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Abstract

Background: Prenatal exposure to individual per- and poly-fluoroalkyl substances (PFAS) and 

psychosocial stressors have been associated with reductions in fetal growth. Studies suggest 

cumulative or joint effects of chemical and non-chemical stressors on fetal growth. However, 

few studies have examined PFAS and non-chemical stressors together as a mixture, which better 

reflects real life exposure patterns. We examined joint associations between PFAS, perceived 

stress, and depression, and fetal growth using two approaches developed for exposure mixtures.

Methods: Pregnant participants were enrolled in the Chemicals in Our Bodies cohort and 

Illinois Kids Development Study, which together make up the ECHO.CA.IL cohort. Seven 

PFAS were previously measured in 2nd trimester maternal serum samples and were natural 

log transformed for analyses. Perceived stress and depression were assessed using self-reported 

validated questionnaires, which were converted to t-scores using validated methods. Quantile 

g-computation and Bayesian kernel machine regression (BKMR) were used to assess joint 

associations between PFAS, perceived stress and depression t-scores and birthweight z-scores 

(N = 876).

Results: Individual PFAS, depression and perceived stress t-scores were negatively correlated 

with birthweight z-scores. Using quantile g-computation, a simultaneous one quartile increase 

in all PFAS, perceived stress and depression t-scores was associated with a slight reduction in 

birthweight z-scores (mean change per quartile increase = −0.09, 95% confidence interval = 

−0.21, 0.03). BKMR similarly indicated that cumulative PFAS and stress t-scores were modestly 

associated with lower birthweight z-scores. Across both methods, the joint association appeared to 

be distributed across multiple exposures rather than due to a single exposure.

Conclusions: Our study is one of the first to examine the joint effects of chemical and non-

chemical stressors on fetal growth using mixture methods. We found that PFAS, perceived stress, 

and depression in combination were modestly associated were lower birthweight z-scores, which 

supports prior studies indicating that chemical and non-chemical stressors are jointly associated 

with adverse health outcomes.

Eick et al. Page 2

Environ Int. Author manuscript; available in PMC 2022 June 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

Per- and poly-fluoroalkyl substances; Stress; Pregnancy; Mixtures

1. Introduction

Per- and poly-fluoroalkyl substances (PFAS) are a group of synthetic chemicals that are 

or were widely detected and persistent in the environment and are used in a variety of 

consumer products, including non-stick cookware and paper food packing containers, due 

to their oil and water repellant properties (Sunderland et al., 2019). Representative studies 

of the US population have shown that 100% of individuals have detectable levels of the 

PFAS chemicals, perfluorooctanoic acid (PFOA) and perfluorooctane sulfonic acid (PFOS) 

in their blood serum (Calafat et al., 2007; Andrews and Naidenko, 2020). This is particularly 

problematic for pregnant people, as PFOA and PFOS are detectable in the placenta and 

in the umbilical cord blood of newborns, oftentimes at equal or greater concentrations 

in the fetus compared to the mother (Morello-Frosch et al., 2016; Kang et al., 2021; 

Panagopoulos Abrahamsson et al., 2021). A recent systematic review concluded that PFOA 

and PFOS were associated with an increased risk of delivering preterm (Deji et al., 2021). 

However, systematic reviews examining the relationship between PFAS, birthweight, and 

small and large for gestational age are inconsistent (Steenland et al., 2018; Dzierlenga 

et al., 2020; Gao et al., 2021). Psychosocial stressors and responses to stress, including 

depression and anxiety, are also highly prevalent during pregnancy and may be linked to 

adverse birth outcomes. For example, maternal experiences of stressful life events and poor 

perceived neighborhood quality have been shown to be associated with increased preterm 

birth risk (Dole et al., 2003). Experiencing food insecurity in combination with stressful life 

events and unplanned pregnancy also adversely influences fetal growth (Goin et al., 2021). 

Pregnant people who experience stressors such as job strain, discrimination, and stressful 

life events often report higher levels of perceived stress and depression (Eick et al., 2020), 

indicating that perceived stress and depression occur as a response to psychosocial stressors.

