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ARTICLE INFO ABSTRACT

Keywords: Maternal psychosocial stress during pregnancy can impact the developing fetal brain and influence offspring
Psychosocial stress mental health. In this context, animal studies have identified the hippocampus and amygdala as key brain regions
Pregnancy of interest, however, evidence in humans is sparse. We, therefore, examined the associations between maternal
323‘;::{?10pmem prenatal psychosocial stress, newborn hippocampal and amygdala volumes, and child social-emotional
Social-emotional development development.

Hippocampus In a sample of 86 mother-child dyads, maternal perceived stress was assessed serially in early, mid and late

pregnancy. Following birth, newborn (aged 5-64 postnatal days, mean: 25.8 & 12.9) hippocampal and amygdala
volume was assessed using structural magnetic resonance imaging. Infant social-emotional developmental
milestones were assessed at 6- and 12-months age using the Bayley-III.

After adjusting for covariates, maternal perceived stress during pregnancy was inversely associated with
newborn left hippocampal volume ( = —0.26, p = .019), but not with right hippocampal (f = —0.170, p = .121)
or bilateral amygdala volumes (ps > .5). Furthermore, newborn left hippocampal volume was positively asso-
ciated with infant social-emotional development across the first year of postnatal life (B = 0.01, p = .011).
Maternal perceived stress was indirectly associated with infant social-emotional development via newborn left
hippocampal volume (B = —0.34, 95% Clgc [-0.97, —0.01]), suggesting mediation.

This study provides prospective evidence in humans linking maternal psychosocial stress in pregnancy with
newborn hippocampal volume and subsequent infant social-emotional development across the first year of life.
These findings highlight the importance of maternal psychosocial state during pregnancy as a target amenable to
interventions to prevent or attenuate its potentially unfavorable neural and behavioral consequences in the
offspring.

* Corresponding author. Institute of Medical Psychology, Charité — Universitatsmedizin Berlin, Luisenstrasse 57, 10117, Berlin, Germany.
E-mail address: claudia.buss@charite.de (C. Buss).
1 These authors contributed equally to this work.

https://doi.org/10.1016/j.ynstr.2021.100368

Received 12 May 2021; Received in revised form 30 June 2021; Accepted 15 July 2021

Available online 16 July 2021

2352-2895/© 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-ne-nd/4.0/).


mailto:claudia.buss@charite.de
www.sciencedirect.com/science/journal/23522895
https://www.elsevier.com/locate/ynstr
https://doi.org/10.1016/j.ynstr.2021.100368
https://doi.org/10.1016/j.ynstr.2021.100368
https://doi.org/10.1016/j.ynstr.2021.100368
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ynstr.2021.100368&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

N.K. Moog et al.

1. Introduction

Maternal psychosocial distress during pregnancy (perceived stress,
anxiety and depressive symptomatology) is one of the most common
perinatal health problems. Between 10 and 20% of women experience a
mental health disorder (i.e., diagnosis of a mood or anxiety disorder) in
the perinatal period (Kendig et al., 2017), with an even higher preva-
lence when subclinical forms of psychosocial distress are considered.
Evidence from animal and human studies suggests that maternal psy-
chosocial distress during pregnancy may influence the structure and
function of the developing fetal brain (Buss et al., 2012; Entringer et al.,
2015; Lautarescu et al., 2020). Stress-related biological signals in the
intrauterine environment may elicit structural and functional changes in
fetal cells, tissues, and organ systems during critical developmental
periods of rapid cellular proliferation and differentiation that, in turn,
may have long-term or permanent consequences. The fetal brain is
particularly susceptible to exposure to environmental perturbations
because major neurodevelopmental processes such as neuron prolifer-
ation, migration and synaptogenesis occur over a relatively short period
of time during ontogeny (Buss et al., 2012).

Animal models have implicated the limbic system, particularly the
hippocampus and amygdala as brain regions specifically affected by
prenatal stress (Badihian et al., 2019; Charil et al., 2010; McEwen et al.,
1992). The hippocampus is a key structure underlying cognitive func-
tion including memory, and it also plays a major role in regulating the
stress response. The amygdala is a structure critical for affective evalu-
ation and learning, including fear and reward learning, as well as the
processing of salience and novelty (Fareri and Tottenham, 2016; Lind-
quist et al., 2012). Correspondingly, variation in hippocampal and
amygdalar structure and function is implicated in many psychiatric
disorders that are accompanied by social-emotional problems (e.g.,
major depression and anxiety) (Hamilton et al., 2008; Herman et al.,
2005; Oler et al., 2016; Pruessner et al., 2010).

In humans, the unfolded hippocampus emerges by gestational week
13-14 and begins to resemble adult anatomy by the start of the third
trimester (Kier et al., 1997). However, the subfields CAl and dentate
gyrus — a subfield relevant for later neurogenesis — do not reach
anatomical maturity till late gestation, and neuronal proliferation in
these areas likely continues until term and beyond (Arnold and Troja-
nowski, 1996). With regard to size, both postmortem and in utero studies
reveal a linear increase in total hippocampal volume (HCV) throughout
the fetal period (Ge et al., 2015; Jacob et al., 2011). In terms of the
amygdala, the three major divisions (anterior, basolateral and cen-
tromedial) are discernible already at gestational week 7-8, and the first
individual nuclei begin to be detectable at the same time. In the fetal
period, growth of the amygdala continues by migration of cells from the
ventricular eminences, followed by neuronal differentiation and the
development of synapses and projections (Miiller and O’Rahilly, 2006).
Thus, due to their protracted development across gestation, the devel-
opmental trajectory of the embryonic and fetal hippocampus and
amygdala may be susceptible to the influence of variation in environ-
mental conditions.

