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BACKGROUND: Prenatal phthalate exposure has been associated with lower birth weight but also higher weight in childhood. Few studies have exam-
ined weight or adiposity from birth to childhood and thus cannot assess growth trajectories associated with exposure.

OBJECTIVE: We assessed associations between maternal phthalate exposures in pregnancy and child weight and adiposity measured prenatally through
childhood (3-6 years of age).

METHODS: Within The Infant Development and the Environment Study (TIDES), a prospective pregnancy cohort, we analyzed a panel of phthalate metab-
olites in urine collected at two visits from early and late gestation (N =780). We estimated average phthalate metabolite associations with child weight
z-scores from ~ 20 wk gestation (estimated by ultrasound), birth, and 1, 3, 4, and 6 years of age using linear mixed-effects (LME) models. We also mod-
eled associations with adiposity z-scores from birth (weight for length) and 1, 3, 4, and 6 years of age [body mass index (BMI)] using LME models.

ResuLTs: For weight, we observed inverse associations between several phthalate metabolites and birth weight z-scores, but no associations were
observed with postnatal weight z-scores in LME models. Regarding adiposity, we observed inverse associations between phthalate metabolites and
weight-for-length z-scores at birth, but positive associations were observed with BMI z-scores at 3—4 years of age in LME models. For example,
mono-ethyl phthalate was associated with a 0.17-unit decrease in birth weight-for-length z-score [95% confidence interval (CI): —=0.29, —0.05] and a
0.18-unit increase in 4-years-of-age BMI z-score (95% CI: 0.04, 0.32).

DiscussioN: We observed associations between prenatal exposure to phthalates and lower weight at birth but not at childhood follow-up visits.
However, for adiposity, we observed an interesting pattern of association with low adiposity at delivery as well as high adiposity at 3—4 years of age.
Although it is not clear from our results whether these associations occur within the same children, such a pattern of adiposity in early life has been
linked to cardiometabolic disease in adulthood and deserves special attention as an outcome in the study of prenatal exposures in the developmental
origins of health and disease. https://doi.org/10.1289/EHP10077

Introduction examined prenatal phthalate exposure in relation to weight or adipos-
Phthalates are found ubiquitously in the environment in personal ity measured longitudinally from the prenatal period to childhood.
care products, food and beverage packaging materials, and vinyl ~ Early work by Barker et al. demonstrated that low birth weight
products. Prenatal exposure to some phthalates has been associated 18 assgmated with cardiovascular and metabolic disease in adult-
with lower birth weight or reduced fetal growth in human popula- hood.” However, this research has evolved to an understanding
tions." Conversely, some studies have observed a positive associa-  that the trajectory of growth in early life is a stronger predictor Og
tion between the same prenatal phthalate exposures and childhood ~ subsequent health than is any cross-sectional measurement.
weight and body mass index (BMI).>™ Few studies, however, have Repeatedly, human studies have identified associations between a

pattern of low birth weight with rapid weight gain in the first
months or years of life and later cardiometabolic disease.o® Thus,
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Methods
Study Population

We conducted our analysis within The Infant Development and the
Environment Study (TIDES), a prospective pregnancy cohort in
which women were recruited early in gestation (at <13 wk, based
on early pregnancy ultrasound or last menstrual period) between
2010 and 2012 at four U.S. sites [University of California, San
Francisco (UCSF), University of Minnesota (UMN), University of
Rochester Medical Center (URMC), University of Washington
(UW)]."! Participants provided informed consent, spoke English,
were free of medical complications that would preclude participa-
tion in the study, and planned to deliver at one of the study site hos-
pitals. During pregnancy, women were asked to participate in three
study visits [median (range) gestational age in weeks=11 (9-
12), 20 (10-22), and 32 (30-35), respectively] to provide biologi-
cal specimens (urine, blood) and to respond to questionnaires.
Self-administered questionnaires from the first study visit, which
were primarily completed electronically at home through a secure
portal, were used to collect information on the covariates used in
the present study, including maternal age, race/ethnicity, education
level, and prepregnancy BML.'' Regarding race, participants were
asked to select one of the following categories: Black or African
American; Asian; American Indian or Alaska Native; Native
Hawaiian or Pacific Islander; White; More than one race; Other; or
Unknown. Ethnicity (Hispanic or Latino vs. not Hispanic or
Latino) was assessed in a separate question. These categories were
combined into White (non-Hispanic white), Black (non-Hispanic
Black or African American), and Other (all other categories) for
the present analyses because of small sample sizes. Current smok-
ing (yes/no) was also self-reported at each study visit and com-
bined to indicate ever smoking in pregnancy for the present
analysis. A birth exam with anthropometrics was completed in the
entire cohort, and follow-up to 1 year of age (boys only) was part of
the original study design. At 3 years of age, all participants were
invited to provide information via mail about child height and
weight. Finally, all mother—child pairs were invited to participate
in study visits at 4 and 6 years of age. Figure 1 displays the timeline
for sample collection and outcome data collection. Study activities
were approved by the institutional review boards (IRBs) at all
study sites. The present analysis was deemed Not Human Subjects
Research by the IRB at the National Institute of Environmental
Health Sciences (NIEHS).

