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Abstract

Excessive gestational weight gain contributes to adverse maternal and neonatal outcomes. 

Environmental exposures such as phthalates may lead to metabolic dysregulation, and studies 

suggest possible associations between maternal phthalate exposure and altered gestational weight 

gain. We assessed the association between nine maternal phthalate metabolites and measures 

of total gestational weight gain (pre-pregnancy to median 35.1 weeks of gestation) in a case-

control study nested within LIFECODES (N = 379), a prospective birth cohort from Boston, 

Massachusetts (2006-2008). Our primary outcome was total gestational weight gain z score, a 

measure independent of gestational age that can provide a less biased estimate of this association. 

Our secondary outcomes were total gestational weight gain, rate of gestational weight gain, and 

adequacy ratio. The results were stratified by pre-pregnancy body mass index category. We found 

that concentrations of mono-(3-carboxypropyl) phthalate (MCPP) and mono-n-butyl phthalate 

(MBP) were positively associated with total gestational weight gain z scores among participants 

with obesity: adjusted mean difference (95% Confidence Interval [CI]) = 0.28 (0.03 – 0.46) and 
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0.11 (0.00 – 0.21) corresponding to an excess weight gain of 1.81 kilogram (kg) and 0.77 kg at 35 

weeks of gestation per interquartile range-increase in MCPP and MBP, respectively. Also, among 

participants with obesity, MBP demonstrated a potential non-linear relationship with gestational 

weight gain in cubic spline models. These findings suggest that phthalates may be related to 

higher gestational weight gain, specifically, among individuals with pre-pregnancy obesity. Future 

research should investigate whether pregnant people with obesity represent a subpopulation with 

sensitivity to phthalate exposures.
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1. Introduction

Both inadequate and excessive gestational weight gain are associated with adverse maternal 

and neonatal health outcomes including gestational diabetes, preterm birth, and postpartum 

weight retention in the pregnant individual and large for gestational age and macrosomia 

in the offspring (Goldstein et al., 2017; Li et al., 2013; Pigatti Silva et al., 2019). 

Factors influencing gestational weight gain are multifactorial spanning sociodemographic, 

behavioral, and nutritional determinants (Bodnar et al., 2011; Campbell et al., 2016). 

Environmental chemical exposures are of emerging importance in our understanding of 

potentially modifiable factors influencing gestational weight gain.

Phthalates are a class of synthetic chemicals with potential obesogenic effects found 

in personal care products, medical supplies, building materials, and food packaging. 

Researchers observe ubiquitous exposure to phthalates within the general population (Zota 

et al., 2014). One way that phthalates are proposed to affect weight and metabolism is 

through the activation of peroxisome proliferator-activated receptors (PPARs) which have 

downstream effects on energy homeostasis through enhancing adipogenesis (Desvergne 

et al., 2009). Animal models also provide support for the obesogenic and metabolism-

disrupting role of phthalates via activation of PPARs (Feige et al., 2010).

Outside of pregnancy, studies demonstrate an association between phthalate exposure and 

increased weight and weight gain (Buckley et al., 2019; Song et al., 2014; Trasande et 

al., 2013). Pregnancy represents a period of the life course with modified metabolic and 

physiologic adaptation; thus, pregnant individuals may be particularly sensitive to the 

impact of phthalates (Ferguson, McElrath, Ko, et al., 2014). Some prior studies support 

an association between maternal phthalate exposure and changes in weight gain during 

pregnancy. However, these studies have reported positive (Bellavia et al., 2017; Gao et 

al., 2021; James-Todd, Meeker, et al., 2016; Li et al., 2019; Tyagi, James-Todd, Minguez-

Alarcon, et al., 2021; Zukin et al., 2021), negative (Deierlein et al., 2022; Pacyga et al., 

2022) and null associations (Philips, Jaddoe, et al., 2020). Reports also differ with respect 

to the number and timing of phthalates measured and the phthalates implicated in the 

association with gestational weight gain. In addition, despite the fact that humans are 

co-exposed to numerous phthalates as a mixture, few studies have considered the cumulative 
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effect of phthalate exposure on gestational weight gain (Deierlein et al., 2022; Gao et al., 

2021; Pacyga et al., 2022).

Methods for quantifying gestational weight gain also vary between studies, complicating the 

comparability of results. Furthermore, preterm birth (i.e., delivery < 37 weeks of gestation) 

is often an exclusion criterion (Bellavia et al., 2017; James-Todd, Meeker, et al., 2016). 

Since prenatal phthalate exposure is associated with preterm birth (Ferguson, McElrath, & 

Meeker, 2014; Ferguson et al., 2019), this may exclude people with the greatest burden 

of exposure from assessment. Additionally, commonly used measures of gestational weight 

gain (e.g., total gestational weight gain, rate of gestational weight gain, gestational weight 

gain adequacy ratio) do not properly account for the natural correlation with gestational 

duration and may bias studies evaluating environmental exposures and total gestational 

weight gain when the exposure is also associated with the timing of delivery (Bodnar et al., 

2015).

In this study, we sought to investigate the association between maternal phthalate exposure 

and gestational weight gain within a prospective birth cohort. Specifically, we measured the 

association between nine phthalate metabolites in maternal urine and their associations with 

gestational weight gain z scores, a measure of gestational weight gain that is uncorrelated 

with gestational age. In addition, we included analyses of other commonly used measures 

of total gestational weight gain (e.g., total gestational weight gain) to investigate whether 

results differed across these measures. Last, we used a mixtures-based approach, quantile 

g-computation, to examine the association between cumulative phthalate exposure and 

gestational weight gain.

