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ABSTRACT

Previous literature links maternal pregnancy-specific anxiety (PSA) with later difficulties in child emo-
tional and social cognition as well as memory, functions closely related to the amygdala and the
hippocampus. Some evidence also suggests that PSA affects child amygdalar volumes in a sex-depend-
ent way. However, no studies investigating the associations between PSA and newborn amygdalar and
hippocampal volumes have been reported. We investigated the associations between PSA and new-
born amygdalar and hippocampal volumes and whether associations are sex-specific in 122 healthy
newborns (68 males/54 females) scanned at 2-5weeks postpartum. PSA was measured at gestational
week 24 with the Pregnancy-Related Anxiety Questionnaire Revised 2 (PRAQ-R2). The associations were
analyzed with linear regression controlling for confounding variables. PSA was associated positively
with left amygdalar volume in girls, but no significant main effect was found in the whole group or in
boys. No significant main or sex-specific effect was found for hippocampal volumes. Although this was
an exploratory study, the findings suggest a sexually dimorphic association of mid-pregnancy PSA with
newborn amygdalar volumes.
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1. Introduction unlike other PPD, high PSA is currently not considered a
diagnosis, and thus, it is not screened for in clinical settings.
Further, despite the shared associations with other types of
PPD, previous studies suggest that PSA should be considered
distinct from prenatal general anxiety and depressive symp-
toms (Huizink et al., 2004).

Unlike other distress types, PSA is characterized as exces-
sive worry or distress specific to pregnancy, including health
of the developing child, changes in own appearance, labor
and birth, as well as future parenting concerns (Blackmore
et al, 2016). The suggested distinction of PSA from other
types of distress is based on several observations. First, stud-

The amygdala and the hippocampus are part of the fear cir-
cuitry — a system relevant in stress responses and later psy-
chiatric symptomatology, such as anxiety (Richter-Levin, 2004;
Shin & Liberzon, 2010; Van den Bergh et al., 2018). Severe
anxiety has been associated with amygdalar hyperactivation
and enlargement as well as hippocampal volume reduction
in adults (Kolesar et al., 2019), supporting the evidence found
in prenatal stress studies in animals (Charil et al, 2010).
Trying to unravel the predisposition to psychiatric disorders,
researchers have peered into the role of prenatal maternal
psychological distress (PPD) in offspring neurodevelopment.

Along with other forms of maternal prenatal distress, preg-
nancy-specific anxiety (PSA) has been associated with many
adverse child health outcomes, such as lower birth weight,
problems in attention regulation and executive functions as
well as negative emotional reactivity and lower mental and
motor developmental scores (Blackmore et al., 2016; Buss
et al, 2011; Huizink et al., 2004; Nolvi et al., 2016). However,

ies have found that there is only modest overlap between
measures of PSA and conventional general anxiety and
depression questionnaires (Blackmore et al., 2016; Huizink
et al, 2004). Second, PSA can also be discriminated from
other distress symptoms by external factors, such as maternal
age (Blackmore et al., 2016). Third, PSA predicts external out-
comes, such as birth weight, gestational age at birth, and
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postnatal mood disturbance independently of conventional
symptom measures (Blackmore et al, 2016; Kramer et al.,
2009; Wadhwa et al., 1993). Finally, PSA appears to predict
child outcomes more strongly than indices of general anxiety
and depression (Bayrampour et al., 2016; Brunton et al., 2019;
Huizink et al., 2004; Theut et al., 1988). PSA has been associ-
ated e.g. with child attention regulation problems, weaker
cognitive functions, socioemotional and behavioral problems,
and anxiety symptoms (Acosta et al., 2019; Blackmore et al.,
2016; Buss et al,, 2011; Davis & Sandman, 2012; Huizink et al.,
2002; Nolvi et al, 2016). Unfortunately, the mechanisms
through which the different distress types act on fetal brain
development are yet unknown and thus we cannot make
any hypotheses on whether PSA works through the same or
distinct mechanisms compared to other types of mater-
nal distress.

Despite the growing evidence of higher maternal PSA hav-
ing a negative effect on child neurodevelopment, the rela-
tionship between PSA and offspring amygdalar and
hippocampal outcomes is understudied. Another study con-
ducted by our research group is the only study, thus far,
reporting results in children and concerning PSA in specific
as the exposure. This study observed larger left amygdalar
volumes in 4-year-old females compared to males (GW 24)
(Acosta et al., 2019). This finding is consistent with newborn/
child studies on prenatal depression and/or state/trait anx-
iety, which have reported larger amygdalar volumes after
prenatal distress exposure (Acosta et al., 2020; Qiu et al,,
2017; Wen et al,, 2017). However, no studies on the potential
effects of PSA on the offspring brain have been conducted in
newborns, and no study thus far has investigated the poten-
tial associations between PSA and hippocampal volumes. It is
crucial to obtain more information on this relationship early-
on, to understand how PSA may influence the key parts of
the developing limbic system involved in cognition, emo-
tional behavior, and stress regulation as well as the develop-
ment of psychopathologies, especially mood disorders (Van
den Bergh et al., 2018).