Phthalate Exposure in Pregnancy

We used phthalate metabolite concentrations measured in sam-
ples from visits 1 and 3 for analyses in the present study. A panel
of phthalate and phthalate alternative metabolites was measured
via high-performance liquid chromatography at the National
Center for Environmental Health, Centers for Disease Control

Birth weight (n=780)
Weight-for-length (n=637)
(~40 weeks)

EFW (n=632)
(~20 weeks)

Phthalate metabolites
(~32 weeks)

Phthalate metabolites
(~11 weeks)

Weight (n=282)
BMI (n=282)
(~1 year, boys only)

and Prevention (CDC), or UW, as described in detail else-
where.'? Briefly, for visit 1, all samples from mothers carrying a
male fetus and a quarter of samples from mothers carrying a
female fetus were analyzed at the CDC. The remainder of sam-
ples from mothers carrying a female fetus were analyzed at UW.
For visit 3, all samples were analyzed at the CDC. A subset of
samples were also analyzed for phthalate metabolites at visit 2
(n=169); however, we did not include these measurements in
our analyses given that the sample size was small and measure-
ments were only performed on samples from mothers carrying a
male fetus.'?

For the present analysis, we focused on the 11 phthalate metab-
olites that were measured in the majority of participants and had
>80% of concentrations above the limit of detection (LOD), as
shown in Table S1 and reported elsewhere,'” including mono-
ethyl phthalate (MEP), mono-n-butyl phthalate (MBP), monoben-
zyl phthalate (MBzP), mono-isobutyl phthalate (MiBP), mono
(3-carboxypropyl) phthalate (MCPP), monocarboxyoctyl phthal-
ate (MCOP), monocarboxy-isononyl phthalate (MCNP), and
four di-2-ethylhexyl phthalate (DEHP) metabolites [mono
(2-ethylhexyl) phthalate (MEHP), mono (2-ethyl-5-hydroxyhexyl)
phthalate (MEHHP), mono (2-ethyl-5-oxohexyl) phthalate
(MEOHP), and mono (2-ethyl-5-carboxypentyl) phthalate
(MECPP)]. Concentrations below the LOD were replaced with
the LOD divided by the square root of 2.

Urine samples were analyzed for specific gravity at the time
of sample collection.'® Phthalate metabolites were corrected for
specific gravity using the formula of Boeniger'* and measure-
ments from visit 1 and visit 3 were averaged to obtain a more sta-
ble estimate of each participant’s exposure across the course of
pregnancy. For most metabolites, averages were based on two
measurements for 707 (91%) participants. If only one measure-
ment was available, the single value was used in place of the av-
erage [73 (9%) participants]. For MCOP and MCNP, which were
analyzed in later batches only, only one measurement was avail-
able for 430 (56%) and 339 (44%) participants, respectively.
Finally, the DEHP metabolite averages (MEHP, MEHHP,
MEOHP, and MECPP) were combined in a molar sum (hereafter
presented as XDEHP)."”

Child Weight and BMI z-Scores

Our primary outcome measures were child weight and BMI
z-scores, the latter being an acceptable proxy for adiposity.16
Child weight and BMI measurements were collected and standar-
dized to z-scores, as described below, for 780 participants who
had at least one phthalate measurement available during gesta-
tion, a singleton pregnancy, and birth weight measured at deliv-
ery. The number of observations for weight or BMI varied across
each time point (as shown in Table 1), and none of these missing
outcome measurements were imputed.

Weight (n=279)
BMI (n=215)
(~3 years)

Weight (n=433)
BMI (n=425)
(~4 years)

Weight (n=426)
BMI (n=425)
(~6 years)

Figure 1. Timeline of urinary phthalate metabolite measurements and weight and BMI outcome measurements from The Infant Development and the
Environment Study included in the present analyses. Visit 1 occurred at ~ 11 wk gestation and visit 3 occurred at 32 wk gestation. Note: BMI, body mass

index; EFW, estimated fetal weight.
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Table 1. Distributions of child age, weight, and body mass index (BMI) measures (medians and 25th and 75th percentiles) by study visit in the TIDES study

population (n=780).