2. Methods

2.1. Study sample

The study sample was drawn from the LIFECODES cohort, an on-going prospective birth 

cohort at Brigham and Women’s Hospital in Boston, Massachusetts (Ferguson, McElrath, & 

Meeker, 2014). Individuals are eligible to participate if they are 18 years or older, initiate 

prenatal care prior to 15 weeks of gestation, and plan to deliver at Brigham and Women’s 

Hospital. Participants attend four study visits, where questionnaires are administrated, which 

correspond to routinely scheduled prenatal care appointments (median: 9.7, 18.0, 26.1, 

and 35.1 weeks of gestation). Enrollment occurs during the first study visit. Gestational 

age is calculated using the last menstrual period and confirmed by ultrasound according 

to American College of Obstetrics and Gynecology guidelines (ACOG, 2014). Spot urine 

specimens are collected at each study visit. Following collection, urine specimens are stored 

at 4° C for a maximum of two hours prior to storage at −80° C until further chemical 

analysis.

We derived our study sample from participants with singleton pregnancies enrolled in the 

LIFECODES birth cohort between 2006-2008 (N = 1,181) that were included in a nested 

case-control study (N = 482). Details about the nested case-control have been described 

elsewhere (Ferguson, McElrath, & Meeker, 2014). Briefly, participants were selected for 

inclusion within the case-control study with an approximate ratio of 1:3 for preterm to term 
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births. Preterm birth cases (N = 130) and term birth controls (N = 353) were randomly 

selected from cases and non-cases in the baseline LIFECODES study (N = 143 preterm 

and N = 1,039 term birth, respectively). We developed our study sample (Supplementary 

Figure 1) by further exclusion of individuals who developed preeclampsia or gestational 

diabetes from the analytical sample (N = 86) in accordance with recommendations for the 

best practices of studies evaluating maternal weight gain (Hutcheon & Bodnar, 2018), and 

because gestational weight gain trajectories differed among women with gestational diabetes 

and preeclampsia, compared to no events, in the current sample (Supplemental Figure 2). 

We excluded an additional 17 participants because they had one or more of the following: 

an intrauterine fetal demise (N = 1); missing gestational weight measures beyond the first 

trimester (N = 2); or missing covariates for insurance status or maternal education (N = 14). 

The final analytical sample comprised 379 participants.

2.2. Phthalate metabolite quantification

Nine phthalate metabolites were analyzed by NSF International (Ann Arbor, MI, USA) from 

the available urine samples collected at study visit 1 (N = 378), study visit 2 (N = 335), 

and study visit 3 (N = 322). Phthalate metabolites were also measured in samples from 

study visit 4, but due to the number of preterm births within the study sample, few were 

available, and we excluded these measurements from our analysis (Ferguson, McElrath, 

& Meeker, 2014). Phthalate metabolites were detected and quantified using enzymatic 

deconjugation of glucuronidated metabolites and solid-phase extraction coupled with high 

performance liquid chromatography-tandem mass spectrometry (Silva et al., 2007).Values 

below the limit of detection (LOD) were imputed as the LOD divided by the square root of 

2 (Homung & Reed, 1990). The phthalate metabolites were specific gravity (SG)-corrected 

to adjust for urinary dilution with the formula: Pc = P[(1.015 – 1)/SG – 1], where Pc is the 

SG-corrected phthalate concentration, P is the observed phthalate concentration, SG is the 

observed specific gravity, and 1.015 is the median SG of the study population (Ferguson, 

McElrath, & Meeker, 2014). We calculated the geometric mean of each phthalate metabolite 

across the three study visits to estimate average phthalate exposure during pregnancy. A 

summary measure for the four metabolites of di(2-ethylhexyl) phthalate (DEHP) was created 

by summing their molar concentrations (ΣDEHP, micromoles/liter). Phthalate metabolite 

concentrations were natural log (ln)-transformed prior to analysis given their highly skewed 

nature.

2.3. Maternal weight measurements

Pre-pregnancy weight was self-reported at the first study visit, and participant height was 

measured by trained medical staff at the first study visit using instruments calibrated for 

clinical use. Maternal gestational weights were collected by trained medical staff at routine 

prenatal visits corresponding with study visit 1 (N = 376), study visit 2 (N = 353), study visit 

3 (N = 348) and study visit 4 (N = 336). If maternal pre-pregnancy weight was unavailable, 

we substituted the weight measured at the first study visit (N = 4, median gestational age 

= 8.3 weeks). When available, we compared self-reported pre-pregnancy weight with first 

trimester weights to identify implausible values. The median difference in these weight 

measures was 1.8 kg (interquartile range [IQR]: 0.5 – 3.2 kg). Pre-pregnancy BMI was 

calculated from self-reported pre-pregnancy weight (kg) divided by the square of height (m). 
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Maternal BMI (kg/m2) was categorized as underweight (< 18.5), normal weight (18.5 to < 

25.0), overweight (25.0 to < 30.0), obese class I (30.0 to < 35.0), obese class II (35.0 to 

< 40.0), and obese class III (≥ 40.0) (CDC, 2022). In the stratified analysis, underweight 

and normal weight BMI categories were combined due to the small number of underweight 

women (N = 10). Additionally, participants in obesity classes I (N = 32), II (N = 17), and III 

(N = 6) were combined.

