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A B S T R A C T

Background: Prenatal exposure to phthalates, a group of synthetic chemicals widely used in consumer products,
has previously been associated with adverse infant and child development. Studies also suggest that maternal
depression and anxiety, may amplify the harmful effects of phthalates on infant and child neurodevelopment.
Study design: Our analysis included a subset of dyads enrolled in the Atlanta African American Maternal-Child
Cohort (N = 81). We measured eight phthalate metabolites in first and second trimester (8–14 weeks and
24–32 weeks gestation) maternal urine samples to estimate prenatal exposures. Phthalate metabolite concen-
trations were averaged across visits and natural log-transformed for analysis. Maternal symptoms of depression
and anxiety were assessed using validated questionnaires (Edinberg Postnatal Depression Scale and State Trait
Anxiety Inventory, respectively) and the total score on each scale was averaged across study visits. The NICU
Network Neurobehavioral Scale (NNNS) was administered at two weeks of age. Our primary outcomes included
two composite NNNS scores reflecting newborn attention and arousal. Linear regression was used to estimate
associations between individual phthalate exposures and newborn attention and arousal. We assessed effect
modification by maternal depression and anxiety.
Results: Higher levels of urinary phthalate metabolites were not associated with higher levels of infant attention
and arousal, but true associations may still exist given the limited power of this analysis. In models examining
effect modification by maternal depression, we observed that an interquartile range increase in mono (2-eth-
lyhexyl) phthalate (MEHP), mono (2-ethyl-5-oxohexyl) phthalate (MEOHP), and mono (2-ethyl-5-hydroxyhexyl)
phthalate (MEHHP) was associated with a significant increase in newborn arousal only among those with high
depressive symptoms (MEHP: β = 0.71, 95% confidence interval [CI] = 0.10, 1.32 for high, β = − 0.30, 95% CI =
− 0.73, 0.12 for low; MEOHP: β = 0.60, 95% CI = − 0.03, 1.23 for high, β = − 0.12, 95% CI = − 0.58, 0.33 for low;
MEHHP: β = 0.54, 95% CI = − 0.04, 1.11 for high, β = − 0.11, 95% CI = − 0.54, 0.32 for low). Similar patterns
were observed in models stratified by maternal anxiety, although CIs were wide.
Conclusion: Our results suggest maternal anxiety and depression symptoms may exacerbate the effect of phtha-
lates on infant neurodevelopment. Future studies are needed to determine the optimal levels of attention and
arousal in early infancy.
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1. Introduction

Phthalates are a large family of industrial compounds commonly
used as plasticizers to increase the flexibility and workability of poly-
mers, and to hold fragrance, shine, and color (Peijnenburg et al., 2008).
More than 3,000,000 metric tons of phthalates are produced globally
each year, and specific uses of phthalates are dependent on their
respective configuration (Schettler, 2006). Low molecular weight
phthalates are used in finishing materials such as varnishes, sealants,
tiles, and coatings, while high molecular weight phthalates can be found
in various plastic toys, food packaging, cosmetics, perfumes, and other
common household goods (Zhang et al., 2021). Given that phthalates do
not bind to the polymer that they are mixed with, they can easily leach
into the environment, (Zhang et al., 2021) resulting in direct human
exposure. The primary routes of human exposure include ingestion of
food in phthalate-contaminated packaging, inhalation from perfumes,
paints, and sprays, and dermal contact from the use of cosmetics and
personal care products (Lyche et al., 2011). Phthalates may also be
ingested through pharmaceutical coatings (e.g., herbal remedies or
nutritional supplements) (Schettler, 2006). Once in the body, phthalates
are metabolized into monoesters and other metabolites, which often
exhibit stronger biological activity relative to the parent compounds
(Zhang et al., 2021).

Phthalates have been shown to have anti-androgen effects and are
classified as endocrine disruptors (Zhang et al., 2021). In mice, mono-
ester phthalate metabolites have both fetotoxic and embryotoxic effects,
suggesting reproductive and developmental toxicity resulting from
exposure to phthalates (Zhang et al., 2021; Lyche et al., 2011). In
humans, phthalates can cross the placental-fetal barrier and enter fetal
circulation, (Lyche et al., 2011) thus in utero exposure to the fetus may
impact developmental processes. Epidemiologic studies have shown that
prenatal concentrations of specific urinary phthalate metabolites (i.e.,
mono-n-butyl phthalate (MBP), monoisobutyl phthalate (MiBP), and
mono (2-ethyl-5-carboxypentyl) phthalate (MECPP)) are associated
with preterm birth (Welch et al., 2022) and fetal growth restriction
(Chang et al., 2022; Uldbjerg et al., 2022). Other studies have shown
prenatal concentrations of low molecular weight phthalates are associ-
ated with attention problems, anxiety, and hyperactivity in children
(Hyland et al., 2019). These adverse health outcomes associated with
phthalate exposure during pregnancy and early life have garnered the
attention of regulatory agencies. As of 2017, the United States Consumer
Product Safety Commission passed 16 CFR Part 1307, which added onto
the Consumer Product Safety Improvement Act of 2008 to prohibit a
total of eight phthalates from being used in children’s toys. Additionally,
the Food and Drug Administration allows only nine phthalates to be
used in polymers that come into contact with food (Indirect Food Ad-
ditives, 2022). These regulations continue to be challenged and modi-
fied, becomingmore strict as evidence of health outcomes resulting from
phthalate exposures increase.