Age (y)* Weight (kg)” BMI (kg/m?)° Weight z-score BMI z-score
Study visit 7 Median 25thP 75thP n  Median 25thP  75thP n  Median 25thP 75thP n  Median 25thP 75thP  n  Median 25thP 75th P
20 Wk 632 197 190 203 632 313 271 364 — — — — 632 091 0.21 196 — — — —
Birth 780  39.6 38.7 40.6 780 3.35 3.05 3.68 637 680 634 726 780 030 -033 097 637 029 -036 093
Age (y)
14 282 1.04 1.00 1.13 282 10.1 947 109 282 17.1 16.2 179 282 020 -031 085 282 028 —-034 0.90
3 279 2.92 2.42 325 279 145 12.9 159 215 162 15.4 172279 035 -042 087 215 0.6 -051 095
4 433 4.51 424 469 433 182 16.5 19.5 425 157 14.6 16.6 433 044 -0.15 093 425 024 -065 0.82
6 426 6.21 6.08 6.48 426 225 20.1 245 425 159 14.8 168 426 029 -034 089 425 033 -036 0.87

Note: —, not applicable; P, percentile; TIDES, The Infant Development and the Environment Study.

“Age at 20 wk and at birth is in weeks gestation.
bWeight for 20-wk ultrasound measurements (estimated fetal weight) is in grams.

“For the birth exam, weight-to-length ratio is presented instead of BMI, and weight-to-length ratio z-score is presented instead of BMI z-score. Weight-to-length ratio is reported in

kilograms per meter.
“No data collected for females at 1 year of age.

Mid-Pregnancy Ultrasound Measures

Ultrasound measures of estimated fetal weight (EFW) collected
between 18 and 23 wk of gestation, that is, the approximate win-
dow for routine anatomy ultrasounds, were abstracted from medi-
cal records. If EFW was not reported, we calculated EFW using
the formula of Hadlock from measures of abdominal circumfer-
ence, head circumference, and femur length.'” If participants had
multiple ultrasounds available within the 18-23 wk window, the
EFW measurement occurring closest to 20 wk gestation was
retained for analysis.

We calculated EFW z-scores using the World Health
Organization (WHO) fetal growth charts as a standard population
because, as opposed to other standards, sex-specific charts are
available and references are available for fetuses prior to 22 wk
of gestation.'® We created percentiles for each measurement as
recommended by Kiserud et al.' and subsequently assigned each
percentile a corresponding z-score, as has been done with birth
weight data.®® The final number of observations for EFW
z-scores was 632 (Table 1).

Birth Measurements

Beginning at birth, we created weight z-scores, as well as adipos-
ity z-scores (based on weight-for-length or BMI). Birth weight
(in grams) was collected from medical records for all newborns.
Sex-specific z-scores for birth weight for gestational age were
calculated from the International Fetal and Newborn Growth
Consortium for the 21st Century INTERGROWTH-21st) stand-
ards.”' Neonatal length was assessed at an exam performed
shortly after birth.?? We only used length measurements that
were recorded within 1 wk (<8 d) of birth. Combining these with
the birth weight measures above, we calculated weight-for-length
z-scores, also using the INTERGROWTH-21st standards.?'
Weight-for-length is preferred to BMI or ponderal index as a
measure of adiposity in this age range because it is a better pre-
dictor of infant free fat mass.>> The final numbers of observations
for birth weight z-scores and weight-for-length z-scores were 780
and 637, respectively (Table 1).

One-Year-of-Age Measurements

One-year-of-age weight and length were assessed at an in-person
visit in boys only (per funding; range in years: 0.8—1.7). Weight
was measured using the Seca Infant Scale Model #334 to the
nearest 10 g, and length was measured with the Seca
Infantometer Model #416 to the nearest 0.1 cm. Sex- and age-
specific z-scores for weight and BMI were calculated using WHO
growth charts that are optimized for children under 2 years of
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age24. The final number of observations for 1 year of age weight
and BMI z-scores was 282 (Table 1).

Approximately Three-Years-of Age Measurements

Early preschool period weight and length measurements in boys
and girls were assessed once via maternal report in a mailed ques-
tionnaire. The range in ages at this time point was wider than
others (minimum=1.67 y, maximum=>5.25y); thus, data for
this period were restricted to measurements collected at >2- and
<4-years-of-age visits. Sex- and age-specific z-scores for weight
and BMI were calculated using CDC growth charts [25]. The
final numbers of observations for 3-years-of-age weight and BMI
z-scores were 279 and 215, respectively (Table 1).

Four- and 6-Years of-Age Measurements

Weight and height at 4 and 6 years of age in boys and girls were
measured at an in-person visit by study staff who received in-
person training for a standardized protocol. The range in years
for the 4-years-of-age visit was 4-5.8 y, and for the 6-years-of-
age visit, 5.8-8 y. Weight was measured on a digital scale after
the child removed any footwear or heavy clothing. Height was
measured after the child removed any footwear using a Shorr
board. Both height and weight measurements were taken twice
and averaged for analyses, and a third measure was taken if the
first two had too much variability. Sex- and age-specific z-scores
for weight and BMI were also calculated using CDC growth
charts and implausible z-scores were identified in the same man-
ner.”> For 4 years of age, the final numbers of observations for
weight and BMI z-scores were 433 and 425, respectively. For 6
years of age, there were 426 and 425 observations, respectively
(Table 1).