A growing number of studies suggest that joint exposure to both chemical and non-chemical 

stressors is associated with synergistic, reduction in gestational age at birth and fetal growth 

(Padula et al., 2020; Vesterinen et al., 2017; Barrett and Padula, 2019). For example, the 

relationship between phenols, phthalates, and preterm birth was stronger among those who 

experienced stressful life events among pregnancy cohorts in the US and Puerto Rico (Aker 

et al., 2020; Ferguson et al., 2019). Relative to those without high levels of psychosocial 

stress, high levels of psychosocial stress amplified the association between manganese 

and preterm birth (Ashrap et al., 2021). PFAS and non-chemical stressors may also be 

acting on the same biologic pathways. We recently showed that the relationship between 

perfluorononanoic acid (PFNA) and corticotropin-releasing hormone (CRH, a biomarker 

of stress) was stronger among those who experienced stressful life events, depression, 

food insecurity and financial strain (Eick et al., 2022), highlighting a potential biologic 

mechanism linking chemical and non-chemical stressors to preterm birth (Latendresse, 

2009), This is supported by findings from toxicological studies, showing that adverse 

outcomes associated with chemical exposures (lead, concentrated ambient particles, diesel 
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exhaust particles) are greater in magnitude among mice and rats with stress (Clougherty et 

al., 2014). Further, psychosocial stress activates the hypothalamic–pituitary–adrenal (HPA) 

axis, leading to changes in endocrine function and heighted susceptibility to chemicals 

(Clougherty et al., 2014).

For understanding the synergistic and additive effects of social stressors and environmental 

exposures, prior studies have been largely limited by their focus on independent associations 

of single pollutants or social stressors. Inference from single pollutant models is subject 

to confounding by important, correlated co-exposures. Studies that have examined joint 

exposure to both chemical and non-chemical stressors have largely done so using stratified 

analysis, which examines interaction between an environmental mixture and only one social 

stressor at a time. This is problematic, because numerous stressors can occur simultaneously, 

many of which reflect socioeconomic strata. Recently, statistical methods have been 

developed to analyze the joint effects of chemical mixtures, which controls confounding 

by correlated co-exposures and reflects the reality that exposure to one chemical often 

implies exposure to others. However, these methods have not routinely incorporated non-

chemical stressors, which is warranted due to the correlation between environmental and 

social stressors, as well as evidence of synergism between them (Padula et al., 2020; Barrett 

and Padula, 2019).

In the present analysis, we adapted two mixture methods, quantile g-computation and 

Bayesian kernel machine regression (BKMR) to examine the cumulative association 

between PFAS and non-chemical stressors on fetal growth, as indicated by birthweight 

for gestational age z-scores. We hypothesized that the joint effects of multiple PFAS and 

non-chemical stressors would be stronger than the what was observed for a single PFAS 

or a single stressor alone. We utilized the Chemicals in Our Bodies (CIOB) cohort and the 

Illinois Kids Development Study (IKIDS), which together make up the ECHO.CA.IL cohort. 

Our study population included a racially and demographically diverse sample of pregnant 

people in San Francisco, CA and Urbana-Champaign, IL with a wide range of exposure to 

psychosocial stress and background range exposure to PFAS.

2. Methods

2.1. Study population

The ECHO.CA.IL study population consists of two longitudinal pregnancy cohorts launched 

separately in Urbana-Champaign, IL (IKIDS) and San Francisco, CA (CIOB). These two 

cohorts merged in 2016 as part of the National Institutes of Health (NIH) Environmental 

influences on Child Health Outcomes (ECHO) program; recruitment is ongoing. The goal 

of the ECHO.CA.IL cohort is to examine the individual and cumulative effects of chemical 

and non-chemical stressors on birth outcomes and neurodevelopment in infancy and early 

childhood. Detailed information about these cohorts is provided elsewhere (Eick et al., 

2021). Briefly, CIOB participants were recruited during the second trimester and were 

eligible for inclusion if they were at least 18 years of age, spoke English or Spanish as their 

primary language, and were not pregnant with multiples. Inclusion criteria for IKIDS was 

as follows: less than 15 weeks gestation, between 18 and 40 years of age, not pregnant with 

multiples, spoke English as a primary language, low-risk pregnancy, not already enrolled 
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in the study with another child, and resided within a 30-minute drive of Champaign, IL. 

All participants provided written, informed consent prior to participating in the study. The 

Institutional Review Boards at the University of California, San Francisco (10–00861) and 

Berkeley (2010–05-04), and University of Illinois, Urbana-Champaign (09498) approved 

CIOB and IKIDS, respectively.

2.2. Per- and poly-fluoroalkyl substances (PFAS)

Serum samples were obtained from CIOB participants during the second trimester (range 

12–28 weeks) and from IKIDS participants between 16- and 20- weeks’ gestation. Prior to 

analysis, serum samples were stored at −80 °C. The Environmental Chemical Laboratory at 

the California Department of Toxic Substances Control (DTSC) quantified 12 PFAS in both 

cohorts: PFOA, PFOS, PFNA, perfluoro butane sulfonate (PFBS), perfluorohexanesulphonic 

acid (PFHxS), perfluoroheptanoic acid (PFHpA), perfluorodecanoic acid (PFDeA), 

perfluoroundecanoic acid (PFUdA), perfluorododecanoic acid (PFDoA), perfluorooctane 

sulfonamide (PFOSA), methyl-perfluorooctane sulfonamide acetic acid (Me- PFOSA-

AcOH), ethyl-perfluorooctane sulfonamide acetic acid (Et-PFOSA-AcOH). Briefly, PFAS 

were quantified by injection into an automated on-line solid phase extraction instrument 

or module coupled to liquid chromatography and tandem mass spectrometry. Additional 

information regarding this method is provided in detail elsewhere.(Eick et al., 2020). We 

focused our analysis on those PFAS with ≥ 70% detection in the combined cohort (Clarity 

et al., 2021; Trowbridge et al., 2020), which included PFOA, PFOS, PFNA, PFHxS, PFDeA, 