In rodents and non-human primates, prenatal stress induces a global
(i.e., not regionally-specific) decrease in HCV and inhibits local post-
natal neurogenesis in regions including the dentate gyrus (Coe et al.,
2003; Kawamura et al., 2006; Lemaire et al., 2000; Szuran et al., 1994).
In adult rats, prenatal stress also is associated with a reduction of den-
dritic arborization and synaptic density in the CA1 and CA3 hippo-
campal subfields (Barros et al., 2006; Hayashi et al., 1998; Jia et al.,
2010; Martinez-Téllez et al., 2009). Based on these findings and given its
high levels of glucocorticoid receptors (Wang et al., 2013), the hippo-
campus has been considered a major target of alterations in gestational
biology (particularly cortisol) associated with maternal psychosocial
distress. Compared to the empirical evidence on the effects of prenatal
stress on hippocampal morphology, animal models investigating the
effects of prenatal stress on amygdala morphology are less abundant.
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Amygdalar nuclei volumes, neurons and glia have been demonstrated to
be reduced in offspring of prenatally stress rats after birth, however,
these effects appear to resolve after 45 days and at 80 days amygdala
volume (AGV) was shown to be increased in PS-exposed offspring
(Kraszpulski et al., 2006; Salm et al., 2004). These findings suggest that
the developmental trajectory of the amygdala may be altered by pre-
natal stress but that the direction of the effect may be dependent on the
developmental stage at assessment.

In human research, investigation of the impact of maternal psycho-
social distress during pregnancy on offspring brain development has
been rapidly developing over the last decade and increasing evidence
supports an association between maternal stress during pregnancy and
offspring brain anatomy and connectivity in offspring. Maternal pre-
partum stress-associated variation in offspring brain phenotypes has
been shown in fetuses (De Asis-Cruz et al., 2020; van den Heuvel et al.,
2021), neonates (Dean et al., 2018; Lautarescu et al., 2020b; Rifkin-G-
raboi et al., 2013; Scheinost et al., 2020), infants (Qiu et al., 2015),
children (Davis et al., 2020; Donnici et al., 2021; Lebel et al., 2016),
adolescents (McQuaid et al., 2019) and young adults (Favaro et al.,
2015; Mareckova et al., 2019) with phenotypes under investigation
varying greatly including variation in brain anatomy as well as struc-
tural and functional brain connectivity. However, despite the conceptual
underpinnings and empirical evidence in animals, there is little evidence
in humans linking maternal psychosocial distress during pregnancy with
offspring hippocampal and amygdalar volumetry to date.

In young adults, no association between exposure to stressful life
events during gestation and HCV was observed (Mareckova et al., 2018).
However, a major challenge with studies relating conditions during
gestation to child or adult brain structure or function is the high likeli-
hood that postnatal conditions may alter the association between pre-
natal distress and HCV given the high degree of neuroplasticity during
early postnatal life. For instance, it appears that the association between
small-for-gestational age at birth (a proxy for a suboptimal gestational
environment) and adult HCV was significant among only those subjects
reporting low but not high postnatal maternal care (Buss et al., 2007).
Despite the possibility that the association between exposure to
maternal distress in utero and brain structure and function attenuates
over time under certain postnatal environmental conditions, the rele-
vance of variation in neonatal neurophenotypes for later cognitive
function manifests itself in the fact that the developmental trajectory of a
brain system (which is dependent on its initial set point) may in and of
itself affect developmental outcomes such as cognitive function (Ras-
mussen et al., 2019). Thus, study designs that incorporate assessments of
offspring brain development during gestation or soon after birth may
prevent confounding by postnatal factors. Indeed, one recent study
using fetal MRI reported an association between maternal psychosocial
distress and fetal left HCV (Wu et al., 2020). In contrast, two other
studies (Lehtola et al., 2020; Qiu et al., 2013) found no associations
between maternal depressive and anxiety symptoms during pregnancy
and newborn HCV (although maternal antenatal anxiety was associated
with slower growth of the right hippocampus across the first 6 months of
life (Qiu et al., 2013)).

Investigations of the association between maternal psychosocial
stress and AGV have generated similar inconclusive results. One study in
neonates observed no association between AGV and maternal depressive
symptoms (Rifkin-Graboi et al., 2013), whereas another study reported
smaller left and right AGV in association with maternal psychosocial
stress, albeit only in male neonates (Lehtola et al., 2020). Sex-specific
effects of maternal prenatal depression and anxiety have also been
observed in two studies in preschool children. Both studies report a
positive association between maternal depression or anxiety and AGV in
girls, but not boys, which was restricted to the left amygdala in one study
and to the right amygdala in the other (Acosta et al., 2019; Wen et al.,
2017). One other study observed no associations between maternal
anxiety during pregnancy and AGV in 3-7 year-old offspring, and did
not report potential moderation by sex (Donnici et al., 2021).
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A better understanding of the influence of psychosocial distress on
the developing fetal hippocampus and amygdala may have clinical
relevance. The hippocampus is involved in processing of emotions and
social behavior (Immordino-Yang and Singh, 2013; Rubin et al., 2014),
and hippocampal size has been related to behavioral and emotional
problems in infants born very preterm (Rogers et al., 2012), with
emotion dysregulation in adolescents (Barch et al., 2019), and with
social phobia (Irle et al., 2010) and major depression (Videbech and
Ravnkilde, 2004) in adults. AGV has been associated with variation in
fear processing in infants (Tuulari et al., 2020), impaired impulse con-
trol and working memory in toddlers (Graham et al., 2018; Nolvi et al.,
2021), with depression in children and adolescents (Merz et al., 2018;
Rosso et al., 2005) and with pediatric anxiety (Milham et al., 2005).
Common across these HCV- and AGV-related phenotypes are
social-emotional problems, and social-emotional competence in infancy
and early childhood constitutes an important predictor of subsequent
mental health (Halligan et al., 2013; Skovgaard et al., 2008; Tang et al.,
2020). Social-emotional problems are also robustly associated with
maternal psychosocial distress during pregnancy. A recent meta-analysis
including over 70 studies concluded that for mothers with more distress
during pregnancy the odds of having children with behavioral and
emotional difficulties was 1.5-2 times greater (Madigan et al., 2018).
Thus, prenatal stress-associated structural alterations in hippocampus or
amygdala may be underlying the persistent effects of maternal psycho-
social distress on child social-emotional development.