Statistical Analysis

All statistical analyses were E)erformed using R (version 3.6.3; R
Development Core Team) S and SAS (version 9.4; SAS
Institute). Demographic characteristics of the study sample were
summarized. In addition, the 25th, 50th, and 75th percentiles of
the average prenatal phthalate concentrations, as well as the child
age, weight, and BMI measurements at each study visit, were
calculated.

Linear mixed-effects models. In our primary analysis of
weight and BMI z-scores, we used linear mixed-effects (LME)
models to estimate the unadjusted and adjusted mean difference
and 95% confidence intervals (CIs) in repeated growth measures
for an interquartile range (IQR)-increase in maternal average uri-
nary phthalate measurements. Specifically, outcomes for child
weight models included an EFW z-score from ultrasounds taken
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Table 2. Demographic characteristics of the TIDES study population
(N =1780).

Demographic characteristics n (%) or mean (SD)
Study center
University of California, San Francisco 187 (24)
University of Minnesota 209 (27)
University of Rochester Medical Center 221 (28)
University of Washington 163 (21)
Maternal age (y) 30.5 (5.56)
Missing 2
Maternal race
White 532 (68)
Black 101 (13)
Other” 145 (19)
Missing 2
Maternal education level
High school or less 109 (14)
Any technical school/college 335 (43)
Graduate work 327 (42)
Missing 9
Prepregnancy BMI (kg/m?) 25.7 (6.37)
Missing 11
Ever smoked during pregnancy
No 643 (92)
Yes 57 (8)
Missing 80
Child sex
Female 398 (51)
Male 382 (49)

Note: BMI, body mass index; TIDES, The Infant Development and the Environment
Study; SD, standard deviation.

“Other includes Asian (n = 50), American Indian or Alaska Native (n = 5), Native Hawaiian
or Pacific Islander (n = 4), multiracial (n = 30), Other (n = 44), and Unknown (n = 12).

at ~20 wk of gestation, birth weight z-scores measured at deliv-
ery, and child weight z-scores collected at 1, 3, 4, and 6 years of
age. For child BMI models, outcomes included weight-for-length
z-scores measured at delivery and child BMI z-scores collected at
1, 3, 4, and 6 years of age. We included an interaction term
between exposure and study visit for all models because prelimi-
nary analyses showed that the exposure—outcome associations
differed based on the timing of outcome assessment. The p-value
for a likelihood ratio test comparing the full model without
phthalate metabolite vs. a full model with phthalate metabolite
was used to identify significant (p <0.05) overall associations.
All models were adjusted for the following covariates, which
were selected a priori based on a directed acyclic graph: maternal
age (y, continuous), maternal race (White/Black/Other), educa-
tion level as a proxy for socioeconomic status (High school or
less/Any technical school or college/Graduate work), prepreg-
nancy BMI (in kilograms per meter squared, continuous), and
Study site (UCSF/UMN/URMC/UW). We adjusted for race as a
confounder because phthalate exposure levels and patterns of
birth weight and childhood weight gain are both associated with
race owing to social factors. Missing covariate data was minimal,
with the exception of smoking (10%; Table 2), and was imputed
10 times (with 10 iterations) using multiple imputation chained
equations (MICE). Missing exposure and outcome data were not
imputed. LME models were constructed using the Ime4 pack-
age’’ and imputation was performed using the mice package in
R.2® As part of the model-building process, we explored nonli-
nearity using models fit with natural cubic splines. Models fit
with spline terms were compared with models including only a
simple linear term using likelihood ratio tests. The p-values from
these comparisons were all >0.15, indicating little evidence of a
nonlinear association. Therefore, in our modeling approach, we
used simple linear terms to represent phthalate measures.

Several sensitivity analyses were performed to ensure the
reported results were robust. First, the potential effect of smoking in
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pregnancy, although uncommon in this study population, was exam-
ined by reconstructing models with additional adjustment for self-
reported smoking status. Second, the potential for confounding by
child sex or for sex-specific associations between phthalates and
growth were examined. To investigate this possibility, we recon-
structed our models with adjustment for child sex. In addition, we
created models that were stratified according to child sex, and
tested for interactions by sex with likelihood ratio tests that com-
pared models with a two-way interaction (phthalate metabolite X
time of outcome measurement) vs. a three-way interaction
(phthalate metabolite X time of outcome measurement X sex), with
p <0.05 used to identify significant differences in associations by
sex. Third, because some of the urine samples used for phthalate
metabolite measurement were collected after the time of the ultra-
sound for EFW, we examined associations with phthalate metabolite
concentrations at visits 1 and 3 separately and provided a Spearman
correlation matrix between the repeated measures to contextualize
those results. Last, to examine the influence of missingness on our
results, we examined demographic characteristics among individuals
in the overall sample compared with those who contributed data to
the 6-years-of-age visit only and additionally recreated our LME
models with inverse probability weights IPWs) to account for miss-
ing growth outcomes. IPWs were constructed using logistic regres-
sion models with predictors of missingness for each outcome.
Significant (i.e., p < 0.05) predictors of outcome missingness were
initially identified using univariate models. We examined covariates
included in our primary models (listed in Table 2) as well as addi-
tional variables that we expected might be related to missingness,
including alcohol consumption, income, parity, marital status, and
previous diagnosis of diabetes. Predictors that were significantly asso-
ciated with missingness in univariate models were included in subse-
quent multivariate models, and only the predictors that maintained
statistical significance were retained in final models for parsimony.
Final multivariate models for IPW included the following predictors
of missingness: maternal race and alcohol consumption for weight
outcomes; and study center, maternal race, and maternal age for BMI
outcomes. Weights were stabilized prior to incorporation into statisti-
cal analyses.