Our primary measure of gestational weight gain in this study was the total gestational weight 

gain z score, which was calculated using gestational age-specific weight gain reference 

charts constructed for people with normal pre-pregnancy BMI (Hutcheon et al., 2013) and 

those with underweight, overweight, and obese class I, II, and III pre-pregnancy BMI 

(Hutcheon et al., 2015). Total gestational weight gain in kg was calculated by subtracting 

pre-pregnancy weight from weight at the last available study visit. Gestational weight gain 

for gestational age z scores were calculated from the participants total gestational weight 

gain and gestational age at the time of the last weight measurement (median gestational age 

= 35.1 weeks, range: 15.7 weeks to 38.3 weeks).

As secondary measures of weight gain, we calculated: total gestational weight gain, rate 

of gestational weight gain, and the gestational weight gain adequacy ratio (Bodnar et al., 

2011; IOM, 2009). Total gestational weight gain was calculated as previously described. The 

rate of gestational weight gain in kg per week was calculated from total gestational weight 

gain divided by the gestational age at the last available study visit. The adequacy ratio for 

gestational weight gain was calculated per the 2009 Institute of Medicine (IOM) guidelines 

(IOM, 2009). These guidelines provide a recommended amount of total weight gain across 

pregnancy based on pre-pregnancy BMI category with weekly rates of recommended weight 

gain in the second and third trimesters. The adequacy ratio was calculated using the 

observed total gestational weight gain divided by the IOM-recommended total gestational 

weight gain for each participant. This measure can be clinically applied to assess the 

adequacy of gestational weight gain in the second and third trimesters.

2.4. Covariates

Covariates were collected from information provided in the baseline questionnaire and from 

medical records. At study enrollment, participants filled out a demographic questionnaire 

that collected details about maternal race and ethnicity, factors related to socioeconomic 

status (e.g., education and health insurance provider), lifestyle factors (e.g., smoking and 

alcohol use during pregnancy), and medical history (e.g., number of previous pregnancies 

and existing chronic health conditions, such as thyroid disorders or diabetes mellitus). The 

questionnaire specifically asks about several racial identities (i.e., “Caucasian”, “Black”, 

“South Asian”, “East Asian”, “Native American/Pacific Islander”, “More than one race”, 

“Other”, “Unsure”, and “N/A”) and allowed participants to select multiple responses and 

provide free-form text response. Hispanic ethnicity was a separate question. Educational 

categories represented on the questionnaire included “Did not graduate high school”, 

“Graduated from high school”, “Attended technical school”, “Attended junior college or 

some college”, “Graduated from college”, “Attended or graduated from graduate school”. 

Additional information about their pregnancy (e.g., diagnosis with gestational diabetes, 
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preeclampsia) and neonatal outcomes (e.g., timing of delivery and fetal sex) was abstracted 

from the medical record following delivery. Information abstracted from medical records 

was validated by medical record review conducted by two maternal fetal medicine 

specialists.

We used a directed acyclic graph (Supplementary Figure 3) to identify potential 

confounders. Within this directed acyclic graph, we interpret race and ethnicity to account 

for unmeasured cultural and social factors that may differ between groups leading to 

disparities in both exposures and reproductive health outcomes (James-Todd, Chiu, et al., 

2016; Williams et al., 2016). The minimally sufficient adjustment set comprised maternal 

age, race and ethnicity, education, and insurance provider. Diet was also part of the 

minimally-sufficient adjustment set, but was unmeasured in this study. Pre-pregnancy BMI 

was included in our models for comparability purposes given that some measures of 

gestational weight gain include pre-pregnancy BMI in their calculation (e.g., gestational 

weight gain z-scores) and because it is a strong predictor of weight gain commonly 

accounted for in prior studies (Gao et al., 2021; Pacyga et al., 2023; Philips, Santos, et 

al., 2020; Tyagi, James-Todd, Mínguez-Alarcón, et al., 2021; Zukin et al., 2021). For other 

potential confounders not in the minimally-sufficient adjustment set (i.e., parity, maternal 

smoking during pregnancy, and alcohol consumption during pregnancy), we examined 

their influence on model estimates and retained them in final models if they changed the 

point estimate by more than 10% relative to the minimally sufficient model (Evans et al., 

2012). The final covariates were expressed as: maternal age (years), race and ethnicity 

(non-Hispanic White, non-Hispanic Black, Hispanic, and non-Hispanic other), insurance 

provider (private or public), maternal education (less than college or attended college), parity 

(nulliparous or multiparous), and pre-pregnancy BMI (kg/m2).

2.5. Statistical methods: single-pollutant

Analyses were performed using R version 4.0.5 (R Foundation for Statistical Computing, 

Vienna, Austria). Sample weights (1.1 and 2.95 for preterm cases and term controls, 

respectively) were incorporated into all analyses to account for sampling into the case-

control study (Richardson et al., 2007), and data analysis was performed using the ‘survey’ 

package in R (Lumley, 2020).

Demographics and pregnancy characteristics of the study sample were tabulated as either N 

(%) or median (IQR). The 25th, 50th, 75th, and 95th percentiles of phthalate metabolites were 

also calculated and compared to levels reported among females in the 2007-2008 National 

Health and Nutrition Examination Survey (NHANES) cycle (CDC, 2009). Bivariate 

relationships between demographic variables and gestational weight gain z scores were 

explored and differences in gestational weight gain across these variables were tested using 

Wald tests. Correlations between the four gestational weight gain measures were assessed 

using Pearson correlation coefficients.