Most human studies to date have examined associations between
maternal psychosocial distress, child neurobiological substrates (such as
brain structure) and child social-emotional outcomes in a piecemeal
manner, but longitudinal research is still rare. We, therefore, in the
present study, examined the prospective associations between maternal
perceived stress across pregnancy, offspring HCV and AGV at birth, and
infant social-emotional development over the first year of life.

2. Methods and materials
2.1. Study population

We conducted a prospective, longitudinal study at the University of
California, Irvine, Development, Health and Disease Research Program,
in a clinical convenience cohort of ethnically and socio-demographically
diverse pregnant women receiving prenatal care at our university and
other affiliated clinics. All participants had singleton, intrauterine
pregnancies, with no known cord, placental, or uterine anomalies, fetal
congenital malformations, or presence of any conditions known to be
associated with dysregulated neuroendocrine function or systemic
corticosteroid medication use. After birth, the participants’ children
were assessed with structural magnetic resonance imaging (MRI) of the
newborn brain and followed up at 6 and 12 months of age. The cohort
comprised N = 131 mother-child dyads. The present study included a
subsample of N = 86 mother-child dyads with good quality structural
MRI data (see quality control measures below). All newborns included
were born full-term (>37 weeks gestational age) or late preterm (n = 7,
range: 34.6-36.9 weeks), and had no known congenital, genetic or
neurological disorders. Additional analyses were conducted excluding
the late preterm infants to justify their inclusion in the data (see the
Statistical Analysis section). Data on social-emotional development was
available in a subset of n = 73 at 6 months and n = 63 at 12 months of
age with n = 76 infants providing data for at least one time point.

Mother-child dyads with good quality MRI data (N = 86) did not
differ from those that were not included in the analyses because no MRI
scan was attempted or because of insufficient quality of the MRI scan (N
= 45) with respect to maternal age, SES, race/ethnicity, smoking in
pregnancy, parity, obstetric risk, mean PSS scores in pregnancy, gesta-
tional age at birth, birthweight, maternal sensitivity and infant social-
emotional scores. Drop-out dyads had slightly lower PSS scores in late
pregnancy (t = —2.05, p = .043) and were more often of female infant
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sex (X2 = 6.1, p = .017). All study procedures were approved by the
university’s IRB, and all participants (pregnant women, and parents on
behalf of their infants) provided written informed consent. The de-
mographic characteristics of the sample are provided in Table 1.

2.2. Procedure

Participants were recruited in early pregnancy (T1: mean (SD) =
12.8 (1.8) weeks of gestation) and followed with serial assessments in
mid (T2: mean (SD) = 20.5 (1.4) weeks of gestation) and late pregnancy
(T3: mean (SD) = 30.4 (1.3) weeks of gestation). Gestational age was
confirmed by obstetric ultrasonographic biometry using standard clin-
ical criteria (O’Brien et al., 1981). Study visit procedures included
administration of structured socio-demographic and psychosocial in-
terviews and questionnaires and abstraction of medical and previous
obstetric history. Shortly after birth, MRI of the brain was performed in
newborns during natural sleep. At 6 and 12 months of age, infant
social-emotional development and environmental conditions were
assessed with questionnaires and standardized/structured observational
tests.

2.3. Maternal perceived stress in pregnancy

Maternal perceived stress was assessed at each pregnancy visit with
the Perceived Stress Scale (PSS; Cohen et al., 1983). The 10-item PSS is a
well-established and widely used self-report instrument that assesses the
degree to which the respondent appraises situations in life as stressful,
with a particular focus on the critical dimensions of unpredictability and
uncontrollability. Data was available from at least two time points
during pregnancy from all participants and 90.7% of participants had
complete data from all three time points. Trimester-specific PSS scores
did not change significantly across gestation (F2 145 = 1.68, p > .1) and
showed moderate to high intercorrelations (all r > 0.6). Thus, a mean
PSS score across pregnancy was computed for each subject and used in
subsequent analyses (see descriptive statistics in Table 1 and the asso-
ciations between the PSS at each time point during pregnancy and the
outcomes in the Supplement).

2.4. Image acquisition and pre-processing

MRI was performed in the newborns during natural sleep using a
Siemens 3T scanner (TIM Trio, Siemens Medical System Inc., Germany)
at UCI Health Nikken Imaging Center. Before scanning, newborns were
fed, swaddled, fitted with ear protection, and had their heads secured in
a vacuum-fixation device (www.civco.com). A physician or nurse was
present during each scan; a pulse oximeter was used to monitor heart
rate and oxygen saturation.

T1-weighted images were obtained using a three-dimensional (3D)
magnetization prepared rapid gradient echo (MP-RAGE) sequence (TR
2400 ms; TE 3.16 ms; TI 1200 ms; Flip Angle 8°; 6:18 min) and T2-
weighted images were obtained with a turbo spin echo sequence (TR
3200 ms; TE1 13 ms; TE2 135 ms; Flip Angle 180°; 4:18 min). The spatial
resolution wasa 1 x 1 x 1 mm voxel for T1-weighted images and 1 x 1
x 1 mm voxel with 0.5 mm interslice gap for T2-weighted images. In N
= 114 neonates an attempt was made to acquire an MRI scan; the
complete MRI sequence was obtained in N = 94 neonates. Scan acqui-
sition was not attempted in N = 17 infants because they did not fall
asleep during the MRI study visit. Image quality control (QC) feedback
was provided using a four point scale (1-4) developed for infant scan-
ning, and based on a widely used visual QC protocol (Blumenthal et al.,
2002). Criteria for exclusion was a QC score of 4 (N = 6 excluded),
representing subjects with artifact contamination to a degree that ren-
ders image processing unreliable. A further N = 2 had to be excluded due
to significant abnormalities as reviewed by a clinical neuroradiologist
resulting in a final sample of N = 86 neonates for the current analyses.