Group-Based Trajectory Models. As a secondary approach,
we used group-based trajectory modeling to identify subgroups
of individuals sharing similar patterns of weight or BMI change
over time.?’ Based on previous work using this method,*® we
explored two- to five-group solutions for both our weight and
BMI trajectory analyses, with a default cubic polynomial to allow
flexibility in trajectory shape. Following identification of the opti-
mal number of groups, nonsignificant polynomial terms were
removed from the trajectory model in favor of parsimony.3 ''We
evaluated the optimal number of groups using substantive knowl-
edge and statistical criteria.’' We selected the highest number of
groups that met the following criteria: log Bayes factor, that
is, 2 x [Bayesian information criterion (BIC) from more complex
model - BIC from simpler model], required to be >2; average
posterior probabilities of class membership required to be >0.70;
and smallest sample size in each group required to be at least 5%
of the study sample.®’ Participants were subsequently assigned to
the group trajectory corresponding to their highest posterior
inclusion probability. Weight and BMI trajectories were visual-
ized by graphically displaying the predicted mean z-score and
95% Cls for each group.

Following group assignment, we tabulated the distribution of
demographic variables according to weight- or BMI-trajectory
group assignments. In addition, we calculated the 25th, 50th, and
75th percentiles of phthalate metabolite concentrations according
to group membership. Crude differences in metabolite concentra-
tions between weight or BMI trajectory groups were examined
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Table 3. Distributions of average phthalate metabolite concentrations in
maternal urine (ng/mL) (as medians and 25th and 75th percentiles).

Phthalate metabolite n Median 25th P 75th P IQR
MEP 780 37.3 16.1 88.1 72.0

MBP 780 8.99 5.60 14.5 8.91
MBzP 780 4.49 2.25 8.85 6.60
MiBP 780 5.97 3.67 9.94 6.26
MCPP 780 2.03 1.19 441 3.21
MCOP 769 15.7 7.51 34.7 27.2

MCNP 769 2.45 1.58 4.19 2.60
Y>DEHP* 780 0.09 0.06 0.13 0.07

Note: Phthalate metabolite concentrations were corrected for urinary specific gravity
prior to averaging. IQR, interquartile range; MBP, mono-n-butyl phthalate; MBzP,
monobenzyl phthalate; MCNP, monocarboxy-isononyl phthalate; MCOP, monocarbox-
yoctyl phthalate; MCPP, mono(3-carboxypropyl) phthalate; MEP, mono-ethyl phthalate;
MiBP, mono-isobutyl phthalate; P, percentile; XDEHP, summed di-2-ethylhexyl
phthalate.

“Units are in nanomoles per milliliter.

using Kruskal-Wallis tests. Subsequently, we used linear regres-
sion models to estimate the association between trajectory group
membership (independent variable) and urinary phthalate concen-
trations (dependent variable). Specifically, we report the popula-
tion marginal mean phthalate metabolite concentrations within
each weight- and BMI-trajectory group. To ensure comparability
across analyses, these models included the same covariates as our
LME models. Groug—based trajectory modeling was performed
using PROC TRAJ,* and population marginal mean phthalate
concentrations were calculated using the LSMEANS statement in
SAS. Missing data were imputed (as described above) and results
were averaged across all data sets using MIANALYZE in SAS.

Results

Of the 969 participants enrolled in the study, we included 780 for
the present analysis who had a singleton pregnancy, at least one
phthalate metabolite measurement from pregnancy, as well as
birth weight at delivery. Mothers from our study population were
primarily White (68%) and well educated (Table 2). As part of
our study design, we had complete information on birth weight.
Availability of weight and adiposity measures by study visit are
displayed in Table 1, and by sex in Table S2. Ultrasound esti-
mates of fetal weight were available between 18 and 22 wk of
gestation on 632 participants (81%). At 1 year of age, 74% of
boys from this sample participated in the in-person follow-up,
and girls were not examined at this time point. Participation in
the 3-years-of-age questionnaire was low overall (36% for
weight, 28% for BMI). However, attendance at the 4- and 6-
years-of-age in-person visits was higher; 62% of participants par-
ticipated in at least one of the two visits. At 4 years of age, 56%
of participants had a weight measurement and 54% had a BMI
measurement, and availability at 6 years of age was similar. Total
number of visits attended and the last observed visit are displayed
in Table S3.