PFUdA, and Me-PFOSA-AcOH. MDL values are provided in Table S1. For values below 

the method detection limit (MDL), we assigned the machine read value if it was available, as 

has been done previously (Eick et al., 2022; Eick et al., 2020). If there was no machine read 

value, the concentration was replaced with the MDL/ 2, as is recommended when data are 

not highly skewed (Hornung and Reed, 1990). All PFAS were natural log transformed for 

analysis.

2.3. Responses to psychosocial stress

Perceived stress and depression were included as indicators of psychosocial stress response. 

Previously in the CIOB study population, we observed that perceived stress and depression 

were downstream consequences of stressful life events, discrimination, food insecurity, and 

job strain (Eick et al., 2020). Thus, we conceptualized perceived stress and depression as 

responses to exposure to multiple psychosocial stressors.

Perceived stress and depression were assessed during the second trimester in CIOB and 

between 10 and 14 weeks gestation in IKIDS. We measured perceived stress using the 

Perceived Stress Scale (PSS)-4 in CIOB and the PSS-10 in IKIDS (Cohen, 1988; Cohen 

et al., 1983). PSS-4 and PSS-10 scores were harmonized by converting PSS scores to 

t-scores using the NIH toolbox method, based on item response theory (IRT) and is 

normalized to the adult US general population. This method is described in detail elsewhere 

(Kupst et al., 2015). Depression was assessed using the Center for Epidemiologic Studies-

Depression (CES-D) scale in CIOB and the Edinburg Postnatal Depression Scale (EPDS) 

in IKIDS (Radloff, 1977; Cox et al., 1987). Depression scores were similarly converted 

to t-scores by using crosswalk tables to convert non-PROMIS measures to scores on the 
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PROMIS Emotional Distress—Depression: Short Form T-score metric (Blackwell et al., 

2021). Content analyses revealed substantial overlap between the PROMIS and the EPDS 

and CES-D, and scores were highly correlated indicating that linkage was appropriate 

(r = 0.81 and 0.94 for EPDS and CES-D, respectively) (Blackwell et al., 2021). Higher 

PSS t-scores and higher depression t-scores indicate higher perceived stress and depression 

levels, respectively.

2.4. Fetal growth

Fetal growth was assessed using sex-specific birthweight for gestational age z-scores, which 

were calculated using a US population reference (Talge et al., 2014). Birthweight z-scores 

are preferred over raw birthweight, as birthweight can be confounded by gestational age at 

delivery. Information on birthweight and gestational age were abstracted from the medical 

record in CIOB. In IKIDS, infant birthweight was abstracted from crib cards at the hospital 

and gestational age was calculated using expected due date reported by the prenatal provider 

between 16 and 18 weeks (Eick et al., 2021). Due to the small number of small for 

gestational age births in our study population (N = 56, 6.4%), we focused our analysis on 

continuous birthweight z-scores.

2.5. Covariates

In both cohorts, demographic information was obtained via an interview questionnaire and 

included maternal age, education, marital status, and race/ethnicity. Information regarding 

pre-pregnancy body mass index (BMI; kg/m2) and parity were abstracted from the medical 

record in CIOB and were obtained via self-report in IKIDS.

2.6. Statistical analysis

Frequencies, counts, means, and standard deviations (SDs) were used to describe our study 

population. We examined the distribution of individual PFAS using geometric means, 

geometric SDs and select percentiles. Spearman correlation coefficients (ρ) were used to 

estimate correlations between PFAS, PSS and depression t-scores, and birthweight z-scores.

We used unadjusted and adjusted linear regression models to examine associations between 

individual PFAS, measures of psychosocial stress response, and birthweight z-scores. In 

these models, PFAS and psychosocial stress response measures were standardized to the 

population’s interquartile range (IQR)/2 to facilitate comparisons with mixture models. 

To assess potential non-linearity in linear regression models, we fit additional models 

with categorized values of PFAS and responses to psychosocial stress (with category 

cut-points at tertiles). Covariates used in adjusted models were chosen via a Directed 

Acyclic Graph (DAG; Figure S1) (Shrier and Platt, 2008; Hernán et al., 2002), informed 

by existing literature and correlations between potential confounders and both exposure and 

outcome variables. Final models included maternal age, race/ethnicity, pre-pregnancy BMI, 

education, parity, and cohort and were represented using categories outlined in Table 1. 