Hippocampus and amygdala segmentation was performed using a
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multi-modality, multi-template based automatic method combining T1-
and T2-weighted high-resolution images (Wang et al., 2014), followed
by manual correction in ITK-Snap (Yushkevich et al., 2006). Scan/res-
can stability tests for the automatic segmentation procedure conducted
in a separate sample set indicated reliable and stable results at co-
efficients of variance <0.4% for all structures. Manual corrections were
performed with data re-aligned such that the anterior-posterior direc-
tion was positioned along hippocampal long axis. Images were
segmented in both original and left-right mirrored presentation to ac-
count for asymmetric presentation biases (Maltbie et al., 2012) and
averaged for the final segmentation. Reliability for manual correction
was established for raters on this dataset via a standard reliability study,
in which 5 datasets were triplicated and randomized. These 15 datasets
were then segmented automatically and manually corrected by two
raters. Inter-rater correlation coefficients between the two raters and
intra-rater correlation coefficients were established and were both high
atr > 0.98.

Tissue segmentation was performed using a multi-atlas based itera-
tive expectation maximization segmentation algorithm as previously
described (Cherel et al., 2015; Gilmore et al., 2007). Brain tissue was
classified as gray matter (GM), white matter (WM), and cerebrospinal
fluid (CSF). Taken together, these three tissue volumes comprise the
intracranial volume (ICV). The descriptive statistics of hippocampi and
ICV are shown in Table 1.

Bilateral HCV and AGV were corrected for ICV, length of gestation
and postnatal age at MRI scan; the two latter variables were considered
instead of a single variable representing postmenstrual age because of
their different influence on the developing brain (Rasmussen et al.,
2017). The correlation between length of gestation and postnatal age at
MRI scan was r = —0.24, p = .024; the correlations for age at scan and
HCV were r = 0.38 to 0.40, p < .001 and r = 0.22-0.25, p < .05 for
length of gestation and HCV r = 0.32 to 0.37, p < .001, and for ICV and
HCV r = 0.74 to 0.75, p < .001. The correlations for the age variables,
ICV and AGV were r = 0.28t0 0.36, p < .01, r = 0.22 to 0.25, p < .05 and
r = 0.65 to 0.74, p < .001, respectively. The residualized volumes were
used in all analyses. Additionally, sensitivity analyses were performed
excluding one neonate with bilateral HCV volumes that were relatively
large compared to the HCV volumes of the other neonates included in
the study, as well as the n = 7 neonates born before 37 weeks’ gestation
(see more details in the section Statistical analysis).

2.5. Infant social-emotional development

At 6 and 12 months of age, infant social-emotional development was
assessed using the Social-Emotional Scale of the Bayley Scales of Infant
Development — Third Edition (Bayley, 2006). The Social-Emotional
Scale is a standardized parent-report measure that was adapted from
the Greenspan Social-Emotional Growth Chart (Greenspan, 2004). It
assesses acquisition of social and emotional milestones in young chil-
dren, including self-regulation and interest in the world, engagement in
relationships and use of emotions in an interactive, purposeful manner.
Additional information regarding the Bayley Social-Emotional Scale is
provided in the Supplement. The age-adjusted scaled score (mean: 10 +
3) was used in the analyses. Descriptive statistics of infant
social-emotional development are provided in Table 1.

2.6. Covariates

A priori selection of the covariates was based on theoretical consid-
erations and empirical evidence of possible associations with either both
the outcome and primary predictor of interest (to account for potential
confounding) or with only the outcome (to improve model precision). In
addition to residualizing HCV for gestational length, postnatal age at
scan and ICV, the following covariates were considered in statistical
analyses: maternal socio-economic status (SES), obstetric complications
in the index pregnancy, maternal smoking during pregnancy, infant sex
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assigned at birth, postnatal maternal behavior/care (i.e., maternal
sensitivity).

Maternal socio-economic status (SES) was computed as the mean of
maternal educational level (originally assessed in categories from less
than high school to advanced degree and then recoded into values from 1
through 5) and household income (originally assessed in categories
from < 15,000% to > 100,000$ and then recoded into values from 1
through 5).

Presence of major obstetric risk complications in the index preg-
nancy (i.e., infection, hypertension, diabetes, anemia, vaginal bleeding)
and pre-pregnancy body-mass-index (BMI) were abstracted from the
antepartum and delivery medical records. A binary variable indicating
presence of any obstetric risk factor vs. no obstetric risk factor was
created and used in the analyses.

Maternal smoking during pregnancy was determined by maternal
self-report and verified by measurement of urinary cotinine (COT)
concentration. Urinary COT was assayed in maternal samples collected
at each trimester using the Nicotine/COT(Cotinine)/Tobacco Drug Test
Urine Cassette (http://www.meditests.com/nicuintescas.html). A bi-
nary variable was created indicating endorsement of smoking or
detection of urinary COT in any trimester vs. absence of evidence for
smoking in any trimester.

Gestational age at birth and infant sex were abstracted from the
delivery medical records.

To control for postnatal maternal behavior/care, maternal sensitivity
was assessed at 6 months of age with a semi-structured play situation in
the infant’s natural home environment that was recorded on videotape
(duration 15 min). Two trained observers coded maternal sensitivity to
non-distress, positive regard and intrusiveness using the coding manual
of the NICHD Early Child Care Research Network (1999) (inter-rater
reliability (ICC): 0.97-1). The scores were summed up (intrusiveness
was inverted) to a total sensitivity score (M+SD = 10.17 + 2.85, range:
3-15, n = 76), which was then used in the analysis.