Distributions of pregnancy-averaged phthalate metabolite
concentrations, corrected for urinary specific gravity, are pre-
sented in Table 3. All associations for subsequent analyses are
presented as the change per IQR difference.

LME Models

Results from LME models for weight showed a significant
overall association for MEP, MBzP, and MiBP. Associations
(95% ClIs) outputted from each study visit are displayed in
Figure 2 and Table S4. MEP, MBzP, MiBP, and MBP were all
inversely associated with weight at birth, but generally not with
weight measurements at other study visits. For example, an
IQR difference in MEP was associated with a 0.14 decrease
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in birth weight z-score (95% CI: —0.23, —0.04), which corre-
sponds to ~ 50 g at birth; however, associations at other study
visits were largely null [20 wk gestation=-0.02 (95% CI:
—-0.13, 0.08); 1year of age=0.04 (95% CIL. -0.11, 0.18);
3years of age=-0.002 (95% CI. -0.15, 0.15); 4 years of age=
0.05 (95% CI: -0.08, 0.17); 6 years of age =0.06 (95% CI: -0.06,
0.19)].

LME models for BMI showed significant overall associations
for all phthalate metabolites except for MCNP and XDEHP.
Results from individual study visits showed inverse associations
between MEP, MBP, MBzP, and MiBP and weight for length at
birth, and positive associations between MEP, MBP, MBzP,
MCPP, and MCOP at 3 years of age, 4 years of age, or both.
(Figure 3; Table S5). For example, MEP was associated with a
0.17 decrease in birth weight-for-length z-score (95% CI: —0.29,
—0.05), and a 0.18-unit increase in 4-years-of-age BMI z-score
(95% CI: 0.04, 0.32). These associations roughly correspond to
0.12 and 0.15 kg/m?, respectively.

Sensitivity analyses for our LME model results showed general
robustness to model misspecification. First, our primary associa-
tions were only slightly attenuated compared with those from mod-
els without adjustment for covariates (Tables S6 and S7 for weight
and BMI, respectively). Second, adjustment for maternal smoking
had almost no impact on associations (Tables S8 and S9).
Adjustment for child sex similarly had little effect (Tables S10 and
S11). However, likelihood ratio tests showed that differences by
sex for models of weight z-scores, but not BMI z-scores, were stat-
istically significant for all phthalate metabolites (all p <0.05;
Table S12). Models of weight z-scores that were stratified by sex
showed the same direction of effects in girls and boys, but with
slightly greater associations (i.e., more negative associations
between MEP, MBzP, and MiBP) in boys (Table S13). Models of
BMI z-scores stratified by sex showed similar associations between
girls and boys at birth, but at 4 years of age the associations were
greater in magnitude (i.e., more positive) for boys (Table S14).
Third, we observed low-to-moderate correlations between phthal-
ate metabolite concentrations from visits 1 and 3 (Figure S1).
Models where phthalate metabolites from visits 1 and 3 were mod-
eled separately showed that associations were similar, although
attenuated as expected owing to measurement error, for measure-
ments from either time point (Tables S15 and S16 for weight and
BMLI, respectively). Finally, demographic characteristics were sim-
ilar in individuals from the overall sample compared with the those
who contributed data to the 6-years-of-age visit (Table S17), and
models with IPW showed that results were similar after accounting
for missing growth outcomes (Tables S18 and S19 for weight and
BML, respectively).

Group-Based Trajectory Models

In our secondary approach, we identified four groups of individu-
als with unique weight trajectories (Figure 4). The model fit with
four groups had a log Bayes factor >2, had sufficient average
posterior probabilities of inclusion (78%), and had sufficient sam-
ple size within each group (Table S20). The four groups can be
roughly characterized as “low” (lower weight z-scores from 20
wk gestation to 6 years of age), “medium” (intermediate weight
z-scores), “high” (consistently highest weight z-scores), and
“low-high” (lower weight z-scores at 20 wk gestation and birth,
but higher weight z-scores at 4 and 6 years of age). The low—high
group comprised individuals who were more often from the
URMC study site, self-identified as Black, had a lower education
level, and smoked during pregnancy (Table S21). We hypothe-
sized that individuals in the low-high group would also have the
highest exposure to phthalates. In general, however, pregnancy-
averaged phthalate metabolite concentrations did not differ across
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Figure 2. Adjusted difference in weight z-scores (95% ClIs) per IQR increase in pregnancy average of individual phthalate metabolite biomarkers (n=780).
Effect estimates were calculated using linear mixed-effects models adjusted for maternal age (y), race (White/Black/Other), education level (High school or
less/Any technical school or college/Graduate work), prepregnancy BMI (kg/m?), and study site (UCSF/UMN/URMC/UW). For models of MCOP and
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boxypropyl) phthalate; MEP, mono-ethyl phthalate; MiBP, mono-isobutyl phthalate; XDEHP, summed di-2-ethylhexyl phthalate; UCSF, University of
California, San Francisco; UMN, University of Minnesota; URMC, University of Rochester Medical Center; UW, University of Washington.

groups, either when crudely estimated (Table S22) or when esti-
mated from adjusted least square models that accounted for
maternal age, race, education level, prepregnancy BMI, and study
site (Figure 5, Table S23).