Information on experiences of self-reported racism was not available in our analytic sample 

so we conceptualized race/ethnicity to be a social construct and included it as a proxy for 

race-based discrimination (Lee et al., 2019). Education was included as an indicator of SES.
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2.7. Mixtures analysis

We examined the joint effects of PFAS and responses to psychosocial stress in relation to 

birthweight z-scores using two approaches for exposure mixtures. We first utilized quantile 

g-computation, which estimates the effect of simultaneously increasing all exposures in the 

mixture by one quartile using a parametric, generalized linear model-based implementation 

of g-computation (Keil et al., 2020). In quantile g-computation, PFAS and responses to 

psychosocial stress are recoded as score variables (0,1,2,…) based on quantile cut-points 

which are then included in a model for the outcome. This scheme allows each exposure to be 

given a positive or negative weight, based on the direction of independent association, which 

are interpreted as the proportion of the partial effect in the positive or negative direction due 

to a single exposure. Positive and negative weights both sum to 1.0. We considered three 

mixture groups in our quantile g-computation analysis: 1) PFAS and responses to stress, 2) 

PFAS alone, and 3) response to stress alone. The mixture model containing all PFAS and 

responses to stress was considered the “overall” model. In the PFAS alone and response to 

stress alone models, the remaining PFAS or responses to stress were retained as covariates, 

respectively.

To further evaluate interactions and potential non-linearity, our second approach utilized 

Bayesian kernel machine regression (BKMR) (Bobb et al., 2015; Bobb et al., 2018). 

BKMR estimates a nonparametric high-dimensional exposure–response function using 

kernel machine regression. We implemented BKMR with component-wide variable selection 

(20,000 iterations) to account for complex mixtures and to identify potential joint 

interactions. We checked standard Markov chain Monte Carlo (MCMC) diagnostics to 

assess convergence (Gelman et al., 2013). In BKMR, importance for each PFAS and stress 

response measure included in the model was based on posterior inclusion probabilities 

(PIPs), which correspond to the posterior probability that an exposure is included in the 

model. For consistency with prior work, a traditional threshold of 0.5 was used (Xu et al., 

2021; Cathey et al., 2021; Ashrap et al., 2020; Coker et al., 2018). To examine linearity of 

individual PFAS and psychosocial stress responses, we examined individual (i.e., univariate) 

exposure–response functions while holding all other remaining exposures constant at the 

50th percentile. Bivariate exposure–response functions were examined to assess interactions 

between exposures. Evidence of interaction is present if the effect of one exposure differs 

across levels of another (i.e., the lines are not overlapping). The overall or cumulative 

effect of the PFAS and response to stress mixture was evaluated by comparing the expected 

difference in birthweight z-scores when exposures in the mixture were set at the 25th and 

75th percentile, as compared to when they were all fixed at their 50th percentile.

We previously observed in the CIOB study population that elevated levels of perceived stress 

may lead to increased feelings of depression (Eick et al., 2020). Therefore, we conducted 

sensitivity analysis removing depression t-scores from our overall quantile g-computation 

model and BKMR analysis. We additionally conducted our mixtures analyses stratified by 

individual cohort to determine if associations differed across study populations. Mixtures 

analyses were run on complete cases (N = 876 out of 1,049 total) and all analyses were 

conducted using R Version 4.1.0 with the packages qgcomp (version 2.8.0) and bkmr 

(version 0.2.0), respectively.

Eick et al. Page 7

Environ Int. Author manuscript; available in PMC 2022 June 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3. Results

The majority of participants included in our analytic sample had a college (28.2%) or 

graduate degree (40.4%) and were married (74.5%) (Table 1). The mean pre-pregnancy BMI 

was 26 kg/m2 (standard deviation [SD] = 6.1) and the mean maternal age was 32 (SD = 

5.1). A higher proportion of IKIDS participants self-identified as white (79.9% in IKIDS vs. 

38.7% in CIOB), while more participants in CIOB self-identified as Latina (34.4% in CIOB 

vs 2.8% in IKIDS). The mean PSS and depression t-scores were slightly higher in CIOB 

relative to IKIDS (Table 1).

Among the PFAS, the highest geometric mean observed was for PFOS (1.87 ng/mL), 

followed by PFOA (0.70 ng/mL). For PFAS that were detected in > 70% of participants, the 

distribution was relatively similar across cohorts. The only exception was for PFUdA, which 

was detected in 73.9% of CIOB participants compared to only 66% of IKIDS participants 

(Table 2). PFAS were moderately to strongly correlated with one another and the strongest 

correlation was between PFDeA and PFUdA (ρ = 0.76) (Figure S2). PSS t-scores and all 

PFAS were negatively correlated with birthweight z-scores.