Pregnant people may also experience psychosocial stressors through
many avenues, including poverty, low socioeconomic status, stressful
life events, racial discrimination, or place-based chronic stressors (e.g.,
neighborhood deprivation) (Padula et al., 2020). Previous research,
including investigations by our team, indicate that pregnant individuals
facing stressful life events, residing in neighborhoods with perceived
low quality, and experiencing socioeconomic disadvantages, tend to
report heightened symptoms of anxiety and depression (Eick et al.,
2020; Barcelona de Mendoza et al., 2018). These maternal anxiety and
depression symptoms are psychological and physical manifestations of
the stress response, and can occur as the result of other stressors (Wil-
liams, 2018). Our work within a prospective cohort of African American
mother-child dyads has further shown that elevated levels of maternal
stress, including maternal anxiety and depression symptoms, are nega-
tively associated with infant attention (Hendrix et al., 2022). Notably,
low infant attention scores assessed via the NNNS have been associated
with poor social and communicative behavior later in childhood

(Bowers et al., 2019). Findings from the larger Environmental influences
on Child Health Outcomes (ECHO) cohort futher show that maternal
depression is also be associated with higher levels of infant arousal,
(Camerota et al., 2023) and separately a high arousal score is generally
considered a “difficult” phenotype (Sucharew et al., 2012). Previous
studies have also indicated that high prenatal risk, which can include
maternal anxiety and depression, is associated with higher arousal
NNNS score (Fink et al., 2012). Separately, maternal anxiety is also
further been associated with lower infant attention scores (Hendrix
et al., 2022; Hofheimer et al., 2023).

Our team has shown that among pregnant African Americans,
increasing phthalate metabolite concentrations are associated with
lower birthweight z-scores, and that this association is stronger among
those who report higher levels of depression and anxiety symptoms
(Eatman et al., 2023). Notably, when assessing cumulative effects, we
observed that the effects of phthalate and stressors together where
greater what was observed for phthalates alone, providing some evi-
dence of additive effects (Eatman et al., 2023). Our findings of a joint
impact between phthalate exposure and psychosocial stressors is sup-
ported by findings from a second prospective cohort, The Infant
Development and the Environment Study (TIDES), which previously
observed a joint impact of phthalates and stressful life events on preterm
birth and child behavior at age 4–6 years (Ferguson et al., 2019; Barrett
et al., 2024). While prior work has shown a cumulative effect of
chemical exposures and stress on birth outcomes, little is known about
whether a cumulative effect on infant development exists. In this study,
we leveraged a prospective cohort of African American mother-child
dyads to examine if prenatal phthalate metabolite levels are associated
with alterations in infant neurodevelopment. We hypothesized that
phthalate metabolite levels would be inversely and linearly associated
with infant attention and positively and linearly associated with infant
arousal, and that these associations are stronger in magnitude among
those with higher levels of maternal depression and anxiety symptoms.

2. Methods

2.1. Study Design and population

Participants included in this analysis were a subset of the Atlanta
African American Maternal-Child Cohort, a prospective birth cohort.
The original study was designed to examine the effects of biobehavioral
determinants of preterm birth, while chemical exposure biomonitoring
and longitudinal infant follow-up were added after. As such, our analytic
sample was restricted to mother-child pairs from whom information on
prenatal urinary phthalate metabolite levels and infant NNNS measures
were available (N = 81). All pregnant persons included in this cohort
self-identified as mothers, therefore we use the term ‘maternal’
throughout. Detailed information regarding recruitment and retention is
available elsewhere (Brennan et al., 2019; Corwin et al., 2017). Briefly,
participants were recruited between 2016 and 2020 from two metro-
politan hospitals (Emory Midtown and Grady Memorial hospitals) in
Atlanta, Georgia. Individuals were eligible for inclusion if they
self-identified as African American or Black race, were pregnant with a
singleton fetus between 8 and 14 weeks gestation and did not have any
diagnosed chronic medical conditions (e.g., diabetes mellitus, chronic
hypertension, seizure disorders) or chronic use of prescription medica-
tion (e.g., anti-diabetic, anti-hypertensive, anti-seizure). This study was
approved by the Emory University Institutional Review Board (reference
#: 68441) and all participants provided written, informed consent prior
to enrollment.

