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Abstract

Maternal psychosocial stress can negatively impact gestational length and development of the
fetus. These effects may be sex-specific but have not been extensively studied. The objective of
this study was to examine the associations between prenatal maternal stress and birth outcomes
and whether effects are modified by sex. Prenatal maternal stress was indexed by a maternal
negative life events (NLE) score ascertained in 527 urban mothers; a higher NLE score indicates
greater stress. Birth outcomes included gestational age, preterm birth (<37 weeks), and birthweight
for gestational age z-scores. Modified Poisson regression and linear models were used to evaluate
associations of prenatal NLE scores with birth outcomes. Sex differences were assessed by
inclusion of an interaction term for sex by NLE score and in sex-stratified analyses. In analyses
adjusted for maternal age, education, race/ethnicity, and pre-pregnancy body mass index (BMI),
increasing prenatal stress was associated with shortened gestational age (days) (B=-0.63, [95% CI
-1.20, -0.06]). This effect was sex specific, with increasing prenatal stress associated with
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shortened gestational age, as well as increased risk of preterm birth, in male infants (8=-1.35
[95% CI -2.17,-0.54] and RR=1.18 [95% CI 0.99, 1.42] respectively) but not female infants (
=0.15 [95%CI -0.63, 0.94] and RR=0.85, [95%CI 0.65, 1.11] respectively). Prenatal stress was
not associated with birthweight z-scores. Our results support the importance of psychosocial stress
as a programming factor that may have sex-specific effects for adverse fetal outcomes.
Understanding sex-specific effects of prenatal stress on birth outcomes may inform prevention
strategies.

Lay summary:

Higher stress experienced by mothers in prgnancy was associated with shorter length of pregnancy
and the effect was stronger in male infants when compared to female infants.
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Introduction

Environmental insults during the prenatal period may lead to alterations in maturation of
multiple organ systems impacting fetal developmental trajectories (Wells et al., 2009).
Research has focused on identifying and understanding these potential insults and their
associations with adverse pregnancy outcomes, including low birthweight (LBW, <2500
grams), preterm birth (PTB, gestational age <37 weeks), and shortened gestational age,
which are important predictors of health later in life(Ansari et al., 2017; Ask et al., 2018;
Leps, Carson, & Quigley, 2018). There are also well-documented disparities in these
outcomes by socioeconomic status (Blumenshine, Egerter, Barclay, Cubbin, & Braveman,
2010) and race/ethnicity (Mutambudzi, Meyer, Reisine, & Warren, 2017). Therefore,
identifying risk factors that may be differentially distributed based on these factors remains a
focus of research.

Previous studies have identified prenatal maternal stress, which varies across different racial
and ethnic groups and socioeconomic status (Grobman et al., 2016), as a potential risk factor
for adverse birth outcomes (Dunkel Schetter and Tanner, 2012), including LBW(Nkansah-
Amankra, Luchok, Hussey, Watkins, & Liu, 2010), PTB (Hedegaard, Henriksen, Secher,
Hatch, & Sabroe, 1996; Khashan et al., 2009a), and shortened gestational age (Hedegaard, et
al., 1996). In an analysis of 1.35 million births in Denmark, prenatal exposure to severe life
events was associated with increased of risk of PTB (Khashan, et al., 2009a). A recent meta-
analysis of 88 prospective studies reported a moderate association between maternal stress
and pregnancy outcomes, with effects moderated by the type of stress assessment, inclusion
of high-risk populations, and study location (Bussieres et al., 2015). Psychosocial stress
exposure during pregnancy leads to the activation of systems involved in the regulation of
inflammatory processes (i.e., hypothalamic-pituitary-adrenocortical [HPA] axis, autonomic
nervous system) and alterations in innate and adaptive immune responses; which may
influence the health and development of the exposed fetus (Hobel, 2004; Hobel, Goldstein,
& Barrett, 2008; Tollenaar, Beijers, Jansen, Riksen-Walraven, & de Weerth, 2011).
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The effects of prenatal stress on birth outcomes have also been shown to vary by offspring
sex (Doyle et al., 2015; Van den Bergh et al., 2017). There is evidence to suggest that sex-
specific effects may arise through differential placental effects and fetal sex hormones
(Clifton, 2010; A. R. Howerton et al., 2014). For example, prenatal socioeconomic adversity
was linked to sex-specific changes in methylation of 11p-hydroxysteroid dehydrogenase
type 2 in placental tissue (Appleton et al., 2013). Stress has also been linked to sex-specific
differences in methylation of the glucocorticoid receptor gene which helps HPA-axis
functioning (Ostlund et al., 2016). Most epidemiological research into sex-specific effects of
stress on birth outcomes has focused on changes to the male-to-female birth ratio, usually
greater than 1.0, but has been shown to decrease under stressful circumstances, including
periods of deprivation (Zilko, 2010) and natural disasters (Suzuki, Yamagata, Kawado, &
Hashimoto, 2016; Torche and Kleinhaus, 2012). Few studies have examined sex differences
in associations between prenatal stress and other birth outcomes;most studies have focused
on natural disasters and conflict as the stress exposure reporting higher risk of PTB and
LBW (Torche and Kleinhaus, 2012; Wainstock, Shoham-Vardi, Glasser, Anteby, & Lerner-
Geva, 2015) in females, lower birthweight in males (Suzuki, et al., 2016), and no evidence of
sex differences in gestational duration (Suzuki, et al., 2016).