2.7. Statistical analyses

First, the bivariate associations between maternal perceived stress,
residualized neonatal HCV and AGV, social-emotional development and
the covariates were quantified. Next, multiple linear regression analyses
was performed to examine whether maternal perceived stress during
pregnancy was associated with neonatal left and right HCV and AGV size
after adjusting for pre-selected covariates: infant sex, maternal SES,
maternal smoking during pregnancy and maternal obstetric complica-
tions during pregnancy. This analysis was conducted with and without
the neonate who had a relatively large HCV, as well as the neonates born
before 37 weeks’ gestation, to determine whether the observed associ-
ations between maternal PSS and neonatal HCV and AGV were affected
by the inclusion of these infants. Furthermore, analyses were conducted
including use of psychotropic medication and alcohol use as covariates.
The results of these sensitivity analyses are presented in the Supplement.

Linear mixed effects models were performed to examine whether
neonatal HCV and AGV were associated with infant social-emotional
development at 6 and 12 months of age after controlling for pre-
selected covariates: SES, maternal sensitivity and infant sex. Analyses
were performed separately for left and right HCV as well as left and right
AGV as the predictors of interest.

In the last step, a mediation analysis was performed using PROCESS
for SPSS v 2.16 (www.afhayes.com). A mediation of the effect between
maternal PSS and the mean social-emotional development at 6 and 12
months of age via HCV was tested, while adjusting for the afore-
mentioned covariates. A bias-corrected bootstrap confidence interval
(BC 95% CI) for the indirect effect was estimated based on 10,000
bootstrap samples.
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3. Results
3.1. Maternal PSS during pregnancy and neonatal HCV and AGV

Bivariate associations between predictors/outcomes of interest and
continuous covariates are summarized in Table 2. The bivariate asso-
ciations between maternal PSS and neonatal HCV showed a significant
negative association between maternal PSS and left but not right
neonatal HCV. No association was detected between maternal PSS and
AGV. Maternal SES was not significantly associated with HCV or AGV.
Maternal sensitivity and maternal SES were significantly positively
associated with M12 but not M6 social-emotional development score.
Regarding the dichotomous covariates, no significant differences in
corrected HCV or AGV were observed by infant sex, smoking or obstetric
risk (p > .05). Infant M6 and M12 social-emotional scores did not differ
by sex (p > .05). Furthermore, there was no association between PSS and
age-corrected ICV (B = —0.03, p = .790).

The results of the regression analyses are displayed in Table 3. When
adjusting for the covariates, higher maternal PSS remained significantly
associated with smaller neonatal left HCV, 1 SD change in PSS corre-
sponding to 0.26 SD reduction in the age- and ICV-corrected left HCV (4
= —0.260, p = .019, AR? = 0.06). The association between PSS and
neonatal right HCV was non-significant when adjusting for covariates (f
= —0.170, p = .121; see Fig. 1), and no significant associations were
found between PSS and bilateral AGV (ps > .542). No significant
interaction between PSS and sex on left or right HCV or AGV were
observed (Table 3).

3.2. Neonatal HCV and AGV and infant social-emotional development

The zero-order associations between neonatal HCV and AGV and
infant social-emotional development are presented in Table 2. Right
HCV was not significantly associated with infant social-emotional
development at any time point. Left HCV was significantly positively
associated with both M6 and M12 infant social-emotional development.
After adjusting for the covariates, infant left HCV was significantly

: A

L Hippocampal volume (z-values, corrected for all covariates)

0.5 1?0 1?5 270 275 370 3.5
Maternal Perceived Stress during Pregnancy
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positively associated with social-emotional development scores across
the first year (between-subjects B = 0.011, 95% CI: 0.003 - 0.019, p =
.010, N = 76; see Fig. 2 and Table 4). Infant right HCV was not signif-
icantly associated with infant social-emotional development across the
first year in adjusted models (between-subjects B = 0.003, 95% CI: 0.004
- 0.011, p = .427, N = 76; see Table 4). Including an interaction term
between time of social-emotional development assessment and HCV did
not improve model fit and neither left nor right HCV predicted change in
social-emotional development during the first year of life.
Furthermore, neither left nor right AGV volumes were associated
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Fig. 2. Association between newborn left hippocampal volume and social-
emotional development. Note. Scatterplot depicting the association between
left HCV corrected for postnatal age at scan, gestational age at birth and ICV
and Bayley Social-Emotional scores at 6 months (blue) and 12 months of age
(orange). . (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)
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Fig. 1. Association between maternal perceived stress during pregnancy and newborn hippocampal volume. Note. Displayed are associations between PSS and (A)
left (p = .019) and (B) right HCV (p = .12), N = 86; HCV values in the figures are corrected for postnatal age at scan, gestational age, ICV, infant sex, maternal

smoking during pregnancy and maternal obstetric complications.
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with social-emotional development in bivariate analyses (see Table 2)
and in models adjusting for relevant covariates (left: between-subjects B
= 0.015, 95% CI: 0.019 - 0.049, p = .379; right: between-subjects B =
—0.003, 95% CI: 0.034 - 0.027, p = .843, N = 76).

3.3. Mediation analysis

Based on the above-described significant associations between
maternal PSS and newborn left HCV and between newborn left HCV and
infant social-emotional development as well as the negative association
between PSS and social-emotional development observed in bivariate
associations (see Table 2), a formal mediation analysis was conducted to
examine the pathway between maternal PSS and infant social-emotional
development via newborn left HCV. Controlling for all covariates
included in the previous statistical models, higher maternal PSS during
pregnancy was significantly indirectly associated with lower infant
social-emotional development through its effect on newborn left HCV (B
= —0.34, SE = 0.23, 95% Clp¢ [-0.97, —0.01], N = 76). Due to the small
sample size, these results should, however, be interpreted as
exploratory.