2.2. Measurement of phthalates metabolites

In this cohort, urine samples were collected at up to two points
during pregnancy (between 8-14 weeks and 24–32 weeks gestation) and
were stored at − 80 ◦C prior to analysis. Levels of eight urinary phthalate
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metabolites were quantified at the Laboratory of Exposure Assessment
and Development for Environmental Research (LEADER) at Emory
University using validated methods that have been previously described
(Zhang et al., 2022). Phthalate metabolites included: monoethyl
phthalate (MEP), MBP, MiBP, monobenzyl phthalate (MBzP), mono
(2-ethlyhexyl) phthalate (MEHP), mono (2-ethyl-5-oxohexyl) phthalate
(MEOHP), mono (2-ethyl-5-hydroxyhexyl) phthalate (MEHHP), and
MECPP. We additionally quantified the molar sum of

∑
DEHP using the

equation
∑
DEHP =

∑
(
MEHP
278.34 + MEHHP

294.34 + MEOHP
292.33 + MECPP

308

)

.

All phthalate metabolites were detected in >60% of sample, and
values below the limit of detection (LOD) were imputed with LOD/√2
(Hornung and Reed, 1990). To obtain a more stable estimate of each
urinary phthalate metabolite across gestation, we took the geometric
average. Averaged concentrations were right skewed, and natural
log-transformed for downstream analysis. If only one measure was
available, we used only that measure. We accounted for urinary dilution
by including urinary creatinine (as a continuous variable) as a covariate
in all models (Barr et al., 2005).

2.3. Assessment of maternal anxiety and depressive symptoms

Symptoms of depression and anxiety were assessed twice during
pregnancy (8–14 weeks and 24–32 weeks gestation) using validated,
self-reported questionaries (Cox et al., 1987; Spielberger, 2012). As with
urinary phthalate metabolites, we calculated an averaged measure of
depression and anxiety using scores at both visits. If scores were avail-
able at only one timepoint, we used that score.

Self-reported depressive symptoms were assessed using the Edin-
burgh Postnatal Depression Scale (EPDS) (Cox et al., 1987). This 10-item
scale is commonly used to measure depressive symptoms experienced
within the past week during prenatal and post-partum periods of preg-
nancy. Scores on the EPDS ranged from 0 to 22, which we then
dichotomized into high or low levels of depressive symptoms. Those
with an EPDS score >=10 were classified as having experienced high
levels of depressive symptoms (Matthey et al., 2006; Teissèdre and
Chabrol, 2004).

Self-reported anxiety symptoms were assessed using measured using
the State Trait Anxiety Inventory (STAI) (Spielberger, 2012), a
commonly used measure to capture anxiety at the moment of assess-
ment. In our analysis, the state anxiety score was utilized to capture
current feelings of anxiety. Scores on the STAI ranged from 20 to 69 and
were dichotomized into high and low levels of anxiety symptoms, where
those with a STAI score>=40 were classified as experiencing high levels
of anxiety symptoms (Julian; Womble et al., 2021; Addolorato et al.,
1999).

2.4. Infant neurobehavioral assessment

At two weeks of age, the Neonatal Intensive Care Unit Network
Neurobehavioral Scale (NNNS) (Lester and Tronick, 2005) was admin-
istered to newborns by a single, certified, masters-level research
specialist. The NNNS is a standardized assessment aimed to compre-
hensively assess newborns’ neurologic integrity, behavioral functioning,
and signs of stress. The NNNS assessment results in 13 scores for
orientation, habituation, hypertonicity, hypotonicity, excitability,
arousal, lethargy, non-optimal reflexes, asymmetric reflexes, stress,
self-regulation, quality of movement, and handling.

Our primary outcomes included two composite NNNS summary
scores, which were created using principal component analysis (PCA) in
this study population (Hendrix et al., 2022). One score measures
newborn neurobehavioral arousal and the second captures attention and
reflects the newborn’s ability to respond to, attend to, and track envi-
ronmental stimuli. Information regarding the variables comprising the
attention and arousal composites are provided elsewhere (Hendrix et al.,
2022). These two composite NNNS scores were treated as separate

continuous outcomes in individual models in our analysis. In this anal-
ysis, we use the terms “attention” and “arousal,” to reflect their
respective PCA-derived composite scores.

2.5. Confounders and covariates

Maternal age, maternal education, and insurance status were
assessed at the first study visit using a self-reported interview ques-
tionnaire with verification by medical record review. An income-to-
poverty ratio was calculated based on self-reported annual household
income and the number of household members. Information on sub-
stance use (tobacco, alcohol, andmarijuana) in themonth prior up to the
first visit was also collected. Early pregnancy body mass index (BMI in
kg/m2) was calculated based on maternal height and weight, abstracted
from the medical record at the first visit. Infant sex and parity were
similarly abstracted from the medical record. Covariates retained in
minimally adjusted models included urinary creatinine, infant sex, and
infant age at assessment. Infant age at assessment was corrected for
preterm deliveries. Fully adjusted models additionally included
maternal age, maternal education, and early pregnancy BMI. These
covariates were chosen a priori via a directed acyclic graph (DAG;
Fig. S1) that was informed via a literature review and associations be-
tween covariates, exposures, and outcomes in our study population.