We also investigated BMI trajectories using group-based tra-
jectory modeling; however, we did not identify a low-high group
as we expected. The optimal number of groups was three (Table
S24). These groups could roughly be characterized as low, me-
dium, and high for BMI (or weight-for-length) z-scores from
birth to 6 years of age (Figure S2). The fewer, less-informative
groups (as compared with groups for weight) could be due to
fewer observations per participant (mean=2.5 as opposed to
mean = 3.6 for models of weight), as well as to fewer study visits
(i.e., no fetal measure for BMI). BMI groups did not appear to
be strongly linked to participants’ demographic characteristics
(Table S25) nor to pregnancy-averaged phthalate metabolite
concentrations from adjusted models (Table S26).

Discussion

Within a cohort of pregnant women and their children from four U.S.
sites, we observed associations between prenatal exposure to some
phthalates and low adiposity at delivery (i.e., weight-for-length

Environmental Health Perspectives

047006-6

z-scores), as well as high adiposity at 3-6 years of age (i.e., BMI
z-scores). This was most evident for MEP, MBzP, and MBP. Fewer
associations were observed between phthalate metabolites and weight
measurements, although several metabolites (MEP, MBP, MBzP,
and MiBP) were inversely associated with weight at birth.

Our findings point toward an association between prenatal
phthalate exposure and adiposity, rather than weight in other
compartments. In the prenatal period, phthalate metabolites were
not associated with EFW at ~ 20 wk gestation. During this pe-
riod, fetal mass is predominantly composed of skeleton and
organs, whereas adipose accumulates late in Ere%nancy.32’33 At
birth, after adipose deposition has occurred,‘2'3‘ we observed
inverse associations between several phthalate metabolites and
weight and similar—if not stronger—associations with weight-
for-length. Finally, at study visits in early childhood (3—6 years
of age), we observed few associations between exposure and
weight, but positive associations with BMI.

An interesting animal study observed a pattern of the effects
of DEHP on adiposity that is similar to what we observed in the
TIDES study population, although our findings were for different
phthalates. Strakovsky et al. found that rats exposed prenatally to
DEHP had reduced adiposity, but not weight, at birth.*
Furthermore, the exposed rats experienced a catch-up in
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adipocyte maturation and lipid accumulation that resulted in
overweight, and exacerbated the effects of a high-fat diet in adult-
hood (i.e., resulted in greater weight gain than was otherwise
observed with the high-fat diet).** Although, to our knowledge,
similar studies have not been performed with the phthalates that
were associated with adiposity in our study, other phthalate
monoesters are known to activate peroxisome proliferator-
activated receptors in the same fashion as DEHP metabolites.*”*
Given that these receptors are known to regulate maturation of
adipocytes, our findings are biologically plausible.37’38

Despite our observed dimorphic associations (i.e., low adi-
posity at birth and high adiposity in childhood), our statistical
approach does not elucidate whether this pattern occurs among
the same individuals. It is also possible that our results are
showing associations with two groups—one where exposure is
associated with low birth weight, but no associations in child-
hood, and one where exposure is associated with no changes at
birth but higher adipose in childhood. However, the pattern of
low adiposity at birth and rapid catch-up growth is of great im-
portance for later-life cardiometabolic health.®® We attempted
to investigate associations with this pattern directly but employ-
ing group-based trajectory models for weight and adipose
z-scores from the prenatal period to 6 years of age. These mod-
els relax the assumption that all individuals have the same
growth curve, and allows for investigation of subgroups that
follow unique trajectories.”® These models identified unique
phenotypes of weight, including a low—high group that may be
problematic for later-life cardiovascular and metabolic health.®
However, a similar trajectory for BMI was not identified within
our data set, as we anticipated. Given the results for weight
from our LME models, it was not surprising that phthalate
metabolites were not associated with the weight trajectories in
our study. However, our approach may be useful for future
investigation of these and other environmental contaminants in
populations where such a trajectory of low adiposity at birth
and high adiposity in childhood exists.
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Our findings add to a large body of literature on the associa-
tions between prenatal phthalate exposure and birth weight, as
well as childhood weight and BMI. The literature on prenatal
phthalate exposure and size at birth is quite mixed, although
many report an inverse association with low molecular weight
phthalates, including MEP and MBP.'** Notably, very few of
these studies report on measures of adiposity, such as weight for
length or ponderal index at birth.*'*> The data on prenatal
phthalate exposure and childhood weight or BMI is similarly
mixed.>**~* In our analysis, we observed positive associa-
tions between prenatal measures of MEP, MBP, MBzP, MCPP,
and MCOP with BMI z-scores from 3 to 6 years of age, but not
childhood weight. The heterogeneity in findings could be attrib-
utable to numerous factors, including study population charac-
teristics (e.g., prevalence of childhood obesity), differences in
exposure assessment approaches, timing of follow-up, and
availability of covariate data. Strong conclusions about the obe-
sogenic effects of phthalate exposure in utero must wait until
larger studies, such as the Environmental influences on Child
Health Outcomes (ECHO) program, can fully assess the impacts
of these factors.*’