4. Discussion

In this study we report an inverse association between maternal
perceived stress levels across pregnancy and offspring newborn HCV.
While the direction of the association was similar for the right hippo-
campus, only the association with left HCV was statistically significant.
Furthermore, left, but not right, HCV was positively associated with
social-emotional development measured at two time points across the
first year of life, and newborn left HCV mediated the association be-
tween maternal perceived stress in pregnancy and infant social-
emotional development. No associations between maternal perceived
stress and newborn AGV were detected, and AGV was also not associated
with infant social-emotional outcomes.

A major limitation in previous studies investigating fetal program-
ming of brain development by characterizing the developing brain in
childhood or at later life stages is the difficulty of controlling the quality
of the postnatal environment which may lead to confounding of the
association between the prenatal environment and the developing brain.
In the present study, hippocampal and amygdalar structure were
measured in neonates, which limits the possible influence of the post-
natal environment on offspring brain development. Thus, the reported
results suggest a programming effect of maternal psychosocial distress
on hippocampus that appears to have occurred during the intrauterine
period. The findings regarding HCV are in line with several prior animal
studies (Badihian et al., 2019; Charil et al., 2010) and a recent study
employing fetal MRI in human pregnancy that reported an inverse as-
sociation between maternal stress and anxiety and left fetal HCV (Wu
et al., 2020). However, two other studies report no effect of maternal
anxiety and depression symptoms on newborn HCV (Lehtola et al., 2020;
Qiu et al., 2013). Instead, in the study by Qiu et al. (2013), antenatal
anxiety was related to slower hippocampal growth over the first 6
months of life, and Ong et al. (2019) observed in the same cohort that
the association between prenatal distress and HCV was moderated by
genetic factors. Maternal perceived stress during pregnancy was not
associated with offspring AGV in the present study, which is in
concordance with observations by previous studies (Donnici et al., 2021;
Rifkin-Graboi et al., 2013). Others have reported associations between
maternal distress during pregnancy and offspring AGV that differed by
sex (Acosta et al., 2019; Lehtola et al., 2020; Wen et al., 2017). Such
moderation of the association between maternal distress during preg-
nancy and offspring AGV by offspring sex was not observed in the pre-
sent study.

These discrepancies between the findings of the present study and
those of previous studies may be due to the use of different measures of
maternal distress during pregnancy. Although anxiety, depression and
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perceived stress share a large amount of variance, they do not represent
identical constructs and thus may have differential effects on maternal-
placental-fetal stress biology and consequently on the developing fetal
brain. Furthermore, in contrast to some or all previous studies, the
present study measured maternal psychosocial stress serially across
pregnancy and employed multi-contrast (i.e., using both T1l-and T2-
weighted MR images) semi-automated segmentation to quantify
newborn HCV and AGV, thereby improving the estimates of the pre-
dictor and outcome of interest.

In our study, maternal perceived stress explained 6% of the variation
in the age- and ICV-adjusted left HCV. It is challenging to place the
magnitude of this observed effect in the context of previous findings in
the literature, given the small number of studies of this or similar
research questions, differences in statistical approach, and/or absence of
reported effect size estimates. However, it is apparent that the size of the
effect of maternal perceived stress on newborn HCV in our study is
consistent with that reported in studies of maternal psychosocial stress
and other subcortical structures (Lehtola et al., 2020), and also with a
study reporting a prospective association between serial measurements
of perceived stress across a 20-year period and HCV in postmenopausal
women (Gianaros et al., 2007). Moreover, the effect in our study of
maternal stress on infant social-emotional development via offspring
HCV may portend clinical relevance. Our association between HCV and
social-emotional development is similar in size to that reported in pre-
vious studies linking hippocampal size with emotion regulation and
empathic responding (Barch et al., 2019; Stern et al., 2019), and, as
noted earlier, HCV-related social-emotional competence in childhood
represents a key prognosticator of subsequent mental health and
well-being (Bornstein et al., 2010; Burt et al., 2008). Thus, maternal
psychosocial distress during pregnancy may, in part, program
inter-individual differences in HCV that may in turn determine the
vulnerability for psychopathology across the lifetime (Lupien et al,
2007, 2018).

There are several potential mechanisms underlying the observed
association between maternal perceived stress during pregnancy and
offspring HC volume. Due to its high number of glucocorticoid receptors,
the hippocampus is a brain structure that is particularly sensitive to the
influences of glucocorticoids (Aronsson et al., 1988; McEwen et al.,
1992), and maternal cortisol concentrations have been associated with
brain functional connectivity shortly after birth (Graham et al., 2019).
Cortisol is a stress hormone secreted by the HPA axis specifically in
response to situations with low controllability and predictability as well
as high stressor chronicity (Dickerson and Kemeny, 2004), i.e. situations
that are assessed with serial administrations of the PSS. However, pre-
vious studies in humans have not always detected an association be-
tween maternal cortisol concentrations during pregnancy and child
hippocampal size (C. Buss et al., 2012). At the same time, there is con-
flicting evidence regarding the association between maternal psycho-
social distress and cortisol concentrations during pregnancy (Harville
et al., 2009; Himes and Simhan, 2011; Kalra et al., 2007; Seth et al.,
2016), which may be due to large interindividual variability that masks
intra-individual responses to stressful conditions in cross-sectional ap-
proaches (Lazarides et al., 2020). Other potential pathways underlying
the association between maternal perceived stress during pregnancy and
offspring HC volume include changes in the maternal-fetal-placental
inflammatory milieu that is influenced by maternal distress (Cous-
sons-Read et al., 2007) or reduced utero-placental perfusion in response
to psychosocial distress, which may lead to fetal developmental alter-
ations (Levine et al., 2016). For instance, prior studies have proposed
that the levels of inflammatory cytokines may affect neonatal limbic
structure volumes and functional connectivity, which, in turn, was
associated with child cognitive development (Graham et al., 2018;
Rudolph et al., 2018). These stress-induced changes in endocrine and
immune maternal-placental-fetal biology may alter fetal hippocampal
development for example by reducing the expression of mature
brain-derived neurotrophic factor (nBDNF) and total BDNF micro-RNA
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(Badihian et al., 2019) as well as by increasing microglial activity in the
hippocampus (Calcia et al., 2016).