We used unadjusted and adjusted linear regression models to assess the relationship between 

an IQR-increase in urinary phthalate metabolites and gestational weight gain z scores. We 

stratified all models by pre-pregnancy BMI category since weight gain trajectories and total 

weight gain differ depending on pre-pregnancy BMI (Hutcheon & Bodnar, 2018; Riddell 
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et al., 2017). Furthermore, the effect of weight gain on health outcomes during and after 

pregnancy can differ depending on pre-pregnancy BMI (Hutcheon & Bodnar, 2018), and 

others have found effect measure modification by pre-pregnancy BMI on the association 

between phthalates and gestational weight gain (Gao et al., 2021; Philips, Santos, et al., 

2020).

We performed several sensitivity analyses. First, we replicated our analysis using our 

secondary measures of gestational weight gain: total gestational weight gain (kg), rate of 

gestational weight gain (kg/wk), and the gestational weight gain adequacy ratio. When 

analyzing total gestational weight gain, we also adjusted our models for gestational age at 

the time of weight measurement (Hutcheon & Bodnar, 2018). In order to foster comparisons 

between these measures of gestational weight gain, we back transformed point estimates 

for the z scores, rate of gestational weight gain, and the gestational weight gain adequacy 

ratio onto the same scale (i.e., kg). To transform point estimates for gestational weight gain 

adequacy ratio, we calculated weight gain for a normal weight participant with a first and 

last documented gestational weight measurement recorded at the median timepoints for the 

study sample. Second, we recreated our analysis excluding weight measurements collected 

prior to the third trimester (n = 43). Third, in order to adequately capture temporality, we 

reconstructed our average phthalate exposure variables excluding phthalate measurements 

recorded at or after the final weight measurement (n = 68). Fourth, we included only the 

phthalate measurements taken at the first study visit (n = 377). Last, we explored the 

potential for non-linear relationships between phthalate exposure and gestational weight gain 

using natural cubic splines. The Rao-Scott likelihood ratio test was used to compare models 

containing splines and simple linear terms.

2.6. Statistical methods: multi-pollutant

We used quantile g-computation, a method for estimating the overall effect of chemical 

mixtures, to investigate the joint association between the mixture of phthalate metabolites 

and gestational weight gain z scores (Keil et al., 2020). Specifically, we estimated the mean 

difference (95% CI) in gestational weight gain z scores associated with a simultaneous 

one-quartile increase in each phthalate metabolite within the mixture. All models were 

adjusted using the same covariates as described in our single-pollutant approach in order to 

ensure comparability between approaches and stratified according to pre-pregnancy BMI. 

Although quantile g-computation allows for complex dose-response shapes and interactions, 

given the small sample sizes within strata of pre-pregnancy BMI, we assumed linearity and 

additivity of the phthalates within the mixture. Quantile g-computation was carried out using 

the ‘qgcomp’ package version 2.10.1 (Keil, 2022).

3. Results

3.1. Participant characteristics and phthalate measures

The sample characteristics are presented in Table 1. Participants in the study were 

predominantly non-Hispanic White (61.2%), attended or graduated from college (86.6%), 

and had private health insurance (80.6%). Few participants reported smoking during 
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pregnancy (5.70%), had a thyroid disorder (8.10%), or had pre-gestational diabetes (1.30%). 

With the sample weights applied, 9.70% of the sample gave birth preterm.

A majority of the study sample was classified as having a normal pre-pregnancy BMI 

(60.1%), and the median pre-pregnancy BMI was 23.8 kg/m2. The median gestational age 

at the last recorded weight measurement was 35.1 weeks. The median total gestational 

weight gain, rate of gestational weight gain, and weight gain adequacy ratio was 12.7 kg, 

0.37 kg/wk, and 1.28, respectively. The median gestational weight gain z score was −0.08, 

and the z score was highly correlated with the other measures of gestational weight gain 

(Supplementary Tables 1 & 2).

In our bivariate comparisons, we observed that participants with pre-gestational diabetes had 

a lower gestational weight gain z score (−1.09) compared to participants without (−0.15). 

We did not observe differences by maternal age, race and ethnicity, education, smoking 

status, preterm birth, and pre-pregnancy BMI category with respect to gestational weight 

gain z scores (Supplementary Table 1).

The SG-corrected geometric means of the urinary phthalate metabolites are presented 

in Table 2. Most metabolites were detected in greater than 95% of the samples. When 

compared to concentrations measured in women in NHANES (cycle year 2007 – 2008), 

LIFECODES study participants had higher levels of MEP and the individual metabolites of 

DEHP. Similar exposure levels were observed for the other phthalate metabolites.

3.2. Associations between phthalate metabolites and gestational weight gain

When stratified by pre-pregnancy BMI, we observed an association between mono-(3-

carboxypropyl) phthalate (MCPP) and higher gestational weight gain z scores among 

participants with pre-pregnancy obesity in adjusted models (mean difference: 0.242, 95% 

CI: 0.030 – 0.455) (Figure 1; Supplementary Table 3). We also observed a positive 

association between mono-n-butyl phthalate (MBP) and higher gestational weight gain z 

scores among participants with pre-pregnancy obesity (mean difference: 0.105, 95% CI: 

0.002 – 0.212) (Figure 1; Supplementary Table 3). These effect estimates correspond to 

an excess weight gain of 1.81 kg and 0.77 kg at 35 weeks of gestation per IQR-increase 

of MCPP and MBP, respectively. Associations for other phthalate metabolites and in other 

strata of pre-pregnancy BMI were null (Supplementary Table 3). In crude models, we did 

not observe associations between the phthalate metabolites and gestational weight gain z 

scores (Supplementary Table 4). After adjusting for potential confounders, our findings 

remained null for the association between phthalate metabolites and gestational weight gain 

z scores among the overall cohort.