2.6. Statistical analysis

The distribution of sociodemographic characteristics and NNNS
summary scores in our study population was described using means,
standard deviations (SDs), and frequencies and counts for continuous
and categorical variables, respectively. The distribution of averaged
urinary phthalate metabolite levels was assessed using geometric means
(GMs), geometric SDs (GSDs), and select percentiles. We additionally
calculated the mean and SDs of averaged phthalate metabolite levels
and NNNS summary scores across sociodemographic characteristics.
The correlation between averaged phthalate metabolites, depression,
and anxiety was quantified using Spearman correlation coefficients.

For our primary analysis, we examined the association between in-
dividual, averaged phthalate metabolites and NNNS summary scores
using a series of minimally adjusted and fully adjusted linear regression
models. Next, we assessed whether these associations were modified by
maternal anxiety and depression symptoms using linear regression
models that were stratified by levels of depressive and anxiety symp-
toms. We additionally assessed for interaction by including an interac-
tion term between the averaged phthalate metabolite levels and the
continuous measure of maternal anxiety and depression symptoms in
models which were not stratified. Across all models, the average of
urinary phthalate metabolites was standardized to the populations
interquartile range (IQR). Individual phthalate levels and NNNS sum-
mary scores were treated as individual exposures and outcomes in
separate models.

3. Results

Eighty-one mother-child pairs were included in our analytic sample
(Table 1). The average maternal age was 25.25 years (SD = 5.28), and
the average early pregnancy BMI was 29.27 kg/m2 (SD = 8.65)
(Table 1). Most participants self-reported being single, not cohabitating
with a partner (55.6%) and having completed high school or some
college education (55.6%). Nearly two thirds of participants had an
income-to-poverty ratio below 150% (67.9%) and most participants had
Pregnancy Medicaid as their primary insurance (53.1%). Many partici-
pants gave birth at Grady Memorial Hospital (63.0%). Approximately
one third of mothers were classified as having experienced high anxiety
(33.3%) and depressive symptoms (37.0%) during pregnancy, and 20
mothers (24.7%) reported as having high symptoms of both anxiety and
depression (Table 1). The average infant attention summary score was
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0.13 (SD = 0.95) and the average infant arousal summary score was
− 0.01 (SD = 0.9). We note minimal differences in demographic char-
acteristics between our analytic sample and the overall cohort (Table S1)
with the most prominent differences being that our analytic sample had
a higher proportion of male infants (51.9% versus 48.6%), as well as a

higher mean newborn attention summary score (mean 0.13 versus
− 0.01) relative to the larger cohort (Table 1, Table S1). Additionally,
participants included in our analytic sample self-reported higher rates of
anxiety and depression symptoms (33.3% versus 26.2% for anxiety
symptoms and 37.0% versus 27.4% for depression symptoms) as
compared to the overall cohort (Table 1, Table S1).

Among the urinary phthalate metabolites, the highest GM was for
MEP (101.12 ng/mL, GSD = 3.18), followed by MBP (8.74 ng/mL, GSD
= 3.40) (Table 2). Averaged phthalate metabolite levels were moder-
ately to strongly correlated with one another, with the strongest corre-
lation being between MEOHP and MEHHP (Spearman ρ= 0.97)
(Fig. S2). Visit specific urinary phthalate metabolite levels were also
moderately correlated (Fig. S3), while depression and anxiety were
correlated at both timepoints (Fig. S4).

When examining the distribution of phthalate metabolites across
sociodemographic characteristics, we observed that levels of all phtha-
late metabolites were higher among those who were single, had less than
a college degree, had an income-to-poverty ratio less than 150%, rela-
tive to those who were single, had a college degree or greater, and an
income-to-poverty ratio less than 150%, respectively (Table S2). Dif-
ferences were greatest in magnitude for MEP; for example, the GM of
MEP among those who has less than a college degree was 104.83 ng/mL
(GSD = 2.58) compared to a GM of 96.75 ng/mL (GSD = 4.00) among
those who had at least a college degree. Newborn attention and arousal
scores were lower among mothers with a college degree or above and
newborn arousal was lower among mothers who self-reported substance
use (Table S3).

In the fully adjusted linear regression models, we observed that an
IQR increase in averaged phthalate exposure levels was not associated
with newborn attention or arousal. For example, an IQR increase in MBP
was associated with a non-significant reduction in newborn attention (β
= − 0.36, 95% confidence interval [CI] = − 0.78, 0.05) and almost no
difference in newborn arousal (β = − 0.08, 95% CI = − 0.51, 0.35)
(Fig. 1, Table S4). These non-significant associations were also observed
in our minimally adjusted linear regression models (Table S4).