The current study detected an association only between PSS and the
left HCV as well as left HCV and infant social-emotional development;
however, both, the left and right HCV showed links with the predictor
and the outcomes in the same direction. Similar laterality effects on HCV
have been previously observed. Wu et al. (2020) reported a significant
inverse association of prenatal psychosocial distress with left but not
right HCV. Structural asymmetries are likely linked with functional and
biochemical asymmetries which may underlie the lateralized effects of
exposure to maternal psychosocial distress. For instance, one of the main
target receptors for glucocorticoids, the mineralocorticoid receptor
(MR), exhibits asymmetrical distribution in the hippocampus, with a
higher binding capacity in the right hippocampus (Neveu et al., 1998).
The MR has been reported to mediate enhancement of neurogenesis and
dendritic arborization (Fujioka et al., 2006) and to be downregulated in
response to prenatal stress (Tamura et al., 2011). Thus, due to its overall
higher MR levels, the right hippocampus may be somewhat protected
from the inhibitory effects of stress on neuronal maturation via MR.
Furthermore, the hippocampus also shows functional asymmetry in its
associations with behavior and cognition (Hou et al., 2013; Robinson
et al., 2016). Interestingly, some studies indicate that although both left
and right hippocampi are involved in subcortical networks including the
amygdala, the left hippocampus might be more engaged in these net-
works (Robinson et al., 2016), which would indicate a functional
asymmetry of the hippocampus in neural circuits related to stress- and
emotion regulation. However, empirical evidence on the functional
asymmetry of the hippocampus in young children or infants is scarce.
Further studies are needed to elucidate the mechanisms underlying the
lateralized effects observed by the present study.

Finally, we observed a positive association between neonatal HCV
and the attainment of social-emotional milestones across two time
points within the first year of life, suggesting smaller neonatal hippo-
campal size, which may be programmed by higher levels of maternal
perceived stress, may be related to delayed social-emotional develop-
ment. Importantly, this association remained significant after control-
ling for maternal caregiving quality — a major contributor to offspring
social-emotional development. We formally tested mediation by
newborn HCV of the pathway between maternal perceived stress in
pregnancy and infant social-emotional development and observed a
significant indirect effect. Considering that the hippocampus plays an
important role in stress regulation and is involved in processing social
emotions and social behavior (Immordino-Yang and Singh, 2013; Rubin
et al., 2014), this observation further strengthens the assumption of
long-lasting prenatal programming of hippocampal function. Interest-
ingly, the association between maternal perceived stress and infant
social-emotional development was less strong at 12 months as compared
to 6 months, which suggests that with increasing temporal distance to
the exposure, other environmental determinants of social-emotional
behavior may become increasingly relevant.

No association was observed between newborn AGV and infant
social-emotional development across the first year of life. This may be
due to different functions of the amygdala and hippocampus in stress
regulation and social-emotional processing as well as the fact that the
hippocampus matures faster than the amygdala. The specific role of the
hippocampus and amygdala for different aspects of social-emotional
functioning should be investigated longitudinally in infancy and child-
hood to gain a better understanding of their respective roles during
different developmental phases.

The main limitation of the current study is the relatively small
sample size, which limited the ability to reliably test mediation effects
among the identified path and thus, findings from the mediation model
need to be interpreted with caution. The observations should be repli-
cated in larger samples with serial assessments of maternal distress
during pregnancy, serial MRI scans of the developing brain and of social-
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emotional milestones before drawing final conclusions regarding
mediating pathways. Another limitation is the relatively large age range
of the neonates that underwent an MRI scan. Although we used HCV and
AGV residualized for gestational age at birth and postnatal age at scan in
all analyses and maternal perceived stress was not associated with either
gestational length or age at scan, we cannot preclude that some un-
measured aspects of the postnatal environment may have affected
neonatal brain volumes to a stronger degree with more time spent ex
utero. Future studies should also include assessments of social-emotional
development with observational measures. In the present study, social-
emotional milestones were assessed via maternal report, which, while
increasing ecological validity, may also be influenced by maternal per-
ceptions and expectations of the infant. However, since we investigated
the association between social-emotional development and an objective
measure of HCV at birth, it appears unlikely that the observed associa-
tion is the result of maternal biases. In addition, although a variety of
covariates were included in the statistical models, it cannot be precluded
that other, unmeasured variables (e.g., genetic factors) may have
influenced the associations observed here.