In this study, we investigated the associations between
PSA and newborn amygdalar and hippocampal volumes.
Additionally, as sex differences have earlier been observed
after exposure to maternal PPD (Acosta et al., 2019; Lehtola
et al, 2020; Wen et al, 2017), we also investigated, whether
the associations are sex-specific. Given the results in human
and animal studies (Charil et al.,, 2010; Kolesar et al., 2019;
Van den Bergh et al., 2005), we expected PSA to be positively
associated with amygdalar volumes in females and negatively
with hippocampal volumes, regardless of child sex. We chose
to concentrate on the second trimester as the time of PSA
exposure as it has been repeatedly associated with findings
related to PPD in previous studies (Acosta et al., 2019; Qiu
et al, 2013, 2017; Rifkin-Graboi et al., 2013; Wen et al., 2017).

2. Methods

The study was conducted according to the Declaration of
Helsinki and was reviewed and approved by the Ethics

Committee of the Hospital District of Southwest Finland
(ETMK:31/180/2011).

2.1. Participants

Mothers involved in this study were drawn from the broader
FinnBrain Birth Cohort Study (Karlsson et al., 2018). They
were recruited at three healthcare locations in Southwest
Finland during their first trimester ultrasound visits at gesta-
tional week (GW) 12. From this broader participant pool, 189
newborn-mother dyads were recruited into this study. They
were recruited based on willingness to participate and avail-
ability of the newborn to have an MRI after birth. After
explaining the study’s purpose and protocol, written
informed consent was obtained from the parent(s). Of these
189 newborn participants, 64 had motion artifacts in the MR
images, leaving 125 images for further segmentation analy-
ses. Additionally, three mothers had missing prenatal ques-
tionnaires. Therefore, 122 newborn-mother dyads were
eligible for statistical analyses.

The demographics of the participants and the excluded
cases are presented in Table 1. Ethnicity was not inquired
but the study population was predominantly Caucasian.
Newborns were generally scanned two to five weeks after
birth, although eleven scans were performed after this age,
and three before (Table 1). All newborns exceeded 25009 of
weight at birth and all but one was born full-term [between
GW37 and GW42; the single preterm-born at GW 36.3].
Newborns’ background information was gathered from the
Finnish Medical Birth Register (FMBR) kept by the Finnish
Institute for Health and Welfare (www.thl.fi): 14 newborns
had mild asphyxia, one needed cardiopulmonary resuscita-
tion (CPR) and respirator treatment, and one individual
scored four points in the five-minute Apgar. These birth com-
plications were included in a sensitivity analysis. Maternal
background information was gathered by questionnaires and
included monthly income, educational level, diagnosed med-
ical conditions, central nervous system (CNS) affecting medi-
cations, and substance use during pregnancy. For CNS-
affecting medications, only serotonin and norepinephrine
reuptake inhibitors or benzodiazepines were reported. No
substance use other than that of alcohol or tobacco was
reported. Obstetric data were retrieved from the FMBR.

2.2. Maternal psychological distress questionnaire data

Maternal pregnancy-specific anxiety was measured at GW24
with Pregnancy-Related Anxiety Questionnaire Revised 2
(PRAQ-R2). PRAQ-Revised (PRAQ-R), a shortened version of
the original PRAQ (Bergh, 1990), is a commonly used ques-
tionnaire to measure anxiety during pregnancy in primipar-
ous women (Huizink et al., 2004). A rephrased version, PRAQ-
R2, was successfully created to expand the applicability also
to multiparous women (Huizink et al., 2016), and it has good
to excellent internal consistency overall and at subscale level
as well as strong metric and scalar invariance, indicating that
the PRAQ-R2 measures similar constructs on the same scale
for all pregnant women (Huizink et al., 2016). PRAQ-R2 has
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ten items with a range of five answers from “definitely not
true” to “definitely true”, forming a total score range of 0-
50 points.

The items in
three subscales:

PRAQ-R2 can be ordered into

1. Fear of giving birth (three items)

2. Worries about bearing a physically or mentally handi-
capped child (four items)

3. Concern about own appearance (three items)

To control for other symptoms of anxiety/depression, two
additional distress scores were measured at GW24: Edinburgh
Postnatal Depression Scale (EPDS) (Cox et al, 1987) for
depressive symptoms and the anxiety subscale of Symptom
Checklist 90 (SCL-90) for general (as opposed to pregnancy-
related) anxiety (Deogratis et al., 1973). Although originally
developed for screening postnatal depression, EPDS is also
valid during pregnancy (Bergink et al., 2011; Bunevicius et al,,
2009; Rubertsson et al., 2011; Tendais et al., 2014). The EPDS
consists of 10 items and its score ranges from 0 to 30. The
anxiety subscale of SCL-90 is a standard tool for measuring
general anxiety (Bech et al.,, 2014; Deogratis et al., 1973) and
widely used during the prenatal period (Adib-Rad et al., 2019;
Kamel et al, 1999; Lin et al, 2017; van den Heuvel et al,
2015;). It consists of 10 items and the total score range is O-
40. EPDS and SCL-90 scores were combined to create an
overall distress score by first standardizing the scores (mean
= 0, SD = 1) and then summing the standardized values to
create a composite score, “SCL + EPDS”.

