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Abstract

This study aimed to determine whether prenatal stress, measured by the number of stressful life events during the first 20 weeks
of pregnancy, might relate to mood dysregulation and altered brain structure in young adulthood. Participants included 93 young
adults from a community-based birth cohort from the Czech Republic. Information on prenatal stress exposure was collected
from their mothers in 1990-1992. Magnetic resonance imaging (MRI) and mood-related data were collected from the young adults
in 2015. MRI analyses focused on overall gray matter (GM) volume and GM volume of cortical regions previously associated with
major depression. Higher prenatal stress predicted more mood dysregulation, lower overall GM volume, and lower GM volume in
mid-dorsolateral frontal cortex, anterior cingulate cortex, and precuneus in young adulthood. We observed no prenatal stress by
sex interactions for any of the relations. We conclude that prenatal stress is an important risk factor that relates to worse mood
states and altered brain structure in young adulthood irrespective of sex. Our results point to the importance and long-lasting
effects of prenatal programming and suggest that offspring of mothers who went through substantial stress during pregnancy
might benefit from early intervention that would reduce the odds of mental illness in later life.
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Introduction

Prenatal period is critical for brain development (Stiles and
Jernigan 2010). Exposure to stress during this period seems to
have long-lasting effects on health in adulthood (Sandman et al.
2012; Scheinost et al. 2017). Recent reports indicate that exposure
to prenatal stress is a global public-health problem (Kinney et al.
2008; Janssen et al. 2016; Kertes et al. 2016; Rubin 2016).
Approximately, 10-35% of children worldwide are exposed pre-
natally to stress (Maselko et al. 2015). Approximately, 8-23% of

children are prenatally exposed to maternal depression (Yonkers
et al. 2009; Sawyer et al. 2010; Fisher et al. 2012; Mapayi et al.
2013; Sandman et al. 2015). Moreover, since depression was not
diagnosed in half of the pregnant women experiencing depres-
sion (United States data, Ko et al. 2012), these numbers might
underestimate the problem.

Maternal stress during pregnancy (Van Os et al. 1997; Watson
et al. 1999; Brown et al. 2000) has been identified as a risk for
mental illness in adulthood. Prenatal stress “re-programs” the
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fetal hypothalamic-pituitary-adrenal (HPA) axis (Mairesse et al.
2007; O'Donnell et al. 2012; Li et al. 2012; Bock et al. 2014), and
produces long-term hyper-responsiveness to stress with high
levels of circulating glucocorticoids (Maniam et al. 2014). Female
infants whose mothers suffered from major depressive disorder
(MDD) during pregnancy had higher cortisol baseline levels as
well as higher cortisol response to stress than female infants
whose mothers did not suffer from MDD (Stroud et al. 2016).

Studies of prenatal origins of anxiety and mood dysregulation
suggest that adverse prenatal exposures disrupt fetal develop-
ment. Prenatal stress has been associated with intrauterine
growth restriction, reduced fetal head growth, and preterm birth
(Engel et al. 2005; Brand et al. 2006; Sandman et al. 2012). Prenatal
stress induces changes in neurogenesis (Pryce et al. 2011) and cor-
ticogenesis (Bock et al. 2014; Lussier and Stevens 2016) of the
developing brain. Literature on the effects of prenatal stress on
brain structure in humans is sparse but Sandman et al. (2015)
showed that maternal depression at 25th week of gestation pre-
dicted lower cortical thickness in the frontal lobes of the offspring.

Clinically depressed patients, who are known to suffer from
severe mood dysregulation, were repeatedly found to have
lower gray matter (GM) volume than healthy controls
(Vythilingam et al. 2002; Frodl et al. 2010). Drevets et al. (2008)
showed that depressed patients had also altered glucose meta-
bolism in the brain regions with altered structural variation. A
recent meta-analysis of FDG-PET studies (Jensen et al. 2015)
identified a set of cortical regions with consistently reduced
glucose metabolism in depressed patients vs. healthy controls.

Sex differences in the prevalence of stress-related psychiatric
disorders such as major depression or post-traumatic stress dis-
order seem well established (Bangasser and Valentino 2014). It
has been suggested that fetal sex modulates the responsiveness
to prenatal stress (Buss et al. 2012; Goldstein et al. 2014; Bock
et al. 2015; Constantinof et al. 2016; Gilman et al. 2016). The pro-
posed mechanisms might include the sex-specific placental
adaptation to stress exposure (Clifton 2010) or increased suscep-
tibility of the female brain due to the more rapid neurodevelop-
mental trajectory in females compared with males (Buss et al.
2009; Nathanielsz et al. 2003). So far, however, only one study
reported sex-specific effects of prenatal stress on magnetic reso-
nance imaging (MRI) outcome measures (Buss et al. 2012).