Given that maternal stress may be modified by intervention and has enormous implications
for adverse birth outcomes that are linked to costly chronic disease throughout the life
course, focusing on lower income, ethnically-diverse US samples that are more greatly
burdened by adverse birth outcomes (Borrell, Rodriguez-Alvarez, Savitz, & Baquero, 2016;
Lorch and Enlow, 2016) has important public health implications. Furthermore,
understanding the role of sex in these associations can help elucidate potential underlying
mechanisms. We hypothesized that higher prenatal stress would be associated with greater
risk of adverse fetal outcomes and that the effect would be modified by fetal sex in an
established multi-racial/ethnic population-based birth cohort.

PRogramming of Intergenerational Stress Mechanisms (PRISM) study:

The PRISM study is a prospective pregnancy cohort of mother-child dyads originally
designed to study how perinatal stress influences child health and developmental outcomes.
English- and Spanish-speaking women who were =18 years of age receiving prenatal care at
the Beth Israel Deaconess Medical Center and the East Boston Neighborhood Health Center
in Boston, MA and the Mount Sinai Hospital in New York City, NY were enrolled at 25.4

+ 7.0 weeks gestation from March 2011 to August 2014. Those who reported = 7 alcoholic
drinks/week prior to or any alcohol after pregnancy recognition were excluded. The relevant
institutions’ human studies committees approved procedures, and mothers provided written
consent in their primary language. Of those eligible, 548 agreed to participate (69.4%);
participants and non-participants did not differ on race/ethnicity, education, or income.
Within 2 weeks of enrollment, mothers completed standardized surveys via in-person
interviews to ascertain stress and relevant covariates used in these analyses. Of the 548
participants, the following data were missing (n=3 for maternal age, n=12 for pre-pregnancy
BMI, n=1 for mother’s race/ethnicity and n=3 for maternal education). Two participants
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withdrew from the study. Therefore, the current analyses included 527 women with
complete data on prenatal stress exposures and covariates who delivered a live born infant.

Prenatal stress: negative life events

Prenatal maternal stress was measured using the Crisis in Family Systems-Revised
(CRISYS-R) survey, validated in English (Shalowitz, Berry, Rasinski, & Dannhausen-Brun,
1998) and Spanish (Berry, Quinn, Portillo, & Shalowitz, 2006). Mothers were asked to
endorse life events experienced in the past six months across 11 domains (e.g., financial,
legal, career, relationships, safety in the home, safety in the community, medical issues
pertaining to self, medical issues pertaining to others, home issues, authority, and prejudice)
and to rate each as positive, negative, or neutral. Stress theory centers around the notion that
when humans experience environmental demands that rise to the level of overwhelming their
existing coping resources, they experience distress/stress with a concomitant physiological
disruption that may impact health (Cohen, Kessler, & Gordon, 1995). Research suggests
increased vulnerability when experiencing events across multiple domains, as this
circumstance is more likely to overwhelm coping resources; therefore, the number of
domains with one or more events endorsed as negative were summed to create a negative life
events (NLE) domain score, with higher scores indicating greater stress, as done in prior
research (Rosa et al., 2016).