In our stratified linear regression models examining effect modifi-
cation by maternal anxiety, we observed that an IQR increase in levels of
all but one phthalate metabolite exposure was associated with a modest
increase in newborn attention among those who experienced high
anxiety symptoms only (Fig. 2, Table S5). When newborn arousal was
the outcome of interest, similar patterns were observed (Fig. 2,
Table S5). In models examining the association between averaged
phthalate exposures and newborn arousal stratified by maternal
depression, we observed that increasing most phthalate exposures was
associated with an increase in newborn arousal, only among those with
high depression. Effect estimates were greater in magnitude for MEHP
(β = 0.71, 95% CI = 0.10, 1.32), MEOHP (β = 0.60, 95% CI = − 0.03,
1.23), MEHHP (β = 0.54, 95% CI = − 0.04, 1.11), and ΣDEHP (β = 0.47,
95% CI = − 0.07, 1.01), where an IQR increase was associated with an
increase in newborn arousal among those with high depression, but
lower arousal among those with low depression, however all p-values

Table 1
Distribution of sociodemographic characteristics, clinical characteristics, and
depression and anxiety symptoms among pregnant people and infants in a
subset of the Atlanta African American Maternal-Child Cohort, 2016–2020 (N
= 81).

Characteristic Mean (SD)

Newborn Attention 0.13 (0.95)
Newborn Arousal − 0.01 (0.90)
Infant Birthweight (grams) 3087.32 (485.41)
Gestational Age at Delivery (weeks) 38.73 (1.63)
Infant Age at NNNS Assessment 16.43 (9.96)
Maternal Age (years) 25.25 (5.28)
Early Pregnancy BMI (kg/m2) 29.27 (8.65)

N (%)

Marital Status
Married or Living Together 36 (44.5%)
Single 45 (55.6%)

Maternal Education
High school or some college or less 45 (55.6%)
College degree or higher 36 (44.4%)

Income to Poverty Ratio
<150% 55 (67.9%)
≥150% 26 (32.1%)

Tobacco, Alcohol, or Marijuana Use During Pregnancy
No 43 (53.1%)
Yes 38 (46.9%)

Parity
No Prior Births 33 (40.7%)
One or More Prior Births 48 (59.3%)

Health Insurance
Low-Income Medicaid 24 (29.6%)
Right From the Start of Pregnancy Medicaid 43 (53.1%)
Private 14 (17.3%)

Hospital Site
Emory 30 (37.0%)
Grady 51 (63.0%)

Infant Sex
Male 42 (51.9%)
Female 39 (48.1%)

Anxiety Symptoms
Low 54 (66.7%)
High 27 (33.3%)

Depression Symptoms
Low 51 (63.0%)
High 30 (37.0%)

Abbreviations: SD, standard deviation; BMI, body mass index. Note: Infant age
at NNNS assessment was corrected for gestational age. High anxiety symptoms
were defined as an STAI score ≥ 40 and high depression symptoms were
defined as an EPDS score ≥10.

Table 2
Distributions of averaged, urinary phthalate exposure concentrations in the Atlanta African American Maternal-Child Cohort (ng/mL) (N = 81).

Geometric Mean (Geometric SD) Percentile % above LOD

5% 25% 50% 75% 95%

MEP 101.12 (3.18) 13.90 42.7 115.17 178.37 761.04 100%
MBP 8.74 (3.40) 1.28 3.27 9.45 18.60 57.48 78.6%
MiBP 8.17 (2.95) 1.42 3.76 7.61 18.28 51.63 84.8%
MBzP 5.25 (3.65) 0.62 2.09 5.16 13.04 37.38 98.6%
MEHP 1.55 (3.04) 0.14 0.75 1.81 4.00 6.73 87.6%
MEOHP 3.02 (2.47) 0.64 1.65 3.43 5.75 12.90 96.6%
MEHHP 4.57 (2.43) 0.94 2.60 5.28 8.05 16.81 97.9%
MECPP 7.68 (1.81) 3.72 4.94 7.05 11.88 22.41 63.4%
ΣDEHP 0.06 (2.02) 0.02 0.04 0.06 0.09 0.17 –

Abbreviations: SD, standard deviation; LOD, limit of detection. Note: full names for phthalate exposures are provided in the methods section.
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for interaction showed non-significance (Fig. 3, Table S6). When
newborn attention was the outcome of interest, there was no evidence of
effect modification by depression (Fig. 3, Table S6).