In adjusted linear regression models, a one half IQR increase in PFNA (β = −0.01, 95% 

confidence interval [CI] = −0.05, 0.03), PFOA (β = −0.02, 95% CI = −0.06, 0.03), PFDeA 

(β = −0.02, 95% CI = −0.06, 0.03), and PFUdA (β = −0.01, 95% CI = −0.06, 0.03) 

was associated with a slight, non-significant, reduction in birthweight z-scores (Table S2). 

Increasing depression t-scores were associated with lower birthweight z-scores in linear 

regression models (β = −0.03, 95% CI = −0.07, 0.00) (Table S3). When modeling tertiles of 

exposure, the highest compared to lowest tertile of PFNA, PFOA, PFDeA, PFUdA, PSS and 

depression t-scores was associated with a reduction in birthweight z-scores in unadjusted 

models only (Table S4).

Using quantile g-computation, increasing all PFAS and responses to stress in the mixture 

by one quartile was associated with a modest reduction in birthweight z-scores (mean 

change per quartile increase = −0.09, 95% confidence interval = −0.21, 0.03) (Table 3). 

This corresponds to a reduction of 39 g for a 40-week gestation birth. In mixture models 

examining PFAS alone and responses to stress alone, increasing all exposures by one 

quartile was similarly associated with slight reductions in birthweight z-scores (Table 3). 

In the overall model, PFDeA and depression t-scores were assigned the largest negative 

weights (Figure S3). This was similar to what was observed in the PFAS alone and response 

to stress alone models. The overall mixture effect was slightly attenuated when depression 

t-scores were removed (mean change in birthweight z-scores per quartile increase = −0.06, 

95% CI = −0.18, 0.05) (Table S5). When stratifying by cohort, the overall mixture effect 

was stronger in IKIDS (mean change in birthweight z-scores per quartile increase = −0.11, 

95% CI = −0.26, 0.05) compared to CIOB (mean change in birthweight z-scores per quartile 

increase = 0.01, 95% CI = −0.18, 0.2) (Table S6). PFDeA was assigned the largest negative 

weight in quantile g-computation models restricted to CIOB, while PFNA was assigned the 

largest negative weight in IKIDS (Figure S4).
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BKMR analyses did not identify any individual PFAS or response to stress as important 

individual exposures, as all PIPs were less than 0.5 (Table S7). We did, however, observe 

that increasing the PFAS and stress mixture was negatively associated with birthweight 

z-scores (estimate comparing 75th percentile to 50th percentile = −0.02, 95% CI = −0.09, 

0.05) (Fig. 1). Our univariate exposure–response analysis showed that PFNA, PFUdA, 

depression t-scores and PSS t-scores were associated with a slight reduction in birthweight 

z-scores (Fig. 2). We observed that depression t-scores and PFDeA drove the greatest 

shifts in effect estimates for all or most other exposures, indicating evidence of potential 

interaction (Figure S5). When depression t-scores were removed from the BKMR model, 

the cumulative effect of the overall mixture was stronger (Figure S6). In BKMR analyses 

stratified by cohort, the cumulative effect of the mixture was negatively associated with 

birthweight z-scores among IKIDS only (estimate comparing 75th to 50th percentile = 

−0.06, 95% CI = −0.19, 0.07) (Figure S7). PFHxS, Me-PFOSA-AcOH, perceived stress 

and depression were identified as important individual exposures in CIOB only (PIP > 0.5) 

(Table S8).

4. Discussion

We investigated the joint effects of prenatal exposure to multiple PFAS, perceived stress, 

and depression on fetal growth using two mixture methods. In our large, demographically 

diverse cohort of pregnant people in San Francisco, CA and Urbana-Champaign, IL, we 

found that increasing PFAS and stress mixtures were associated with modest reductions in 

birthweight z-scores, although confidence intervals included the null value. Both quantile 

g-computation and BKMR indicated that the cumulative association was due to multiple 

exposures and did not identify a single bad actor. The combined change in birthweight 

z-scores resulting from both PFAS and stress exposures in the overall model was stronger 

than the individual effect of either chemical or stress response measurement group, which 

underscores the utility of mixture methods to assess chemical and non-chemical stressors 

simultaneously.

Our study is one of a few to apply mixture methods to examine the joint effects of both 

chemical and non-chemical stressors during pregnancy and the methods applied in our study 

may serve as a template for future work. Among participants in the NICHD Fetal Growth 

Study, no association was observed between mixtures of heavy metals (lead, mercury, and 

cadmium measured in maternal plasma), PSS, and depression and small for gestational age 

(SGA) births using Weighted Quantile Sum (WQS) regression (Zilversmit Pao et al., 2019). 