5. Conclusion

To conclude, this is one of the first studies to demonstrate prospec-
tively in humans that maternal perceived stress during pregnancy is
associated with smaller newborn HCV, which in turn is related to infant
social-emotional development across the first year of life. No associa-
tions between maternal perceived stress and AGV were detected in the
current study. Thus, variation in newborn hippocampal morphology
may be one mechanism through which maternal psychosocial distress
during pregnancy may be related to her infant’s social-emotional
development in the first year of life. This finding has important impli-
cations for the development of timely and effective intervention stra-
tegies to prevent or attenuate the potential neurobiological and
behavioral consequences of maternal psychosocial distress during
pregnancy in the next generation.
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Appendix
Table 1
Sociodemographic characteristics of the sample
Complete sample N = 86 Mean + SD or N (%) Observed range
Maternal characteristics
Maternal age in 1st trimester, years 28.0 £ 5.4 18-40
Parity (primiparous) 24 (39.5)
SES index (education and income combined) 3.1 +0.9 1.00-5.00
Maternal race/ethnicity
Non-Hispanic White 35 (40.7)
Hispanic White 27 (31.3)
Other 23 (26.7)
Missing 1(1.2)
Educational level
Less than high school 3(3.5)
High school 18 (20.9)
Partial college or specialized training 38 (44.2)
Associate/Bachelor’s degree 18 (20.9)
Advanced 9 (10.5)
Yearly income per household
Below $15,000 9 (10.5)
$15,000-$29,999 19 (22.1)
$30,000-$49,999 19 (22.1)
$50,000-$100,000 30 (34.9)
Over $100,000 5(5.8)
Missing 4(4.7)
Maternal smoking during pregnancy 9 (10.5)
Obstetric complications, any 20 (23.3)
Severe infection 7 (8.1)
Hypertension 1(1.2)
Diabetes 4(4.7)
Anemia 4(4.7)
Vaginal bleeding 5(5.8)
PSS (mean across pregnancy) 15.8 £5.6 5-30
T1 PSS 15.6 £ 6.0 1-33
T2 PSS 149 £ 6.7 4-35
T3 PSS 16.4 £ 6.3 3-29
Child characteristics
Gestational age at birth, weeks 39.2+1.5 35-42
Birthweight, grams 3323 £ 515 1786-4906
Age at MRI scan, days 25.8 +£12.9 5-64
Child sex (male) 51 (59.3)
Intracranial volume (cm®) 486.8 + 58.8 355.9-639.8
Hippocampal volume, right (cm®) 1.20 + 0.14 0.93-1.59
Hippocampal volume, left (cm®) 1.16 + 0.14 0.92-1.49
Amygdalar volume, right (cm3) 0.28 + 0.03 0.22-0.36
Amygdalar volume, left (cm3) 0.27 £ 0.03 0.20-0.36
M6 Bayley social-emotional score, standardized 9.77 + 3.71 1-18
M12 Bayley social-emotional score, standardized 9.35 + 3.63 1-19
Note. SES = socio-economic status; PSS = Perceived Stress Scale; MRI = magnetic resonance imaging.
Table 2
Bivariate associations between hippocampal volume, amygdalar volume, maternal perceived stress, infant social-emotional development and pre-selected continuous
covariates
Right HCV;es Left HCV s Right AGV/es Left AGVes SES M6 SE M12 SE
Right HCV e
Left HCV e 71
Right AGVies .19
Left AGVres .18 69%*
Maternal PSS -.24* -.04 .04
SES -.07 -.05 -.03 -.06
M6 Bayley SE score .09 27% -.07 .02 11
M12 Bayley SE score 13 .26* .01 .13 .30% 51%*
Maternal sensitivity -.02 .00 -.16 -11 34 .15 .36%*

Note. **p < .01, *p < .05, {p < .10. HCV = hippocampal volume; AGV = amygdalar volume, res = residualized for age, length of gestation and intracranial volume; PSS
= perceived stress scale, SES = socioeconomic status, SE = social-emotional. The associations with Bayley outcomes are examined within the mother-infant dyads with
available data on social-emotional development (M6 N = 73 and M12 N = 63).
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Table 3
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The linear regression models for left and right hippocampal and amygdalar volumes

Left HCVres

Right HCVres Left AGVres Right AGVres
B SE B p B SE B p B SE B p B SE i p
Infant sex (girl) —18.99 18.07 —0.11 .296 —23.25 20.68 —-0.12 .264 —-9.25 4.89 -0.21 0.06 -5.77 5.39 -0.12 .287
Maternal smoking 26.37 29.15  0.10 .368 37.13 33.37  0.12 269 13.98 7.89  0.19 0.08  5.42 8.69  0.70 .624
SES —8.18 9.88 -0.09  .410 —8.54 11.31 -0.08 452 -0.79 267 -0.03 .768 —-0.82 294 -0.03 .782
OB risk (ref: no risk) 23.89 20.95 0.12 .258 31.15 23.98 0.14 .184 —-0.24 5.67 —0.01 .966 6.43 6.24 0.11 .306
PSS —38.78 16.21 —0.26 .019 —29.07 18.55 -0.17 121 2.68 4.38 0.07 542 -1.53 4.83 —0.04 .753
PSS x infant sex —43.03 3293 -0.63 .195 —46.51 3773 —-0.60 .221  4.89 898  0.27 .588  5.33 9.90  0.273 .592

Note. HCV = hippocampal volume, AGV = amygdalar volume, res = residualized for age, length of gestation and intracranial volume; SES = socioeconomic status, OB
= obstetric, PSS = Perceived Stress Scale. The PSS by infant sex analyses were conducted in a separate step of the model.

Table 4

Fixed effects estimates from the linear mixed effects models investigating the association between hippocampal volume and social-emotional development.

Left HCVres

Right HCVres

B SE t P B SE t P
Intercept 5.38 1.77 3.05 .003 5.55 1.84 3.02 .003
time —-0.16 0.48 —0.34 737 —0.19 0.48 —0.39 .696
SES 0.57 0.42 1.37 175 0.44 0.44 1.00 319
Infant sex (ref: female) 0.31 0.73 0.43 .670 0.48 0.77 0.63 .529
Maternal sensitivity 0.27 0.13 1.88 .065 0.27 0.14 1.94 .057
HCVres 0.01 0.00 2.61 .011 0.00 0.00 0.80 427

Note. Analyses are performed separately for left and right HCV as predictor of interest. HCV = hippocampal volume, res = residualized for age, length of gestation and

intracranial volume; SES = socioeconomic status.
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