), and differences in psychosocial factors and additional un-
measured environmental exposures (James-Todd et al., 2016). The
phthalate exposure disparity may be mediated in part by lifestyle dif-
ferences between African American and white women (Bellavia et al.,
2018), including dietary habits (Zota et al., 2016) and use of beauty
(Zota and Shamasunder, 2017) and hair care products (Helm et al.,
2018). Maternal psychosocial stress, which has been associated with
adverse birth outcomes and impaired fetal growth, has been shown to
potentiate already discrepant environmental exposures leading to a
“double jeopardy” that fosters ongoing racial disparities in adverse
birth outcomes (Kramer and Hogue, 2009; Morello-Frosch and
Shenassa, 2006). While we allowed for confounding effects to vary
according to race to accommodate other unrecognized differences, we
did not capture psychosocial stress in this study.

Whereas the biologic pathways by which gestational phthalate ex-
posure may affect intrauterine growth and development are unclear,
experimental and observational evidence clearly describe androgen
(Foster, 2006; Kay et al., 2014), estrogen (Chen et al., 2014; Jobling
et al., 1995), thyroid (Boas et al., 2012), and cortisol (Ferguson and
Chin, 2017; Kim et al., 2018) disrupting effects. Phthalate exposure
may also have potentially critical implications for maintenance of
pregnancy (Blazer et al., 2003; Fowden, 1995; Harvey et al., 2002; John
and Hemberger, 2012; Smew et al., 2018; Wadhwa et al., 2004). Sev-
eral investigators reported associations between maternal urinary
phthalate metabolites and thyroid hormones in maternal (Huang et al.,
2007; Johns et al., 2016; Johns et al., 2015; Romano et al., 2018) and
cord blood (Huang et al., 2018; Romano et al., 2018), as well as sex-
specific thyroid effects associated with phthalate exposure among
children (Weng et al., 2017). Experimental studies report compromised
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thyroid hormone synthesis and more rapid hepatic clearance of thyroid
hormone following treatment with DEHP (Liu et al., 2015; Ye et al.,
2017), the parent diester to MEHP, MEOHP, and MEHHP. DEHP
treatment also restricted fetal growth in both male and female rats
exposed in utero, with the strongest effects found for late gestation
exposures (Shen et al., 2017), and shown to be mediated by placental
thyroid receptor signaling (Yu et al., 2018). Likewise, anti-androgenic
effects (Foster, 2006; National Academy of Sciences, 2017), attributed
to the parent phthalate diesters of MBP, MiBP, MBzP, and MEP might
account for the greater LBW risk among males in our study. However,
the absence of sex differences for DEHP metabolites undermines that
premise. Maternal and cord serum hormone data were unavailable, so
we were unable to directly investigate hormones as effect-mediators in
this study.

Additional, non-endocrine mechanisms may also contribute to the
reproductive toxicity of phthalates. A large prospective cohort study
recently described significant thickening of the placenta in association
with greater maternal urinary MBP, MEOHP, MEHHP, and MMP, par-
ticularly among male fetuses (Zhu et al., 2018), suggesting that pla-
cental insufficiency may be an important mechanism for phthalate-as-
sociated adverse birth outcomes. Investigators also recently reported
alterations to the placental epigenome relevant to early function
(Grindler et al., 2018). Tissue damage and cell death secondary to in-
creased oxidative stress may play a role as well. Greater urinary 8-
OHAG and 8-isoprostanes, biomarkers of oxidative stress, were reported
in association with greater urinary MBP, MiBP, MBzP, MEHP, MEOHP,
MEHHP, MEP, and other phthalates in pregnant women (Ferguson
et al., 2014b; Ferguson et al., 2015). In fact, a recent study showed up
to 60% of phthalate metabolite-associated PTB as having been mediated
by oxidative stress (Ferguson et al., 2017a).