This is contrast to our findings that chemicals and stressors have a cumulative effect on 

fetal growth. Differences may be attributed to differences in mixture methods, as quantile 

g-computation may be preferred over WQS regression, as it allows for bi-directional 

exposure-outcome relationships. We also acknowledge that results from our study may 

not be directly comparable to the NICHD Fetal Growth study, as the chemical exposures 

differed. An additional study of pregnant people in the Caribbean utilized a path analysis, 

a subset of structural equation modeling (Gokoel et al., 2021). In that study, the chemical 

construct (comprised of mercury, lead, selenium, and tin measured in maternal whole blood) 

and increasing PSS and depression scores were associated with lower birthweight and 

gestational age (Gokoel et al., 2021), which supports our findings that there is a joint effect 
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of chemical and non-chemical stressors on fetal growth. Other studies using stratified single 

pollutant models have shown that the relationships between increasing chemical exposures 

and adverse pregnancy outcomes are stronger in the presence of stress (Padula et al., 2020; 

Aker et al., 2020; Ferguson et al., 2019; Ashrap et al., 2021).

Both of our mixture approaches indicated that there was a modest reduction in birthweight 

z-scores in relation to increasing PFAS exposure, although confidence intervals were wide. 

Other epidemiologic studies have produced more consistent findings and have shown that 

increasing exposure to PFOA, PFOS, PFNA, and PFDeA is associated with lower infant 

birthweight (Yao et al., 2021; Zhu and Bartell, 2020; Kashino et al., 2020; Rokoff et al., 

2018). This is supported by animal studies, which find that exposure to PFOA, PFOS, and 

PFNA in utero is associated with lower offspring birthweight (Grasty et al., 2003; Luebker 

et al., 2005; Wolf et al., 2007; Wolf et al., 2010). However, PFAS exposure levels used 

in these experimental animal studies are substantially higher than PFAS levels observed 

in our study. An additional study utilizing WQS regression to examine mixture effects of 

multiple endocrine disrupting chemicals and fetal growth, identified PFOA and PFDA as 

predictors of lower birthweight z-scores (Svensson et al., 2021). A recent retrospective 

ecologic study in Italy further found that the prevalence of SGA births was higher in 

PFAS-contaminated regions relative to non-contaminated areas (Manea et al., 2020). While 

other studies, including systematic reviews have found null associations between PFAS and 

fetal growth or birthweight (Steenland et al., 2018; Dzierlenga et al., 2020; Gao et al., 2021; 

Chen et al., 2012; Meng et al., 2018; Costa et al., 2019), these studies have mostly used 

single pollutant linear regression models and suggest that associations may vary based on 

when PFAS were measured during pregnancy. In our adjusted linear regression models for 

the association between individual PFAS and birthweight z-scores all confidence intervals 

included the null value. All PFAS included in our analyses were long-chain PFAS and 

may indicate that these PFAS have similar health effects. This may be one reason why 

linear regression and mixture methods revealed no single ‘bad actor.’ While point estimates 

obtained from quantile g-computation also included the null value, the point estimates were 

greater in magnitude when PFAS were modeled in conjunction with stress as an exposure 

mixture. This highlights the importance of considering an exposure mixture that incorporates 

non-chemical stressors, as it allowed us to elucidate relationships that otherwise would have 

been missed.

In our study population, PFAS levels were lower than what was observed among 

reproductive age women in NHANES from 2013 to 2014 (Eick et al., 2021). This could 

be due to levels of some legacy PFAS, including PFOA and PFOS, declining over time 

because of industry phase outs (Brennan et al., 2021; Shu et al., 2018). Levels in our 

study may also have declined with increasing parity, as many of our study participants have 

had at least one prior birth and PFAS are excreted through breastmilk (Mogensen et al., 

2015). Nonetheless, PFAS levels in our study population were elevated among higher SES 

individuals (Eick et al., 2021). This could be attributed to exposure from home improvement 

and other consumer products or dietary patterns, as we have previously found these to 

be sources of PFAS exposure in the CIOB cohort (Eick et al., 2021; Wang et al., 2021). 

In this prior work, we found that PFDeA and PFUdA were the two PFAS most strongly 

associated with fish, poultry, and red meat consumption (Eick et al., 2021). Participants in 
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CIOB may have had different dietary patterns than IKIDS participants as a result of living in 

different geographic regions, which could be one reason for the higher PFDeA and PFUdA 

concentrations observed in CIOB relative to IKIDS.

We observed that increasing PSS and depression t-scores were associated with a slight, 

non-significant, reduction in birthweight z-scores using quantile g-computation and BKMR. 