4. Discussion

Within a prospective cohort of African American mothers and their
newborns, we observed a trend that prenatal phthalate exposures were
moderately associated with an increase in newborn arousal only among
those who reported higher levels of anxiety and depressive symptoms.
However, confidence intervals were wide and generally included the
null value, suggesting that our study may be underpowered to detect a
true difference that may be observed in a larger study. Given that these
trends were observed in our limited sample size, future studies are
needed to confirm these findings. Our study provides important
perspective on how depression and anxiety, which has been shown to be
elevated in pregnant people with a history of stressful life events, poor
perceived neighborhood quality, and socioeconomic disadvantage, may
contribute to offspring neurodevelopment. Prior research on a sample of
predominantly African Americanmother-child pairs finds that newborns
born to mothers who report high levels of trait anxiety report higher
responses in brain regions that are linked to anxiety disorders in
adulthood (Sylvester et al., 2021). In this context, our findings highlight
the need for further studies in this area, as the optimal level of newborn
attention and arousal during the newborn period is unknown.

Previous studies have established the link between prenatal urinary
phthalate levels and adverse impacts on infant development, (Philips
et al., 2017; Barrett et al., 2016) and our analysis by high or low anxiety
and depression symptoms adds to existing literature supporting the
hypothesis that maternal mental health and psychosocial stress func-
tions as a modifier of these relationships. Prior research also finds that
experiences of stressful life events can also exacerbate the effects of
prenatal phthalate exposure on offspring neurodevelopment (Barrett
et al., 2024). Our research finds that the effects may not be exclusive to
stressful life events, but maternal mental health in general. Studies also
find that individual psychosocial stressors are associated with adverse
neurobehavioral outcomes in offspring (Dhaliwal et al., 2023). Also,
exposure to specific kinds of phthalates, like DEHP and low molecular

Fig. 1. Associations between an interquartile range increase in of natural log
transformed average urinary phthalate exposure (ng/mL) and infant attention
and arousal scores among a subset of the African American Maternal-Child
Cohort, 2016–2020 (N = 81). Note: Models are adjusted for creatinine, infant
sex, infant age at assessment, maternal age, maternal education, and early
pregnancy body mass index.

Fig. 2. Associations between an interquartile range increase in natural log
transformed average urinary phthalate exposures (ng/mL) and infant attention
and arousal scores among a subset of the African American Maternal-Child
Cohort, 2016–2020, stratified by averaged anxiety symptoms (N = 54 for low
anxiety symptoms, N = 27 for high anxiety symptoms). Note: Models are
adjusted for creatinine, infant sex, infant age at assessment, maternal age,
maternal education, and early pregnancy body mass index. High anxiety
symptoms were defined as an STAI score ≥ 40.

Fig. 3. Associations between an interquartile range increase in natural log
transformed average urinary phthalate exposures (ng/mL) and infant attention
and arousal scores among a subset of the African American Maternal-Child
Cohort, 2016–2020, stratified by averaged depression levels (N = 51 for low
depression symptoms, N = 30 for high depression symptoms). Note: Models are
adjusted for creatinine, infant sex, infant age at assessment, maternal age,
maternal education level, and early pregnancy body mass index. High depres-
sion symptoms were defined as an EPDS score ≥ 10.
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weight phthalates, can lead to adverse neurological outcomes in chil-
dren such as autism, dementia, (Tran et al., 2023) and attention deficit
hyperactivity disorder (Engel et al., 2010). Currently, outcomes
describing the impact of composite phthalate exposure on neuro-
development and behavior in children are inconsistent (Barrett et al.,
2024). There is also an increasing body of literature that suggests
arousal specifically follows a non-linear pattern, with both hypo and
hyper arousal states leading to problems later on in life (Camerota et al.,
2023; Liu et al., 2010; McGowan et al., 2022). Additionally, phthalate
exposure has been shown to be associated with improved attention and
social response, further supporting that the impact of phthalate exposure
on neurodevelopment may not be linear (Stroustrup et al., 2018). To
obtain a more robust perspective of the mechanisms and effects of these
relationships, further research utilizing larger study populations from
different geographic regions and sociodemographic groups should be
undertaken.

Our results also contribute to a growing body of literature about how
perinatal depression and anxiety affects African American women.
Importantly, prior literature shows that depression and anxiety symp-
toms are downstream consequences of racial discrimination, and African
American women experience discrimination on the basis of both race
and gender (Williams, 2018; Hernandez et al., 2022; Wenzel et al., 2021;
Nelson et al., 2023). Our findings demonstrate that environmental ex-
posures during the perinatal period can contribute to adverse birth
outcomes in Black communities. Black women are at a higher risk of
preterm birth and have higher concentrations of urinary phthalate me-
tabolites as a result of social and structural racism, with disparate in-
dustry marketing of chemical-containing beauty products as an
example. For example, African American women are more likely to use
vaginal douches and fragranced feminine cleansing products, which
contain phthalates (Branch et al., 2015). Discrimination against African
American women in the media continue to perpetuate damaging sexual
stereotypes of Black women, which label them as dirty and devalued
(Zota and Shamasunder, 2017). For example, companies that market
intimate deodorizing products producing target Black women in
advertisement campaigns, capitalizing on disparaging stereotypes that
suggest Black women are biologically impure, and must utilize their
products at disproportionate rates (Ferranti, 2011). Targeted racial and
ethnic marketing of beauty products continues to perpetuate health in-
equities stemming from Eurocentric standards of beauty. Phthalate
exposure and maternal mental health are both issues of environmental
justice. In this study, we approach both issues through a lens of
intersectionality.