In this study, we aim to determine whether prenatal stress,
defined as a high number of stressful life events during the first 20
weeks of pregnancy, predicts mood dysregulation and brain struc-
ture in young adult offspring, and whether these effects differ by
sex. Since, differences in GM volume of depressed patients vs.
healthy controls are well established (Vythilingam et al. 2002; Frodl
et al. 2010), we focus here on the volumes of cortical GM and test
whether stressful life events during pregnancy might be related to
lower GM volume, particularly in regions that were identified as
hypometabolic by a meta-analysis of depressed patients versus
healthy controls (Jensen et al. 2015). Based on the results of Jensen
et al. (2015) who studied a sample of young men recruited from a
birth cohort and found a negative relation between early childhood
adversity and GM volume in a number of these cortical regions, we
predict that higher stress during pregnancy will be associated with
lower GM volume in anterior cingulate cortex and superior frontal
gyrus, and higher GM volume in the precuneus.

Materials and Methods

Participants

Typically developing young adults from the European longitu-
dinal study of pregnancy and childhood, the Czech Republic

(ELSPAC-CZ; Golding 1989; Piler et al. 2016) were invited to par-
ticipate in a neuroimaging study VULDE at Central European
Institute of Technology, Masaryk University. All members from
this prenatal birth cohort were born in the South Moravian
Region of the Czech Republic between 1991 and 1992. A total of
93 individuals (40 males and 53 females) had both prenatal
stress and adult neuroimaging data and were thus included in
the current research on prenatal antecedents of mood dysregu-
lation. All participants were 23-24 years old and of White
Caucasian background. Further characteristics of the sample
are provided in Supplementary Table 1. After the procedures
had been fully explained, all participants provided written
informed consent including the agreement to merge data from
VULDE with their historic data from ELSPAC-CZ. Ethical
approval for the VULDE study was obtained from ELSPAC Ethics
Committee.

Procedures

Between 1990 and 1992, mothers of our participants answered
a questionnaire about stressful life events during pregnancy
(20th week of gestation). This questionnaire included 40 ques-
tions on stressful events such as break up or divorce with the
partner, consideration of abortion, violence, serious illness or
death in the family or financial difficulties answered by a
5-point Likert scale. See Supplementary Methods for the com-
plete list of questions. Prenatal stress was estimated as the
mean score on the stressful life events questionnaire. In 2015,
all young adults were scanned using a 3T Siemens Prisma MRI
scanner and answered the long version of the Profile of Mood
States questionnaire (POMS; McNair et al. 1971). The POMS
questionnaire measures the following components of current
mood state: depression/dejection, tension/anxiety, fatigue/iner-
tia, anger/hostility, confusion/bewilderment, and vigor/activity.

MRI Acquisition

T1-weighted images were acquired on 3 T Siemens Prisma MRI
scanner with 64 channel head/neck coil using the following
acquisition parameters: voxel size 1 X 1 x 1 mm, 240 slices per
slab, repetition time (TR) 2300ms, echo time (TE) 2.34>ms,
inversion time (TI) 900 ms, flip angle 8°.

Analyses

T1-weighted data were processed using Freesurfer version 5.3.0
(Fischl and Dale 2000). Using the same pipeline as in Jensen
et al. (2015), we calculated GM volumes (thickness by surface
area) in a set of regions of interest (ROIs) that were obtained by
projecting 30 ROIs identified by Activation Likelihood Estimation
(ALE) meta-analysis of F-fluorodeoxyglucose Positron Emission
Tomography (FDG PET) studies describing lower resting state glu-
cose metabolism in 271 depressed patients compared with 193
healthy controls (Jensen et al. 2015). The list of these 30 ROIs is
provided in Table 1 of Jensen et al. (2015). As explained in Jensen
et al. (2015), we believe that glucose metabolism is a useful index
of the probability of a functional engagement of these regions in a
given individual (and disease state); over time, group differences
in such cumulative measure of functional “underutilization”may
lead to group differences in cortical thickness/volume in the same
regions. Such an overlap between altered glucose metabolism and
structural variation in the same brain regions of depressed
patients was reported by Drevets et al. (2008). More information
on the calculation and extraction of GM volume, surface area and
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cortical thickness is available in the eAppendix 3 of Jensen et al.
(2015).