Our exposure assessment strategy introduced limitations, so our
results should be interpreted with caution. High within woman varia-
bility in urinary phthalate metabolites, evidenced by low to moderate
ICCs in our study and others (Braun et al., 2012; Valvi et al., 2015), and
reported diurnal variability (Fisher et al., 2015), may have biased the
effect estimates towards the null. Although we corrected for urine vo-
lume dilution in spot samples using specific gravity, African Americans
tend to have more concentrated specimens than whites (Hays et al.,
2015; Yeh et al., 2015), which may have contributed to differences due
to imperfect correction. The timing of urine collection may have further
exacerbated exposure misclassification. Earlier work has showed first
trimester maternal urinary phthalate metabolites to potentially be more
relevant for fetal growth restriction and third trimester maternal ex-
posure to be more relevant to spontaneous PTB (Ferguson et al., 2014c).
In contrast, we detected stronger effects for Z-BW and SGA associated
with later pregnancy exposures (i.e., at T»). To increase our chances to
capture sensitive developmental windows (Woodruff et al., 2008), we
leveraged a multiple informants approach with exposure data captured
over time as predictors of Z-BW and SGA. We also implemented stabi-
lized inverse probability of treatment weights to accommodate differ-
ences between the study population and the subpopulation of women
with two gestational urine specimens, although we cannot rule out the
possibility of a selection bias. We further relied upon a single exposure
estimate to avoid survivor bias in assessing PTB and LBW. However,
given intercorrelations, we considered phthalate metabolites in isola-
tion, which may have missed synergistic or antagonistic mixture effects,
and so a future analysis leveraging principle components analysis, k-
means clustering, or other strategies for correlated exposure variables
will be necessary for more definitive results (Kalloo et al., 2018).

Additional study limitations should also be considered when inter-
preting our results. We relied upon self-report to assign maternal race,
which might misclassify some participants, although high concordance
rates (> 75%) have been described for self-report with 35 ancestry
informative genetic markers in a multiethnic population (Lee et al.,
2010). We also did not capture paternity, so multiracial infants may
have been misclassified. Given the associations between race, phthalate
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exposure, and adverse birth outcomes the direction of ensuing bias is
difficult to predict. We excluded women with endocrine disorders at the
time of enrollment, yet some may have developed conditions such as
gestational diabetes (Billionnet et al., 2017; Heindel et al., 2017). Still,
our inferences concerning the overall effects of phthalates and birth
outcomes should remain unbiased. To maximize sensitivity for de-
tecting associations to be confirmed in a more definitive future study,
we did not adjust for multiple testing error (Rothman, 2014). Therefore,
some associations may reflect chance, possibly including the un-
expected protective effects suggested for urinary MBP and late PTB.
Even so, despite a large relative proportion of African American parti-
cipants, available statistical power to detect racial differences was low,
in particular for interaction models, as indicated by wide confidence
intervals for the stratified analyses of SGA, PTB, and LBW. Furthermore,
the categorical MiBP model for SGA did not converge, suggesting an
insufficient sample size. Finally, we adjusted for the most likely con-
founders of associations between phthalate exposure and birth out-
comes. However, we are unable to rule out residual or unmeasured
confounding by additional factors. Mid-gestation BMI reflects an
average 2.5-4.5kg weight gain (ACOG, 2013) and so may have mis-
classified some participants relative to pre-pregnancy BMI, leading to
residual confounding. Unmeasured agents, such as environmental
phenols, that share similar exposure sources with phthalates (Calafat
et al., 2015; Ferguson et al., 2017b; Zota and Shamasunder, 2017) and
may also impact birth outcomes (Gore et al., 2015), and dietary factors,
such as consumption of high fat and processed foods, that predict birth
outcomes (Chen et al., 2016) and are a source of exposure to high
molecular weight phthalates (e.g., DEHP) (Serrano et al., 2014), may
also confound the results.

In summary, we found that the effects of prenatal phthalate ex-
posures on birth outcomes varied by maternal race and infant sex, and
that exposure timing may also be important. While variable, we iden-
tified the largest number of associations for the metabolites of low
molecular weight phthalates frequently used in personal care products
and medications. To the best of our knowledge, these are the first re-
sults to describe differential effects of gestational phthalate exposure
and birth outcomes in African American and white mothers, although
the reasons for such race-based differences remain speculative. Our
results also add to the growing evidence for differential effects ac-
cording to infant sex. Still, our study inclusion criteria were restrictive,
including only uncomplicated singleton live births, so the results should
be generalized with caution. In conclusion, exposure levels modestly
greater than the U.S. average may impact fetal growth and develop-
ment, with varying effects according to maternal race and infant sex.
However, a larger and more comprehensive investigation will be ne-
cessary to more definitively characterize the risks to vulnerable popu-
lations.
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