Gestational age and birthweight z-score

Covariates

Gestational age was calculated based on maternal report of last menstrual period and
obstetrical estimates from the first trimester ultrasound examination; if the discrepancy was
>2 weeks, obstetrical estimates were used. Preterm birth was defined as gestational age less
than 37 weeks.

Birthweight data were extracted from labor and delivery records. Because the traditional
approach of using raw birthweight data adjusted for gestational age in a linear regression
model may add bias (Oken, Kleinman, Rich-Edwards, & Gillman, 2003), z-scores were
used, which allow adjustment for gestational age more precisely and factor in non-linear
growth, reducing both bias and residual confounding (Oken, et al., 2003). Sex-specific
Fenton birthweight for gestational age z-scores(Fenton and Kim, 2013) were calculated
using reference curves derived from a growth curve modeling meta-analysis of preterm birth
and previously validated with the World Health Organization (WHQ) growth curves for
postnatal growth.

Previously identified covariates related to birth outcomes were considered. Maternal age and
maternal education as an indicator of individual-level socioeconomic status were ascertained
by interview. Race/ethnicity was self-identified. First, women were asked if they would
consider themselves Hispanic and then were asked to select their race, being allowed to
select more than one. Participants were categorized as Black, White Hispanic, White, or
Other/Multiracial. If participants were Black and Hispanic they were included in the Black
category. Participants’ parity, marital status and smoking in pregnancy were ascertained
through questionnaire at enrollment. Maternal pre-pregnancy height and weight were
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determined via self-report at enrollment; body mass index (BMI) was calculated by dividing
weight by height squared (kg/m?).

Statistical Analysis

Results

We used a modified Poisson regression approach (Zou, 2004) to obtain risk ratios for
preterm birth and linear models to evaluate the association of prenatal NLE domain scores
with gestational age and birthweight z-scores. Models were adjusted for maternal age,
education, race/ethnicity, and pre-pregnancy BMI. Parity, marital status and smoking in
pregnancy were also considered as potential covariates. Potential sex differences were
examined by including an interaction term for sex by NLE domain score in each model and
by stratifying analyses by sex. In the stratified analysis for preterm birth, race was collapsed
into 2 mutually exclusive categories White and Non-White Analyses were performed in SAS
version 9.4 (Cary, NC) and SPSS version 23 (Chicago, IL). In a sensitivity analysis, the NLE
score was also calculated omitting items related to medical issues pertaining to self to
mitigate the potential that women endorsing this stressor deliver early because they have
medically complicated pregnancies.

Demographic characteristics are shown in Table 1. The majority of women were non-White
(74%), and approximately one-third had a high school education or less (37%). The
incidence of preterm birth (< 37 weeks) was 8.9%, and 53.7% of infants were male. Table 2
shows the linear and logistic model associations for all birth outcomes. In the sample
considered as a whole, the prenatal NLE score was not statistically significantly associated
with preterm birth or birthweight z-scores. An increasing NLE score was statistically
significantly associated with shortened gestational age —0.63 95%CI (-1.20, —0.06). Parity,
marital status and smoking in pregnancy were not included in final models because results
remained virtually unchanged after their inclusion as covariates and they were not
independently associated with any of the outcomes.