Questionnaire-based variables (both POMS-based and prena-
tal stress variables) were log-transformed to follow normal dis-
tribution and statistical analyses were done in JMP version
10.0.0 (SAS Institute Inc., Cary, NC). We used 2-sided hypothesis
tests and significance level of 0.05. First, multivariate analysis
of variance (MANOVA) assessed the association between prena-
tal stress and the 5 mood domains assessed by the POMS ques-
tionnaire in young adulthood. Next, linear regression assessed
the association between prenatal stress and the average vol-
ume of cortical GM (corrected for the total brain volume) in young
adulthood. Next, MANOVA assessed associations between prena-
tal stress and GM volume (corrected for the total brain volume) in
the 30 ROIs. Prenatal stress (continuous variable) was entered as
the only between-group parameter and GM volume and GM vol-
ume by prenatal stress interaction were entered as 2 within-group
parameters. Post hoc linear regressions are reported. Finally, all
these analyses were repeated considering also the potential inter-
actions with sex. In addition, since previous research suggested
that surface area and cortical thickness are 2 developmentally
independent components of cortical GM volume (Wierenga et al.
2014), we carried out additional exploratory analyses to determine
whether the observed associations between prenatal stress and
regional GM volumes were driven by variations in surface area or
cortical thickness. Since, as expected, the average cortical thick-
ness did not vary as a function of the total brain volume (beta =
—0.008, P = 0.94), we corrected for the total brain volume only in
the analyses of surface area.

Results
Prenatal Stress and Mood

In the offspring, MANOVA showed a main effect of prenatal
stress on mood (F(1,01) = 6.4, P = 0.01) and no interaction (F(s 4ss) =
1.99, P = 0.08) between prenatal stress and the type of POMS
domain (anxiety, depression, anger, fatigue, vigor). Experience of
higher prenatal stress was associated with more dysregulated
mood. These findings remained significant even when correcting
for sex or other possible confounders such as prenatal smoking,
maternal education, maternal age, birth weight, or offspring’s
education (main effect of prenatal stress on mood: F(;,g3 = 5.6,
P = 0.02; interaction between prenatal stress and type of POMS
domain: F(5,415) =199,P= 008)

Prenatal Stress and GM Volume in Young Adulthood

Greater exposure to prenatal stress was associated with lower
brain-size corrected overall volume of cortical GM in the young
adult offspring (beta = —0.24, P = 0.02, 95% CI [-0.001, —0.00009],
R? = 0.06; Fig. 1). Again, these findings remained significant
even when correcting for sex or other possible confounders
such as prenatal smoking, maternal education, maternal age,
birth weight, or offspring’s education (beta = —0.25, P = 0.03,
95% CI [-0.001, —0.00007]).

Region-based analyses using MANOVA showed an interac-
tion between prenatal stress and ROIs (Fz92639) = 2.78, P <
0.0001). This interaction remained significant (F(9,581) = 2.68,
P < 0.0001) even when we included sex in the model. Post hoc
analyses revealed that higher prenatal stress was associated
with lower total brain volume- corrected GM volume of left
mid-dorsolateral frontal cortex (beta = —0.29, P = 0.005, 95% CI
[-682.78, —128.27], R?> = 0.08), right anterior cingulate rostral
(beta = —0.21, P = 0.04, 95% CI [-177.29, —6.01], R? = 0.05), and
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Figure 1. Prenatal stress and its effect on overall cortical GM volume (corrected
for the total brain volume) in young adulthood (beta = —-0.24, P = 0.02, 95% CI
[~0.001, —0.00009], R? = 0.06) (Prenatal stress refers to the log-transformed mean
score on the stressful life events questionnaire).

right precuneus (beta = —0.20, P = 0.05, 95% CI [-84.69, —0.004],
R? = 0.04) (see Fig. 2). There was no effect of prenatal stress on
total brain volume-corrected GM volume in the remaining ROIs
(see Supplementary Table 2). For the relationships between pre-
natal stress and gray matter volume not corrected for total
brain volume, see Supplementary Results.