Results using our secondary measures of gestational weight gain (e.g., total gestational 

weight gain, rate of gestational weight gain, and the gestational weight gain adequacy ratio) 

were consistent with our primary analysis (Supplementary Table 3). For example, when 

point estimates for an association between MBP and gestational weight gain among normal 

pre-pregnancy BMI participants at 35 weeks of gestation were transformed onto the same 

scale (kg), the point estimates (95% CI) were extremely similar across all weight gain 

measures. Specifically, they were −0.76 (−1.64 – 0.15) for gestational weight gain z scores, 

Boyer et al. Page 8

Reprod Toxicol. Author manuscript; available in PMC 2024 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



−0.71 (−1.55 – 0.13) for total gestational weight gain, − 0.70 (−1.55 – 0.15) for the rate of 

gestational weight gain, and −0.76 (−1.60 – 0.07) for the gestational weight gain adequacy 

ratio (Figure 2).

In our sensitivity analyses, we restricted our models to participants with a final weight 

measurement taken during the third trimester (N = 336) (Supplementary Table 5). In 

addition, we reconstructed the pregnancy-averaged phthalate measurements to exclude 

measurements taken at or after the final weight measurement (Supplementary Table 6), 

and to only include phthalate measurements assessed at the first study visit (n = 377) 

(Supplementary Table 7). In these analyses, the point estimates remained consistent with our 

original models, although they were less precise.

3.3. Non-linear associations

When potential non-linear associations were explored using natural cubic splines, both 

MBP and MEP demonstrated a non-linear association with gestational weight gain. Among 

participants with obesity, MBP concentrations above the median were associated with a 

higher gestational weight gain z score. Additionally, concentrations between the median 

and 75th percentile for participants with an underweight/normal BMI were associated with 

lower gestational weight gain z scores (Figure 3). MEP concentrations between the 25th 

and 75th percentiles showed an association with higher gestational weight gain z scores 

among overweight participants (Figure 4). We observed no evidence for strong non-linear 

associations between the other phthalate metabolites and gestational weight gain (data not 

shown).

3.4 Joint associations between phthalates and gestational weight gain

Using quantile g-computation, we observed a null association between a 1-quartile increase 

in all phthalate metabolites and gestational weight gain z scores (mean difference: −0.076, 

95% CI: −0.251 – 0.098; Supplementary Table 3). Similarly, findings from models stratified 

by pre-pregnancy BMI were also null. Specifically, we observed that phthalates were jointly 

associated with a 0.064 (95% CI: −0.306 – 0.179), 0.117 (95% CI: −0.433 – 0.200), and 

0.009 (95% CI: −0.517, 0.499) decrease in gestational weight gain z scores for participants 

with an underweight/normal, overweight, or obese pre-pregnancy BMI, respectively (Figure 

1; Supplementary Table 3).

4. Discussion

In this study, we investigated associations between maternal phthalate exposure and weight 

gain during pregnancy in a subset of the LIFECODES cohort. In our primary analysis, we 

observed that urinary MCPP and MBP were associated with higher gestational weight gain 

z scores among participants with obesity. For example, we found that per IQR-increase of 

MCPP, this corresponded to an excess weight gain of 1.81 kg at 35 weeks of gestation 

for participants with pre-pregnancy obesity. Given that the recommended total weight gain 

for people with pre-pregnancy obesity is 5 to 9 kg (IOM, 2009), environmental factors, 

such as phthalate exposure, could contribute to a significant proportion of this weight 

gain. Moreover, our analyses suggested possible non-linear associations between some 
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phthalate metabolites, including MBP, and gestational weight gain in overweight and obese 

participants. These findings remained robust in sensitivity analyses and were consistent 

across different measures of gestational weight gain. However, joint associations between 

phthalate metabolites and gestational weight gain z scores were null.

Previous studies on this topic have reported a variety of associations between phthalates and 

gestational weight gain. Consistent with the findings in our current study, the Environmental 

and Reproductive Health (EARTH) Study reported that MBP exposure was associated with 

increased second and third trimester weight gain (Tyagi, James-Todd, Minguez-Alarcon, et 

al., 2021). This analysis also examined exposure to a mixture of phthalates and phenols at 

multiple time points during pregnancy using Bayesian Kernel Machine Regression, although 

associations between phthalate metabolites and weight gain were null when accounting for 

the other compounds. Results from the Ma’anshan Birth Cohort also estimated that intake 

of the parent compounds di-n-butyl phthalate (DBP), diethyl phthalate (DEP), and several 

others, both individually and as a mixture, was associated with higher total gestational 

weight gain and weight gain during late pregnancy (Gao et al., 2021). Other studies have 

also reported associations between MEP and greater gestational weight gain. For example, 

in an analysis of total gestational weight gain among only term births in the LIFECODES 

study population, MEP was associated with higher odds of excessive gestational weight gain 

(James-Todd, Meeker, et al., 2016) and with higher weight gain during the first trimester for 

overweight and obese people (Bellavia et al., 2017). Similar observations for MEP exposure 

and excessive gestational weight gain were noted in a recent study of Latina individuals 

participating in the Center for Health Assessment of Mothers and Children of Salinas Valley 

(CHAMACOS) Study (Zukin et al., 2021). In contrast, a recent analysis from the I-KIDS 

cohort observed largely inverse associations between phthalates and gestational weight gain 

z scores, including for MCPP (Pacyga et al., 2022). Interestingly, Pacyga et al also found 

a joint inverse association between phthalate exposure and gestational weight gain z scores 

using both quantile g-computation and weighted quantile sums regression.