Full regression models for the main effects are included in the supplement (Tables S1-S3)
Results were substantively unchanged in the sensitivity analysis using the NLE score
omitting items for medical issues related to self (see supplemental material, table S4). We
also report percent endorsement within each negative life domain in supplemental table S8.
Table 3 shows results of adjusted models for the association between prenatal NLE domain
scores and birth outcomes, stratified by sex and including the p-value for the interaction
model. Full regression models for the interaction effects are included in the supplement
(Tables S5-S7). Betas are shown for a 1 domain increase in prenatal NLE score. There was a
statisticallysignificant sex by prenatal NLE score interaction (p=0.02) for gestational age,
with only male infants showing a statistically significant negative association between
prenatal NLE score and gestational age p —1.35 95%CI (-2.17,—-0.54). There also was a
suggestion of a sex by stress interaction for PTB (p=0.06); male infants had higher risk of
PTB than female infants.
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Discussion

These analyses leverage data from an ethnically-diverse urban US pregnancy cohort to
examine the association between cumulative negative life events experienced in pregnancy
and infant birth outcomes, including gestational age, preterm birth, and birthweight. In this
sample, we found a statistically significant association between experiencing negative life
events across an increasing number of life domains and decreased length of gestation. The
association remained statistically significant after adjustment for potential confounders
including maternal education, race/ethnicity, pre-pregnancy BMI and maternal age. There
also was suggestive evidence that the effects of prenatal stress were, as measured by the
NLE domain score, more pronounced among male infants for shortened gestation and
increased risk of preterm birth. Associations between the NLE domain score and birthweight
adjusted for gestational age were not statistically significant when examined in the sample as
a whole or by infant sex.

When examining the association between prenatal stress and adverse health outcomes,
previous work has utilized different stress constructs, including questionnaires related to
perceived stress (e.g., Perceived Stress Scale), anxiety (e.g., State Trait Anxiety Inventory),
pregnancy-specific anxiety, stressful life events, exposure to natural or man-made disasters,
and maternal cortisol secretion. The studies that have used measures of stressful life events
have, for the most part, yielded associations with shortened gestation. In a large study in
Denmark, stress during pregnancy was ascertained using the modified Life Events Inventory,
and a higher score of events classified as highly stressful during mid to late pregnancy was
associated with shortened gestation (Hedegaard, et al., 1996). Dominguez et. a/ reported that
stressful life events were associated with shortened gestational age in a group of African
American women in the United States (Dominguez, Schetter, Mancuso, Rini, & Hobel,
2005). In a Chinese sample, report of greater perceived stress due to a reported life event
during the first or second trimester was associated with increased risk of preterm birth (Zhu,
Tao, Hao, Sun, & Jiang, 2010). In a study of women living in California, an increase in
perceived stress assessed between two prenatal visits was associated with increased risk of
PTB, but there was no statistically significant association between report of major life events
and risk of PTB (Glynn, Schetter, Hobel, & Sandman, 2008).

There are several potential mechanisms through which prenatal stress exposure may
influence birth outcomes. While glucocorticoids are needed for fetal organ development (C.
L. Howerton and Bale, 2012), excess exposure may be detrimental to fetal development
(Reynolds, 2013). Increased cortisol production due to stress may lead to increased placental
corticotropin-releasing hormone (CRH) (Majzoub and Karalis, 1999) and CRH levels may
differentiate term from preterm pregnancies (Mclean, et al., 1995). Exposure to psychosocial
stress has been associated with increased inflammation and altered or dysregulated immune
and inflammatory activity (Christian, 2012; Ross, et al., 2018), and these alterations during
pregnhancy have been associated with adverse pregnancy outcomes. For example, higher
levels of peripheral pro-inflammatory markers have been reported in women who went on to
have preterm labor compared to those who delivered at term (Ferguson, et al., 2014;
Gargano, et al., 2008) There is also evidence from animal studies demonstrating associations
between stress in pregnancy and adverse birth outcomes in offspring. In one study of Wistar
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albino rats, exposure to psychological stress in pregnancy, modeled as physical restraint, was
associated with increased rates of LBW and PTB when compared to the control group
(Govindaraj, Shanmuganathan, & Rajan, 2017). Rodent studies have demonstrated the
vulnerability of the fetus to prenatal stress; cortisol and acetyl-corticotropin hormones were
found to be elevated in the hypothalami of the fetuses after their mothers experienced stress
in pregnancy(Kofman, 2002; Sapolsky, 2000).