Our study is relatively unique in combining data from the
neonatal period through childhood in the same analysis, and
among existing studies has the largest sample size. Previously,
Botton et al. observed associations between MEP and early child-
hood growth velocity (weight and height) as well as BMI at 5
years of age.” Heggeseth et al. also observed positive associations
between prenatal MEP and BMI between 2 and 14 years of age
using multiple longitudinal approaches.50 Finally, Yang et al. cre-
ated BMI trajectories from birth to 14 years of age with some-
what mixed findings for associations with prenatal phthalate
metabolite tertiles.”' All studies used different statistical
approaches. Our primary analysis used LME models, which have
improved power for testing overall associations (as compared
with multiple cross-sectional models). These models also enable
testing of differences in associations based on timing of outcome

130(4) April 2022



measurement and can easily handle missingness. However, as
above, this approach cannot provide information about the pat-
tern of associations. The group-based trajectory approach, which
may prove useful in this regard, has been used frequently in the
study of childhood BMI*? but less so in investigating the environ-
mental origins of adverse weight gain trajectories.” Future stud-
ies with additional study visits and observations, or that include
populations who are at higher risk for adverse weight gain pat-
terns (e.g., individuals residing in food deserts who have re-
stricted access to fresh f00d554), may be able to observe a low—
high BMI group that would be more relevant for associations
with prenatal phthalate exposure.

The primary limitation to our study was loss to follow-up
from birth to 6 years of age, which is not uncommon in birth
cohort studies but could limit the generalizability of our findings.
In the pooled study of prenatal phthalate exposure and childhood
BMI, Buckley et al. examined the impact of loss to follow-up and
observed that children with follow-up were more likely to have a
higher BMI.> Associations were similar when they accounted for
missingness in their model, which is consistent with what we
observed in our sensitivity analysis. A second limitation is lack
of information on maternal or childhood diet. Exposure to some
phthalates occurs through consumption of contaminated foods,
particularly those that are high in fat and may be linked to child-
hood obesity.>> However, our primary findings were for the pri-
mary metabolite of di-ethyl phthalate (DEP), which is found at
very low levels across food groups.>® Third, the generalizability
of our findings may also be limited by the fact that our population
was primarily White and highly educated. Fourth, we did not
have information available on childhood phthalate exposure for
our analyses. Although correlations between prenatal and child-
hood exposure levels are known to be low,’® there is a possibility
that exposures during the childhood period could partially explain
our findings. Fifth, our estimation of phthalate metabolite concen-
trations for individuals in each trajectory group did not account
for the uncertainty in trajectory assignment. However, it is
expected that this would bias any differences observed toward the
null.>” Sixth, although we averaged two urinary measurements of
phthalate metabolites in pregnancy to create a more stable esti-
mate of exposure, more measurements would have been better,
given that phthalates are variable across the course of gestation.”®
Seventh, the data on height and weight from the 3-years-of-age
visit were self-reported. Because error in reporting is unlikely to
be related to phthalate exposure levels, this may have biased
results from this visit toward the null. Eighth, although our data
had four U.S. sites, these data were from populations in urban or
urban-adjacent locations and thus our findings may not be gener-
alizable to populations in rural locations. Finally, we know that
prenatal phthalate metabolites are correlated with one another,
including in this study population (Spearman p=0.03 -0.67).%
We created single-pollutant models to best compare our findings
to previous studies and did not create copollutant models or mod-
els of cumulative associations so that we could pay more atten-
tion to approaches we used to model outcome. However, future
studies should also consider using one of the many mixtures
approaches available to address these questions.

The strengths of our study included its prospective design
from the prenatal period through childhood and the use of a large
cohort with four U.S. sites. Furthermore, we fully used the longi-
tudinal data with LME models, as well as group-based trajectory
models, the latter of which have seldom been applied in the study
of environmental exposures and early life weight and adipose
gain and may have greater clinical utility.

Our findings coalesce the knowledge from the cross-sectional
literature on the impact of prenatal phthalate exposure on weight
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and adipose of the baby at birth through childhood. We observed
associations between prenatal phthalate metabolites and
decreased adiposity at birth and higher adiposity in childhood
from 3 to 6 years of age. Given the high rates of childhood obe-
sity in the United States,’" continued investigation of the role of
environmental exposures such as phthalates is warranted.
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