In order to determine the relative contribution of cortical
thickness and surface with regards to the above volumetric
findings, our exploratory analyses revealed the following. For
the overall measures, there was no association between prena-
tal stress and average cortical thickness (beta = —0.12, P = 0.26,
95% CI [-0.04, 0.009]) or total brain-size corrected cortical area
(beta = —0.14, P = 0.17, 95% CI [—0.002, 0.0004]). For the 3 ROISs,
namely left mid-dorsolateral frontal cortex, right anterior cin-
gulate and right precuneus, we observed only an association
between prenatal stress and brain-size corrected cortical area
of the left mid-dorsolateral frontal cortex (beta = —0.28, P =
0.006, 95% CI [-211.35, —35.61], R> = 0.08). The relationships
between prenatal stress and brain-size corrected cortical area
of the right anterior cingulate (beta = —0.13, P = 0.23, 95% CI
[-47.59, 11.42]) and right precuneus (beta = —-0.16, P = 0.12, 95%
CI [-19.38, 2.39]) did not reach significance. There were no asso-
ciations between prenatal stress and cortical thickness of the
3 regions. See Supplementary Results for the relationships
between prenatal stress and cortical area not corrected for total
brain volume.

Discussion

This study examined the extent to which prenatal stress relates
to cortical structure and mood in young adulthood, and
whether these relations differ by sex. We found that higher pre-
natal stress predicted more mood dysregulation in young adult-
hood. Our findings also demonstrated that young adults with
greater exposure to stress prenatally had lower overall cortical
GM volume (corrected for the total brain volume) and lower
regional GM volume (corrected for the total brain volume) in
mid-dorsolateral frontal cortex, anterior cingulate cortex and
precuneus. Sex did not modulate any of these relations.

The positive relation between prenatal stress and dysregu-
lated mood in young adulthood is in agreement with Kingsbury
et al. (2016) who analyzed data from the Avon Longitudinal
Study of Parents and Children (ALSPAC), and showed that expo-
sure to prenatal stress was associated with more depressive
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Figure 2. Prenatal stress and its effect on GM volume (corrected for the total brain
volume) in regions identified by Jensen et al. (2015)’s meta-analysis as hypometa-
bolic in depressed patients vs. healthy controls—left mid-dorsolateral frontal cor-
tex (A; beta = —0.29, P = 0.005, 95% CI [-682.78, —128.27], R* = 0.08), right anterior
cingulate rostral (B; beta = —0.21, P = 0.04, 95% CI [-177.29, —6.01], R? = 0.05) and
right precuneus (C; beta = —0.20, P = 0.05, 95% CI [-84.69, —0.004], R* = 0.04) in
young adulthood (Prenatal stress refers to the log-transformed mean score on the
Stressful life events questionnaire).

symptoms in the adolescent offspring. It is also in agreement with
Dipietro et al. (2006) who showed a relationship between preg-
nancy specific stress and infant emotional regulation. According
to Teicher et al. (2003), the psychiatric consequences associated
with early exposure to stress are mediated by stress-induced mod-
ification of brain development. According to Seckl and colleagues
(Seckl 1998; Seckl et al. 2000; Welberg and Seckl 2001), these orga-
nizing effects on development are driven by altered levels of
glucocorticoids.

The negative relation between prenatal stress and GM vol-
ume is in agreement with animal research reporting an impact
of prenatal stress on neurogenesis (Pryce et al. 2011) and corti-
cogenesis (Bock et al. 2014) of the developing brain. The lower
GM volume in frontal cortex of individuals with higher expo-
sure to stress prenatally is consistent with a number of studies
reporting the lower GM volume in frontal cortex in depressed
individuals (Drevets et al. 2008; Frodl et al. 2010; Kempton et al.
2011). It is also consistent with the findings of Sandman et al.
(2015) who showed that the maternal depression at 25th week
of gestation predicted cortical thinning in the frontal lobes of
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the offspring. According to Teicher et al. (2003), early stress
impacts particularly brain regions with protracted postnatal
development, some degree of postnatal neurogenesis, and high
density of glucocorticoid receptors. The most delayed ontogeny
of all cortical regions is characteristic particularly for prefrontal
cortex (Teicher et al. 2003). It is important to note, however,
that different timing of the prenatal exposures might have dif-
ferent effects on the gray matter volume. Buss et al. (2010)
showed that while maternal anxiety at mid-gestation (19
weeks) was associated with gray matter volume reduction in
6-9-year-old offspring, this was not the case for maternal anxi-
ety at 25 or 31 weeks of gestation.