Studies examining sex-specific effects of prenatal stress on birth outcomes are sparser. The
few epidemiological studies that have examined the effects of stress on birth outcomes by
sex have produced mixed results. Wainstock and colleagues reported that stress,
conceptualized as exposure to rocket alarms, was mostly associated with higher odds of PTB
and LBW in females as compared to males (Wainstock, et al., 2015). Women in Chile who
experienced a major earthquake early in pregnancy were reported as having shorter
pregnancies and were at higher risk for delivering preterm; the effect was markedly stronger
in females than males (Torche and Kleinhaus, 2012). While there was a reported decrease in
ratio of male-to-female live births after the Great East Japan Earthquake, the authors
reported no statistically significant differences in gestational duration for either males or
females when comparing extremely affected regions to moderately or slightly affected
regions (Suzuki, et al., 2016). In our study, the association between higher prenatal NLE
domain scores and shortened gestation was stronger in male than female infants, suggesting
that male fetuses were more vulnerable to maternal prenatal stress. The difference in
findings across studies may be due to the varied methods used to measure stress. It also is
possible that greater levels of maternal distress like those experienced during disasters or
armed conflict result in the culling of male pregnancies (Trivers and Willard, 1973) while
female pregnancies survive but with shortened gestations.

There are mechanistic data to support increased vulnerability to prenatal stress in male
offspring when compared to female offspring(Sandman, Glynn, & Davis, 2013). A posited
mechanism through which these differences may arise is sex-specific placental
responsiveness to prenatal maternal stress and fetal sex hormones (Del Giudice et al., 2018;
Mueller and Bale, 2008). /n utero stress may also be more detrimental to male fetuses due to
reduced activity and/or sensitivity of placental 11p-hydroxysteroid dehydrogenase type 2,
leading to increased fetal glucocorticoid exposure, differential DNA methylation in the
placenta (Appleton, et al., 2013), or enhanced vulnerability to stress-induced oxidation 7n
utero (Minghetti, Greco, Zanardo, & Suppiej, 2013; Stark, Hodyl, Wright, & Clifton, 2011).
Conversely, sex-specific differences in the relationship between fetal and placental
glucocorticoid responses may have protective effects on females (Appleton, et al., 2013).
While females may be more adaptive in response to stress and adverse events experienced
during the prenatal period, there is also data suggesting that they may still suffer the effects
of these exposures including increased fearful and reactive behavior and that these effects
may last into preadolescence(Sandman, et al., 2013). Therefore, the continued follow-up of
this population would be important in order to continue assessing the long term effects of
prenatal stress exposure.

Strengths of our study include the prospective design, assessment of stress in pregnancy
using a well-validated measure of negative life events that allows women to identify whether
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the experience was negative, inclusion of ethnically-diverse populations and our ability to
adjust for important confounders. We also acknowledge some limitations. We measured
negative life events experienced in the past 6 months during the pregnancy rather than more
definitively assessing timing of events; thus, we are unable to examine whether sex-specific
effects could be further modified by timing of exposure as other data suggest (Glynn,
Wadhwa, Dunkel-Schetter, Chicz-DeMet, & Sandman, 2001; Van den Bergh, et al., 2017).
For approximately 30% of the participants, the negative life event scores would include the
preconception period (questionnaire administered before 24 weeks). There is some evidence
suggesting that stress during the preconception may be associated with increased risk of
preterm birth, lower birthweight and higher risk of SGA (Khashan et al., 2009b; Khashan et
al., 2008; Witt, Wisk, Cheng, Hampton, & Hagen, 2012). While we can’t disentangle the
timing effects of preconception from prenatal period we would in general expect to see a
similar association. We do not have data on previous PTB, an important predictor of future
PTB, in our participants. The rate of PTB in our participants is lower than the rates reported
nationwide in the United States (Martin, Hamilton, Osterman, Driscoll, & Mathews, 2017)
and we acknowledge that people who agree to participate in the study may be healthier than
the general US population.