These findings are supported by prior work that has found prenatal stress to be a risk 

factor for lower birthweight. For example, the upper two quantiles of scores on the PSS, 

administered during mid-pregnancy, were associated low birthweight relative to scores in 

the lowest quantile (Szegda et al., 2018). Increasing perceived stress and depression were 

similarly associated with lower birthweight among Mexican American women (Ruiz et al., 

2021). In contrast, the NICHD fetal growth study found no strong associations between 

perceived stress or depression and fetal growth, as measured using sonographic data with 

individual biometric parameters (Grobman et al., 2017). These differences could be due to 

how fetal growth was defined, as we used birthweight z-scores as a measure of fetal growth 

in our study.

Biologically, the PFAS and stressors examined in our study may influence fetal growth 

individually and jointly through multiple different pathways (Padula et al., 2020; Barrett and 

Padula, 2019). Environmental chemicals enter the maternal circulation, leading to endocrine 

disruption, systemic inflammation, metabolic dysfunction and epigenetic changes via the 

HPA axis, which is also sensitive to psychosocial stress exposures (Padula et al., 2020; 

Barrett and Padula, 2019). Upstream social and demographic factors, such as segregation 

and immigration status, can influence psychosocial stress and chemical exposure levels, 

indicating common exposure pathways (Padula et al., 2020; Barrett and Padula, 2019). For 

example, we previously found that increasing exposure to PFNA, PFOA, and perceived 

stress was associated with elevated CRH in the CIOB cohort (Eick et al., 2022). In this 

prior work, the relationship between PFNA and CRH was stronger among women who 

experienced stress, indicating a joint effect of chemical and non-chemical stressors on CRH 

(Eick et al., 2022). Other pathways may be through inflammation, as studies have linked 

depression to elevated maternal biomarkers of inflammation and recent work suggests that 

PFAS are also associated with chronic inflammation (Omoike et al., 2021; Lahti-Pulkkinen 

et al., 2020).

An important strength of our study is that we examined the joint effects of PFAS and 

non-chemical stressors using two mixture methods. Our application of mixture methods also 

allows us to better understand real life exposures, as individuals are exposed to numerous 

chemical and non-chemical stressors simultaneously. Additionally, our study population 

was demographically diverse and spanned two geographic regions in the US. Results from 

our study can provide important insights into populations routinely underrepresented in 

epidemiologic studies but may not be reflective of highly exposed populations. We also 

acknowledge the limitations of our study. We did not have information on history of 

breastfeeding, which may influence PFAS levels, as PFAS are excreted through breastmilk. 

However, we did retain parity as a covariate in adjusted models, which may serve as a 

proxy for prior experiences of breastfeeding (Hackman et al., 2015). While we used current 

best practices to harmonize stressors using t-scores, participants may respond differently 
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to individual questions on the stress questionnaires including 4 vs 10 questions on the 

PSS and using different depression scales across cohorts to assess depression. Information 

on maternal history of depression was also unavailable in our study, potentially resulting 

in differential misclassification of stress exposures. Further, information on perceived 

discrimination was not available in our study population. We conceptualized race/ethnicity 

as a social construct reflecting experiences of discrimination and material hardship in 

adjusted models, however we acknowledge that this proxy may not truly reflect reality 

as individuals may experience discrimination differently. Additionally, while our study 

population was demographically diverse, most participants were highly educated, which 

may limit our generalizability. Our wide confidence intervals may also reflect low statistical 

power; in analyses restricted to individual cohorts, the mixture was negatively associated 

with birthweight z-scores only among IKIDS participants, which likely is a result of 

modestly higher concentrations of commonly detected PFAS (PFOA, PFOS, PFHxS) 

relative to CIOB. Approximately 40% of the CIOB study population was born outside of the 

US and foreign-born participants had lower PFAS level than those born in the US, which 

may be another reason why results obtained from mixture models differed across cohorts. 

Lastly, as with all observational studies, our results may be subject to residual confounding.

5. Conclusions

Our study is one of the first studies applying environmental mixture methods to chemical 

and non-chemical stress exposures. We found that prenatal exposure to PFAS and perceived 

stress, and depression, modeled together as a mixture, was modestly associated with lower 

birthweight z-scores. The effects of PFS and stressors in combination was greater than 

what was observed with individual exposures. The mixture methods applied in our study 

suggested that PFAS and responses to stress were both important to fetal growth. Future 

studies should consider whether non-chemical stressors can increase the susceptibility to 

environmental chemical exposures.
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Fig. 1. 
Cumulative effect (estimates and 95% credible intervals) of the PFAS and psychosocial 

stress response mixture on birthweight z-scores, estimated using BKMR (N = 876). Note: 