Notably, we observed associations between phthalates and gestational weight gain only 

among participants with obesity. These findings suggest that participants with obesity may 

represent a sensitive subpopulation to the effects of phthalates on gestational weight gain. 

One possible explanation for these observations could include that obesity is a condition 

characterized by higher inflammation, oxidative stress, and altered hormonal function 

(Catalano & Shankar, 2017; Fernandez-Sanchez et al., 2011), which could alter response 

to environmental chemicals such as phthalates. However, findings have been inconsistent 

across other studies that have examined pre-pregnancy BMI as an effect measure modifier of 

these associations. For example, while significant effect modification was observed based on 

pre-pregnancy BMI in the Generation R cohort, there was no association between early and 

mid-pregnancy phthalate exposure and total gestational weight gain (Philips, Jaddoe, et al., 

2020). Yet, associations between phthalate exposure and gestational weight gain outcomes 

among participants with an obese pre-pregnancy BMI were not reported in the study, likely 

due to the small number in the study population (Philips, Jaddoe, et al., 2020). On the 

other hand, most phthalates were positively associated with gestational weight gain in the 

Ma’anshan Birth Cohort, though associations only reached statistical significance among 

participants with an underweight or normal pre-pregnancy BMI (Gao et al., 2021). Given 

Boyer et al. Page 10

Reprod Toxicol. Author manuscript; available in PMC 2024 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



that the distribution of pre-pregnancy BMI may vary widely across study populations and 

geographic locations, it may be important to stratify results based on this factor. Such 

differences may contribute to heterogeneity between studies and complicate the ability to 

make comparisons across populations.

There is toxicologic literature that supports a link between phthalate exposure and weight 

gain. For example, phthalates may selectively regulate the PPARγ isotype which can impact 

transcription of genes involved in lipid metabolism, energy homeostasis, and adipogenesis 

(Feige et al., 2007; Feige et al., 2010; Jia et al., 2016). In activation studies, higher molecular 

weight phthalates appear to potentiate the activation of PPARγ more strongly and efficiently 

with increasing side-chain length (Bility et al., 2004). As MCPP is a high molecular weight 

phthalate, this may explain why MCPP exposure was associated with higher gestational 

weight gain in our study. Phthalates may also impact weight gain during pregnancy through 

their endocrine disrupting effects. For example, in vitro studies have demonstrated that 

MBP may affect thyroid hormone signaling by acting as a triiodothyronine (T3) antagonist 

(Sugiyama et al., 2005). However, it should be noted that numerous phthalates interact 

with PPARγ and are known endocrine disrupting compounds. Therefore, further research 

is necessary to explain why some phthalates, and not others, may be related to weight 

gain during pregnancy. In addition, animal research remains conflicted around the role of 

phthalate exposure in weight gain during pregnancy, with prior studies reporting both null 

effects in mice (Hardin et al., 1987) and even inverse effects in rats (Furr et al., 2014; Gray 

et al., 2000; Howdeshell et al., 2008). However, there are challenges in making comparisons 

to animal models due to the relevance of exposure levels used and difficulty disentangling 

litter weight from other elements of weight gain during pregnancy (Weaver et al., 2020).

The lack of information about the participants’ delivery weights is a limitation of this 

study. In this sample, the median gestational age at the last study visit was 35 weeks 

of gestation, while the median gestational age at delivery was 39 weeks. However, given 

difficulties in appropriately accounting for the natural correlation between gestational 

weight gain and the timing of delivery, this approach may be less biased than those 

using delivery weights (Mitchell et al., 2016). In addition, the use of self-reported pre-

pregnancy weights may also be subject to bias as underreporting is common and may 

vary according to important factors in this study, such as pre-pregnancy BMI (Headen et 

al., 2017; Sharma et al., 2021). The study sample was drawn from a high-risk population 

seeking maternal-fetal medicine services at a tertiary care center. This population is known 

to have a higher burden of maternal chronic diseases and adverse pregnancy outcomes, 

which may influence both phthalate exposure and gestational weight gain (Phthalates, 2008). 

Moreover, this population largely identified as non-Hispanic White and has a relatively 

high socioeconomic status. Given this, these results may not be fully generalizable to other 

low-risk obstetrics populations. However, it is worth noting that the observed exposure 

levels were consistent with levels reported in NHANES and our analysis excluded common 

pregnancy complications that affect gestational weight gain. We also lacked information 

about some potential sources of phthalates, such as diet. This may confound the relationship 

between phthalate exposure and gestational weight gain since phthalates, including those 

identified in this study, are commonly found in packaging materials as well as processed 
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foods (Edwards et al., 2021; Schecter et al., 2013) and diet influences gestational weight 

gain (Donovan et al., 2020).

Our study does contain multiple strengths, including the use of gestational weight gain z 

scores as our primary measure of gestational weight gain. Z scores provide a method to 

account for the inherent correlation between gestational age and gestational weight gain. 