Studies that include biomarkers to more definitively assess underlying mechanisms that may
contribute to sex-specific effects, including measurement of hormones related to the HPA
and hypothalamic-pituitary-gonadal (HPG) axes (cortisol and sex steroids) as well as
epigenetics in maternal, placental and cord blood DNA are needed. We also cannot rule out
potential residual confounding due to unmeasured host and environmental factors that may
affect birth outcomes.

This study adds to a growing literature underscoring the need to consider prenatal
psychosocial stress as an important programming factor in fetal development and highlights
the importance of considering sex-specific effects. Such knowledge can inform prevention
and intervention strategies. Future studies should examine the programming of sex
differences at varying developmental time points in response to maternal and early life stress
to provide further insights into the etiology of adverse fetal outcomes. Future interventions
should consider stress reduction modalities in pregnant women.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Table 1.

Descriptive characteristics of PRISM sample (N=527)

Maternal age at delivery, median (IQR) 30.2 (25.2, 34.6)
Maternal pre-pregnancy BMI, median (IQR) 24.4 (21.9, 29.8)
Race/Ethnicity, n (%)

White, Hispanic 180 (34.2)

Black 191 (36.2)

White, non-Hispanic 125 (23.7)

Other/multi-racial 31(5.9)
Education, n (%)

< High school 195 (37.0)

> High school 332 (63.0)
Parity, n (%)

Nulliparous 211 (40)

Parous 313 (60)

Missing 3
Marital Status, n (%)

Married or living with partner 386 (73.2)

Single, divorced, separated or widowed 141 (26.8)
Maternal smoking in pregnancy, n (%) 87 (16.5)

Missing 1
Child sex, n (%)

Male 282 (53.5)

Female 245 (46.3)
Negative life event (NLE) domain score, median (IQR) * 2(1,3)
Gestational age (days), mean (SD) 273 (12.8)
Birthweight for gestational age z-score, mean (SD) 7 ~0.20(0.90)
Preterm birth (<37 weeks), n (%) 47 (8.9)

Abbreviations: IQR, interquartile range; BMI, body mass index; SD: standard deviation.
*
Assessed using Crisis in Family Systems-Revised (CRISYS-R) survey; multi-item survey summarized into a continuous score.

fSex—specific Fenton birthweight for gestational age z-scores calculated using reference curves derived from growth curve modeling meta-analysis
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Table 2.

Adjusted regression models assessing the relationship between prenatal stress and gestational age, preterm
birth, and birthweight z-score (N=527)

Estimates (95%Cl) P-value

Gestational age (days) -0.63 0.03
(-1.20, -0.06)
Preterm birth (<37 weeks) (RR) 1.01 0.85
(0.88,1.17)

Birthweight for gestational age z-score 4 (_0_0%'0& 04) 0.7

B shown for gestational age and birthweight z-scores. B represents the change in gestational age in days or birthweight z-score per 1 domain
increase in the prenatal NLE score. Risk ratio shown for preterm birth.

All models adjusted for child sex, maternal age, education, race/ethnicity, and pre-pregnancy BMI.

fSex-specific Fenton birthweight for gestational age z-scores calculated using reference curves derived from growth curve modeling meta-analysis
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Table 3.

Adjusted regression models assessing the relationship between prenatal NLE domain score and birth outcomes
stratified by infant sex

Malelnfants Femalelnfants P-valueinteraction

N=282 N=245
Estimates Estimates
(95% ClI) (95% ClI)
Gestational age -1.35 0.15 0.02
(-2.17,-0.54) (-0.63, 0.94)
Preterm birth (< 37 weeks) 1.18 0.85 0.06
(0.99, 1.42) (0.65,1.11)

Birthweight for gestational age z-score 4 (-0 65'%2037) (-0 O%OS 072) 0.26

B shown for gestational age and birthweight z-scores. B represents the change in gestational age in days or birthweight z-score per 1 domain
increase in the prenatal NLE score. RR shown for preterm birth.

*
All models adjusted for maternal age, education, race/ethnicity, and pre-pregnancy BMI.

fSex-specific Fenton birthweight for gestational age z-scores calculated using reference curves derived from growth curve modeling meta-analysis
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