Phthalates exposure and stress response can influence offspring
neurodevelopment through a variety of mechanisms. As known endo-
crine disruptors, phthalates interfere with the hormonal pathways
necessary for fetal development, specifically by decreasing maternal
thyroid hormones and exhibiting antiandrogenic properties (Nidens
et al., 2021). Phthalates can influence thyroid hormone activity during
gestation (Nidens et al., 2021). Both maternal and fetal hypothyroidism
are associated with adverse effects on fetal brain development (Haddow
et al., 1999). Additionally, interference with estrogen receptors, and
disruption of such sex hormones can also influence offspring brain
development (Nidens et al., 2021). In animal models, DEHP exposure
allows transgenerational transmission of allergic airway inflammation.
In human models, hypomethylation in placental DNA following
maternal DEHP exposure has been shown (Tran et al., 2023). The
affected genes are related to neurological symptoms, highlighting
possible pathways leading to neurodevelopment. Furthermore, pregnant
people with higher exposure to phthalates have higher interferon-γ, a
pro-inflammatory cytokine (Taibl et al., 2024). Finally, in research
conducted in this cohort on exposure to prenatal phthalate metabolites,
perturbations of the newborn metabolome, and infant neurobehavioral
functioning, there was evidence that prenatal phthalate exposure dis-
rupts the newborn metabolome, specifically tyrosine and tryptophan
metabolism. Within tyrosine metabolism, phthalate metabolites were

associated with a downregulation of tyrosine and a subsequent negative
association with attention scores. Additionally, within tryptophan
metabolism, 5-hydroxytryptophan and serotonin were associated with a
decrease in arousal scores. This research provides context for the bio-
logical underpinnings of the associations that were highlighted in this
work. However, our prior work examining environmental impacts on
the newborn metabolome focused only on exposure to phthalates.
Future studies could utilize mixture methods to consider psychosocial
stressors.

Our results should be interpreted considering its strengths and lim-
itations. First, our analytic sample was relatively small, which limits our
statistical power; this imprecision is reflected in our wide confidence
intervals, particularly for stratified analysis. Nonetheless, we focused
our interpretations of results on trends, as opposed to an over reliance on
statistical significance and p-values. Furthermore, studies assessing the
joint impact of phthalate exposure and maternal mental health are
extremely limited, and this study represents an important first step in
understanding these associations. Additionally, we acknowledge that
individuals may perceive stressors differently and, in this sense, our self-
reported measures of depression and anxiety may be subject to exposure
misclassification; however, our measures of depression and anxiety were
based on validated questionnaires that are widely used during preg-
nancy. Using NNNS scores as our outcome measurement also poses some
limitations, since it lacks precision when it comes to specific clinical
phenomenon; however, these scores allow us to observe general trends
for comparability between infants (Salisbury et al., 2005). These general
trends still offer important insight while simultaneously warranting
further investigation into the minutia and clinical implications of these
trends. Additionally, information on maternal medication was not
included in this analysis, which may attenuate our effects towards the
null if participants taking depression or anxiety mediations report fewer
symptoms. Lastly, phthalate metabolites have a short half-life where a
single measure reflects very recent exposure. However, exposure is
likely consistent given the ubiquity of phthalates in consumer products.
We also note that repeated measures of phthalate metabolites were
available in our study population, and we averaged these repeated
measures to create a robust estimate of phthalate exposure across
pregnancy, which is an important strength. Our study has many other
strengths. Specifically, we assessed the joint impact of a class of ubiq-
uitous environmental chemicals in combination with maternal anxiety
and depression symptoms, which is important as we found trends among
mothers that reported high levels of depressive symptoms and anxiety.
Non-chemical stressors are often not considered in environmental
epidemiology studies, underscoring the importance of this work. Addi-
tionally, we leveraged a highly phenotyped cohort of socioeconomically
diverse African American women, a population largely underrepre-
sented in previous scientific literature.

5. Conclusions

We observed that prenatal exposure to phthalates may be associated
with an increase in newborn arousal only among those with high levels
of maternal depressive symptoms during pregnancy. Similarly, we found
that phthalates were modestly associated with an increase in newborn
attention and arousal among those experiencing anxiety. Our findings
provide important insights into how experiences of depression and
anxiety by pregnant people can exacerbate associations between envi-
ronmental exposures and neurodevelopment. Further studies are needed
to replicate and validate our results, as our study was limited by a
relatively small sample size. Future studies should also assess the in-
fluence of other psychosocial and non-chemical stressors, as well as the
optimal levels of newborn attention during early life.
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2022. Sex-specific associations between maternal exposure to parabens, phenols and
phthalates during pregnancy and birth size outcomes in offspring. Sci. Total Environ.
836, 155565 https://doi.org/10.1016/j.scitotenv.2022.155565.