This is of additional importance in this study as phthalates have been shown to influence 

the timing of delivery (Ferguson, McElrath, & Meeker, 2014), which could result in bias 

when assessing total gestational weight gain (Hutcheon & Bodnar, 2018; Hutcheon et al., 

2012). Nevertheless, we demonstrated that z scores produced similar results compared to our 

secondary measures of weight gain (e.g., total gestational weight gain, rate of gestational 

weight gain, and gestational weight gain adequacy ratio). While this result was unexpected, 

we believe this could be due to the fact that we lacked a measure of gestational weight at 

delivery and instead relied on a measure taken during late pregnancy (median 35.1 weeks 

gestation) to calculate our measures of gestational weight gain (Mitchell et al., 2016). We 

also incorporated a mixtures-based approach, using quantile-g computation to examine the 

joint association between phthalates and gestational weight gain z scores. Although our 

findings in this analysis were null, this study is among the first to examine the cumulative 

influence of phthalate exposure on gestational weight gain. Given the small sample size 

within strata of pre-pregnancy BMI, future studies may want to investigate additional 

questions about chemical mixtures in larger samples (e.g., chemical-chemical interactions or 

complex dose-response shapes). Last, phthalates are non-persistent and have short half-lives 

in the body. However, we derived our measure of phthalate exposure from the geometric 

mean of up to three exposure measurements taken during pregnancy, which represents 

a larger number of samples than several prior studies on this topic. Notably, averaging 

multiple measurements may reduce exposure misclassification (Braun et al., 2012; Yazdy et 

al., 2018).

5. Conclusions

Our results add to the existing body of research demonstrating an association between 

phthalate exposure during pregnancy and gestational weight gain. We observed potential 

associations between some phthalate metabolites and higher gestational weight gain among 

participants with obesity, suggesting possible sensitivity to phthalate exposure among these 

participants. Future studies should continue to investigate how the use of serial weight and 

exposure measurements impact this association. Furthermore, additional research is needed 

to determine if susceptibility may differ by pre-pregnancy BMI. Nevertheless, in light of 

evidence that phthalates contribute to a variety of adverse reproductive health outcomes, 

work to reduce exposure should continue.
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Highlights

• Associations between phthalates and gestational weight gain were modified 

by pre-pregnancy BMI

• MCPP and MBP are associated with higher gestational weight gain among 

women with obesity

• Some phthalates, including MBP, had non-linear associations with gestational 

weight gain
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Figure 1. 
Adjusted mean difference (95% CI) of gestational weight gain z scores associated with 

an IQR-increase in urinary phthalate biomarkers or a 1-quartile increase in the phthalate 

mixture, stratified by pre-pregnancy BMI category in the LIFECODES cohort (n = 379).

Abbreviations: IQR, interquartile range; CI, Confidence Interval; BMI, Body Mass 

Index;DEHP, Summed Di-2-ethylhexyl phthalate metabolites; MBzP, Mono-benzyl 

phthalate; MBP, Mono-n-butyl phthalate; MiBP, Mono-isobutyl phthalate; MEP, Mono-ethyl 

phthalate; MCPP, Mono-(3-carboxypropyl) phthalate.

Models for rate of gestational weight gain, gestational weight gain adequacy ratio, 

and gestational weight gain z score adjusted for maternal age, insurance, race and 

ethnicity, education, parity, and pre-pregnancy BMI. Models for total gestation weight gain 

additionally adjusted for gestational age at last recorded weight. Phthalate metabolites were 

natural log transformed and IQR-standardized.
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Figure 2. 
Adjusted mean difference (95% CI) per IQR unit increase of MBP for gestational weight 

gain z scores, total gestational weight gain, rate of gestational weight gain, and adequacy 

of gestational weight gain transformed to kilograms for a study participant with a normal 

pre-pregnancy BMI at 35 weeks of gestation.

Abbreviations: MBP, mono-n-butyl phthalate; BMI, Body Mass Index; CI, confidence 

interval; IQR, interquartile range.

Models for rate of gestational weight gain, gestational weight gain adequacy ratio, 

and gestational weight gain z score adjusted for maternal age, insurance, race and 

ethnicity, education, parity, and pre-pregnancy BMI. Models for total gestation weight gain 

additionally adjusted for gestational age at last recorded weight. Phthalate metabolites were 

natural log transformed and IQR-standardized.
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Figure 3. 
Predicted mean (95% CI) gestational weight gain z scores associated with ln-transformed 

MBP exposure using natural cubic splines stratified by pre-pregnancy BMI category.

Abbreviations: CI, Confidence Interval; ln, natural log; MBP, mono-n-butyl phthalate; BMI, 

Body Mass Index; LRT, likelihood ratio test; Black dashed lines (---) are the 25th, 50th, and 

75th percentiles of overall exposure.

Models adjusted for maternal age, insurance, race and ethnicity, education, parity, and 

pre-pregnancy BMI. LRT p-values: underweight/normal (p = 0.01), overweight (p = 0.11), 

obese (p = 0.03).
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Figure 4. 
Predicted mean (95% CI) gestational weight gain z scores associated with ln-transformed 

MEP exposure using natural cubic splines stratified by pre-pregnancy BMI category.

Abbreviations: CI, Confidence Interval; ln, natural log; MEP, mono-ethyl phthalate; BMI, 

Body Mass Index; LRT, likelihood ratio test; Black dashed lines (---) are the 25th, 50th, and 

75th percentiles of overall exposure.