PFAS were natural log transformed. All PFAS and responses to psychosocial stress were 

scaled to have a mean of 0 and standard deviation of 1. Models are adjusted for maternal 

education, age, race/ethnicity, pre-pregnancy BMI, parity, and cohort.
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Fig. 2. 
Univariate exposure–response functions and 95% confidence intervals for the change in 

birthweight z-scores resulting from individual PFAS and response to psychosocial stress 

while fixing remaining exposures in the mixture at their 50th percentiles, estimated using 

BKMR (N = 876). Note: PFAS were natural log transformed. All PFAS and responses to 

psychosocial stress were scaled to have a mean of 0 and standard deviation of 1. Models are 

adjusted for maternal education, age, race/ethnicity, pre-pregnancy BMI, parity, and cohort.
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Table 1

Distribution of ECHO.CA.IL analytic sample.

CIOB (N = 622) IKIDS (N = 427) Total (N = 1049)

Maternal Age at Delivery (years)

 Mean (SD) 33 (5.4) 30 (4.2) 32 (5.1)

Pre-pregnancy Body Mass Index (kg/m2)

 Mean (SD) 26 (5.4) 27 (6.8) 26 (6.1)

 Missing 59 (9.5%) 4 (0.9%) 63 (6.0%)

Gestational Age (weeks)

 Mean (SD) 39 (1.9) 39 (1.2) 39 (1.7)

Birth Weight (grams)

 Mean (SD) 3353 (575) 3482 (436) 3408 (524)

N (%) N (%) N (%)

Maternal Education

 Less than College 225 (36.2%) 83 (19.4%) 308 (29.4%)

 College Degree 139 (22.4%) 156 (36.5%) 296 (28.2%)

 Graduate Degree 237 (38.1%) 188 (44.0%) 424 (40.4%)

 Missing 21 (3.4%) 0 (0%) 21 (2.0%)

Maternal Race/Ethnicity

 White 241 (38.7%) 341 (79.9%) 582 (55.5%)

 Black 37 (6%) 24 (5.6%) 61 (5.8%)

 Asian/Pacific Islander 109 (17.5%) 22 (5.2%) 131 (12.5%)

 Latina 214 (34.4%) 12 (2.8%) 226 (21.5%)

 Other/Multi-Racial 16 (2.6%) 28 (6.6%) 44 (4.2%)

 Missing 5 (0.8%) 0 (0%) 5 (0.5%)

Infant Sex

Male 301 (48.4%) 215 (50.4%) 516 (49.2%)

Female 321 (51.6%) 212 (49.6%) 533 (50.8%)

Parity

 1 + Births 316 (50.8%) 260 (60.9%) 576 (54.9%)

 No Prior Births 299 (48.1%) 167 (39.1%) 466 (44.4%)

 Missing 7 (1.1%) 0 (0%) 7 (0.7%)

Marital Status

 Married 410 (65.9%) 372 (87.1%) 782 (74.5%)

 Living Together 119 (19.1%) 32 (7.5%) 151 (14.4%)

 Single 62 (10.0%) 23 (5.4%) 84 (8.0%)

 Missing 31 (5.0%) 0 (0%) 32 (3.1%)

Perceived Stress T-Score

 Mean (SD) 50 (8.5) 45 (11) 48 (10)

 Missing 36 (5.8%) 6 (1.4%) 42 (4.0%)

Depression T-Score

 Mean (SD) 48 (5.5) 46 (8.0) 47 (6.7)
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 Missing 67 (10.8%) 3 (0.7%) 70 (6.7%)

Abbreviations: SD, standard deviation.
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Table 3

Quantile g-computation estimates and 95% confidence intervals for the change in birthweight z-scores for a 

one quartile increase in the mixture of PFAS and responses to psychosocial stress (N = 876).

β (95% CI)

1
Overall −0.09 (−0.21, 0.03)

2
PFAS −0.03 (−0.13, 0.07)

3
Psychosocial Stress Response −0.06 (−0.13, 0.01)

Note: Beta estimates are interpreted as the effect on birthweight z-scores of increasing every exposure in the mixture by one quantile.

1
Models are adjusted for maternal education, age, race/ethnicity, pre-pregnancy BMI, parity, and cohort.

2
Mixture effect is for only PFAS with ≥ 70% detection (PFNA, PFOS, PFOA, PFHxS, PFDeA, PFUdA, and Me-PFOSA-AcOH), adjusted for 

other stressors, maternal education, age, race/ethnicity, pre-pregnancy BMI, parity, and cohort.

3
Mixture effect is for only responses to psychosocial stressors (perceived stress, depression), adjusted for other PFAS with ≥ 70% detection, 

maternal education, age, race/ethnicity, pre-pregnancy BMI, parity, and cohort.

Abbreviations: CI, confidence interval.
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