Welch, B.M., Keil, A.P., Buckley, J.P., et al., 2022. Associations between prenatal urinary
biomarkers of phthalate exposure and preterm birth: a pooled study of 16 us cohorts.
JAMA Pediatr. 176 (9), 895–905. https://doi.org/10.1001/
jamapediatrics.2022.2252.

Wenzel, E.S., Gibbons, R.D., O’Hara, M.W., Duffecy, J., Maki, P.M., 2021. Depression and
anxiety symptoms across pregnancy and the postpartum in low-income Black and
Latina women. Arch Womens Ment Health 24 (6), 979–986. https://doi.org/
10.1007/s00737-021-01139-y.

Williams, D.R., 2018. Stress and the mental health of populations of color:advancing our
understanding of race-related stressors. J. Health Soc. Behav. 59 (4), 466–485.
https://doi.org/10.1177/0022146518814251.

Womble, M., Jennings, S., Schatz, P., Elbin, R.J., 2021. A-173 clinical cutoffs on the
state–trait anxiety inventory for concussion. Arch. Clin. Neuropsychol. 36 (6), 1228.
https://doi.org/10.1093/arclin/acab062.191.

Zhang, Y.J., Guo, J.L., Xue, J chuan, Bai, C.L., Guo, Y., 2021. Phthalate metabolites:
characterization, toxicities, global distribution, and exposure assessment. Environ.
Pollut. 291, 118106 https://doi.org/10.1016/j.envpol.2021.118106.

Zhang, X., Barr, D.B., Dunlop, A.L., et al., 2022. Assessment of metabolic perturbations
associated with exposure to phthalates among pregnant African American women.
Sci. Total Environ. 818, 151689 https://doi.org/10.1016/j.scitotenv.2021.151689.

Zota, A.R., Shamasunder, B., 2017. The environmental injustice of beauty: framing
chemical exposures from beauty products as a health disparities concern. Am. J.
Obstet. Gynecol. 217 (4), 418.e1–418.e6. https://doi.org/10.1016/j.
ajog.2017.07.020.

Julian LJ. Measures of anxiety: state-trait anxiety inventory (STAI), beck anxiety
inventory (bai), and hospital anxiety and depression scale-anxiety (HADS-A). doi:
10.1002/acr.20561.

K. Springer et al.

https://doi.org/10.1016/j.whi.2023.05.003
https://doi.org/10.1016/j.whi.2023.05.003
https://doi.org/10.1016/j.beem.2020.101478
https://doi.org/10.1038/s41372-019-0510-y
https://doi.org/10.1016/B978-008045405-4.00419-5
https://doi.org/10.1016/B978-008045405-4.00419-5
https://doi.org/10.1016/j.reprotox.2016.08.015
https://doi.org/10.1002/mrdd.20058
https://doi.org/10.1002/mrdd.20058
https://doi.org/10.1111/j.1365-2605.2005.00567.x
https://doi.org/10.1037/t06496-000
https://doi.org/10.1037/t06496-000
https://doi.org/10.1371/journal.pone.0193835
https://doi.org/10.1111/j.1365-3016.2012.01288.x
https://doi.org/10.1111/j.1365-3016.2012.01288.x
https://doi.org/10.1176/appi.ajp.2020.20050672
https://doi.org/10.1016/j.scitotenv.2024.170344
https://doi.org/10.1177/070674370404900108
https://doi.org/10.1177/070674370404900108
https://doi.org/10.1038/s41598-023-34661-3
https://doi.org/10.1016/j.scitotenv.2022.155565
https://doi.org/10.1001/jamapediatrics.2022.2252
https://doi.org/10.1001/jamapediatrics.2022.2252
https://doi.org/10.1007/s00737-021-01139-y
https://doi.org/10.1007/s00737-021-01139-y
https://doi.org/10.1177/0022146518814251
https://doi.org/10.1093/arclin/acab062.191
https://doi.org/10.1016/j.envpol.2021.118106
https://doi.org/10.1016/j.scitotenv.2021.151689
https://doi.org/10.1016/j.ajog.2017.07.020
https://doi.org/10.1016/j.ajog.2017.07.020

	Maternal symptoms of depression and anxiety as modifiers of the relationship between prenatal phthalate exposure and infant ...
	1 Introduction
	2 Methods
	2.1 Study Design and population
	2.2 Measurement of phthalates metabolites
	2.3 Assessment of maternal anxiety and depressive symptoms
	2.4 Infant neurobehavioral assessment
	2.5 Confounders and covariates
	2.6 Statistical analysis

	3 Results
	4 Discussion
	5 Conclusions
	Funding
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Appendix A Supplementary data
	References