Models adjusted for maternal age, insurance, race and ethnicity, education, parity, and 

pre-pregnancy BMI. LRT p-values: underweight/normal (p = 0.41), overweight (p = < 0.01), 

obese (p = 0.44).
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Table 1.

Demographic characteristics of LIFECODES case-control study participants (N = 379).

n % or
Median (IQR)

Maternal and Pregnancy Characteristics

   Maternal age, years 379 32.6 (28.7 - 35.9)

   Race and Ethnicity

Non-Hispanic White 233 61.7

Non-Hispanic African American 53 13.9

Hispanic 55 15.0

Other
1 38 9.35

   Education

Less than college 50 13.4

Attended or graduated from college 329 86.6

   Health insurance

Private 308 80.6

Public 71 19.4

   Smoking during pregnancy

No 358 94.3

Yes 21 5.70

   Alcohol consumption during pregnancy

No 368 94.5

Yes 19 5.50

   Parity

Nulliparous 170 45.5

Multiparous 209 54.5

   History of Thyroid Disorder

No 347 91.9

Yes 32 8.10

   Pre-gestational diabetes

No 374 98.7

Yes 5 1.30

   Preterm birth

No 294 90.3

Yes 85 9.70

   Neonatal Sex

Female 162 42.4

Male 217 57.6

Gestational Weight Gain Characteristics

   Pre-pregnancy or first trimester BMI, kg/m2 379 23.8 (21.4 - 27.3)

   Pre-pregnancy or first trimester BMI category

Underweight ( < 18.5 kg/m2) 10 2.10
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n % or
Median (IQR)

Normal weight (18.5 kg/m2 - 24.9 kg/m2) 219 58.0

Overweight (25.0 kg/m2 - 29.9 kg/m2) 95 25.5

Obese (≥ 30.0 kg/m2) 55 14.4

   Time of first measured weight during pregnancy, wk
2 4 8.30 (7.90 - 8.80)

   Self-reported pre-pregnancy weight, kg
2 379 63.5 (57.6 - 74.4)

   Last measured weight, kg
3 379 78.5 (70.3 - 88.0)

   Gestational age at last recorded weight, wk 379 35.1 (34.4 - 35.9)

   Total gestational weight gain, kg 379 12.7 (9.50 - 16.8)

   Rate of gestational weight gain, kg/wk 379 0.37 (0.28 - 0.47)

   Gestational weight gain adequacy ratio 379 1.28 (0.97 - 1.72)

   Gestational weight gain z score, SD 379 −0.08 (ℒ0.68 - 0.501

Abbreviations: BMI body mass index, IQR interquartile range, SD standard deviation, kg kilogram, m meter, wk week

1
= Asian, Mixed, Other non-Hispanic

2
= first trimester weight used when no pre-pregnancy BMI available

3
Mean gestational age 35.1 weeks
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Table 2.

Distribution of urinary phthalate metabolites in LIFECODES case-control study participants (N = 1035 

samples) and in females from the National Health and Examination Nutrition Survey (NHANES) 2007 - 2008.

Parent phthalate
compound

Phthalate
metabolite LOD

N
(%)

<
LOD

LIFECODES

percentiles 
a

NHANES 2007 - 2008

percentiles 
b

25
th

50
th

75
th

95
th 50th 75th 95th

Diethyl phthalate 
(DEP) Mono-ethyl phthalate (MEP), μg/L 1.0 2 (0) 58.0 12 9 29 7 11 73 82.4 233 1050

Di-n-butyl phthalate 
(DnBP) Mono-n-butyl phthalate (MBP), μg/L 0.5 5 (0) 10.9 16.0 23.0 52.0 20.8 42.5 132

Benzyl butyl 
phthalate (BzBP) Mono-n-benzyl phthalate (MBzP), μg/L 0.2 12 (1) 3.38 5.96 11.6 38.8 7.99 18.8 64.4

Di-isobutyl 
phthalate (DiBP) Mono-isobutyl phthalate (MiBP), μg/L 0.1 0 (0) 4.65 7.00 10.8 20.4 7.40 15.5 39.8

Di-n-octyl phthalate 
(DnOP)

Mono-(3-carboxyprop yl)phthalate 
(MCPP), μg/L 0.2 39 (4) 1.16 1.82 3.06 10.2 2.60 5.90 15.4

Di-2-ethylhexyl 
phthalate (DEHP)

Summed DEHP metabolites (ΣDEHP), 
μmol/L — — 0.21 0.34 0.60 1.63 — — —

Mono-(2-ethyl-5-hydroxyhex yl) phthalate 
(MEHHP), μg/L 0.1 0 (0) 18.6 32.8 56.8 16 3 19.9 51.0 223

Mono-(2-ethyl-5-ethyl-5-
oxohexyl)phthalate (MEOHP), μg/L 0.1 1 (0) 10.0 16.4 30.1 77.0 12.5 25.9 114

Mono-(2-ethyl)-hexyl phthalate (MEHP), 
μg/L 1.0 46 (4) 5.70 10.9 17.8 58.1 2.00 5.10 26.4

Mono-(2-ethyl-5-carboxypent yl) 
phthalate (MECPP), μg/L 0.2 0 (0) 21.3 38.9 68.4 20 2 31.0 73.0 297

Abbreviations: LOD; limit of detection; —, Not applicable.

a
Geometric mean and specific gravity-corrected phthalate concentration over study visits one, two, three.

b
Percentiles from females in the NHANES 2007 - 2008 cycle. Not adjusted for specific gravity or creatinine.
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