The lower GM volume in ACC and precuneus is consistent
with research reporting lower GM volume in ACC of individuals
with adverse childhood events (Cohen et al. 2006; Jensen et al.
2015) and harsh parenting (Tomoda et al. 2011) and lower thick-
ness of precuneus in maltreated children (Kelly et al. 2013). The
anterior cingulate cortex (ACC) lies at the intersection of regula-
tory and executive networks, thus allowing to overcome inertia
or innate tendencies and initiating a willed control of action
(Paus 2001). Lesions of the ACC are known to interfere with ini-
tiation of action, resistance to automatic subroutines and
acquisition of novel behavior (Paus 2001). This functional char-
acteristic of the anterior cingulate helps to explain why this
study found impact of prenatal stress on both lower gray mat-
ter volume in this ROI and more pronounced mood dysregula-
tion (including the fatigue/inertia domain measured by the
POMS). Precuneus is known for its engagement in voluntary
attention shifts between targets, self-processing, perspective-
taking and experience of agency (Cavanna and Trimble 2006). It
has a widespread network of subcortical and cortical connec-
tions, including mid-dorsolateral prefrontal cortex and anterior
cingulate cortex (Cavanna and Trimble 2006), which also showed
significant relations with prenatal stress in the present study.

Our study did not find any modulatory effects of sex on the
relations between prenatal stress and mood or prenatal stress
and GM volume in young adulthood. This is in agreement with
Scheinost et al. (2016) who reviewed the effects of prenatal
stress on MRI outcome measures and showed that only one
study so far reported sex differences in MRI outcome measures,
namely the relation between higher cortisol at 15 weeks of ges-
tation on larger volume of the right amygdala in female but not
male offspring (Buss et al. 2012). The lack of sex-specific effects
of prenatal stress found in this study might be also related to
the timing of prenatal stress exposure. Sexual differentiation of
the brain happens mainly during the second and third trimes-
ter (Goldstein et al. 2014) but the current study assessed the
impact of stressful life events during the first half of pregnancy.

Our post hoc exploratory analyses suggest that the associa-
tions between prenatal stress and GM volume were driven by
surface area rather than cortical thickness. This is in agreement
with studies suggesting that cortical area and cortical thickness
are developmentally independent (Wierenga et al. 2014) and
thus might vary in timing of sensitivity toward adverse envir-
onments (Jensen et al. 2015). It goes in line with studies of non-
human primates reporting earlier expansion of cortical surface
area (Rakic 1995; Selemon et al. 2013). Selemon et al. (2013)
compared the effects of X-ray radiation during early (before
corticogenesis) vs. mid (peak of corticogenesis) gestation of
Rhesus macaque and showed that while both early and mid-
gestational radiation diminished the surface area of dorsolat-
eral prefrontal cortex, only the midgestational radiation
reduced cortical thickness. Selemon et al. (2013) concluded that
while early gestation induced subtle cytoarchitectonic
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alterations without loss of neurons, midgestational exposure
induced selective elimination of neurons and cortical thinning.
Longitudinal studies in humans report substantial expansion of
cortical surface area but only a moderate increase in cortical
thickness within the first 2 years of life (Li et al. 2013; Gilmore
et al. 2010). We speculate that stress experienced in utero by
our participants interfered with the overall growth of the cere-
bral cortex during early brain development, with some regional
differences in such relations.

Since the effect sizes reported in this study are relatively
small, future research with larger samples are required to eval-
uate replicability of the current findings. Future research might
also use other measures of depression in young adulthood and
consider other factors such as prenatal stress experienced dur-
ing the second half of pregnancy or postnatal stress (e.g. stress
experienced during childhood or adolescence). While the
hypothesis-based ROI approach could be seen as a strength, for
both conceptual and statistical reasons, by definition, it cannot
detect possible associations outside these regions, as would be
the case with voxel-wise analyses.

Overall, our study has 2 main strengths: 1) prospective eval-
uation of the relation between prenatal stress (measured in
pregnancy) and GM volumes assessed in young adulthood, in
the context of a birth cohort and 2) the focus on ROIs that were
identified as hypometabolic in depressed patients vs. healthy
controls by a meta-analysis, and evaluated in a similar fashion
in a different birth cohort by Jensen et al. (2015). We conclude
that higher stress during pregnancy was associated with
greater mood dysregulation and lower cortical GM volume in
the young adult offspring, particularly in mid-dorsolateral fron-
tal cortex, anterior cingulate, and precuneus. These results
extend the findings of Jensen et al. (2015) who found a relation
between childhood adversity and cortical GM volume in young
men and support the importance of prenatal programming.

Supplementary Material

Supplementary material is available at Cerebral Cortex online.
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