The number of missing data for PRAQ-R2, EPDS, and SCL-
90 was three, i.e. three mothers provided none of the three
distress scores at the GW 24 measurement point. These
mother-newborn dyads were excluded from the study sam-
ple as described above. For partial missing data a maximum
of one missing item was tolerated per PRAQ-R2 factor (f1-f3)
and in this case, the missing value was imputed with the
arithmetic mean of the available values in the same factor.

2.3. MRI acquisition

A detailed description of the scanning protocol is provided in
our previous publication (Lehtola et al.,, 2019). All the scans
were performed on the same site with the same scanner and
scanning parameters. Participants were scanned without
anesthesia with a Siemens Magnetom Verio 3T scanner
(Siemens Medical Solutions, Erlangen, Germany). The 40-
minute imaging protocol included an axial PD-T2-TSE (Dual-
Echo Turbo Spin Echo) and a sagittal 3D-T1 MPRAGE
(Magnetization Prepared Rapid Acquisition Gradient Echo)
sequences with isotropic 1.0mm?> voxels and whole brain
coverage. Repetition time (TR) time of 12 070 ms and effect-
ive Echo time (TE) of 13ms and 102ms were used in PD-T2
TSE sequence to produce both PD-weighted and T2-weighted
images from the same acquisition. Total number of 1mm
thick slices was 128. TR of 1900 ms, TE of 3.26 ms, and inver-
sion time (Tl) of 900ms were used for 3 D-T1-MPRAGE
sequence. The number of slices was 176.

All brain images were assessed for incidental findings by a
pediatric neuroradiologist (author RP). If found, parents were
given a follow-up opportunity with a pediatric neurologist
(author TL). Developmental status was age appropriate by
the age of two years for all participants. The incidental find-
ings (intracranial hemorrhages, N=12, 6.9%) have been
found to be common and clinically insignificant in previous
studies (Rooks et al., 2008; Whitby et al., 2004). Intracranial
hemorrhages were deemed not to affect volumetric estimates
of interest and thus, did not exclude the individuals from the
current study (Kumpulainen et al.,, 2020). All the brain images
were checked visually by multiple researchers for motion arti-
facts, initially by three independent raters and the final seg-
mentations were viewed by authors JDL and JJT. No specific
rating scale for artifacts was used but a binary classification.

2.4. Construction of an unbiased population-
specific template

The measurements used in analysis were derived using
fusion-based methods that rely on a labeled template. These
methods depend on achieving good registrations between
the subjects and the template. This is increasingly difficult to
achieve the further the template is from the subjects in terms
of similarity. Thus, a template was constructed based on the
subjects in this study; then the structures of interest were
manually labeled, and a mask was automatically extracted for
use in estimating total brain volume (TBV).

All 125 MRIs were used to construct a population-specific
dual-contrast template. The template construction process
has been previously published (Fonov et al, 2011). It is an
iterative process that, given a set of MRI volumes, constructs
a template, which minimizes the mean squared intensity dif-
ference between the template and each subject’s MRI, and
minimizes the magnitude of all deformations used to map
the template to each subject’s MRI. This method was applied
to the T1 scans. The T1 scans were linearly registered to the
MNI 152 template. The average scaling from the native MRIs
to the MNI 152 template was then computed, and the
inverse used to scale the MNI 152 template to the average
size of the study population, which served as an initial target
for construction of the population-specific template. The
iterative template construction procedure was then applied
producing the T1 template as well as non-linear transforma-
tions between each T1 and the T1 template. The T2 native
scans were then registered to the T1 native scans, and the
resulting transform was concatenated with the linear and
non-linear transforms taking that T1 to the T1 template.
These composite transformations were then used to map the
T2 scans to template space, where they were averaged to
create the T2 template.

2.5. Labeling the template

The structures of interest, the amygdalae and hippocampi,
were manually labeled on the dual-contrast template. To
ensure these labels were accurate, multiple variants of the
template were produced, and each variant was manually



labeled without the raters knowing that they were not actual
subject data. Altogether, 21 variants were produced, repre-
senting well the morphological variation in the data, each a
non-linear transformation of the template to overlay one of
the subjects in the population. The non-linear transforma-
tions derived from the template construction procedure were
used to cluster the subjects into 21 groups where the ana-
tomical within-group variability was smaller than the inter-
group variability. As the basis for clustering, the Jacobian was
computed for the non-linear transform mapping each subject
to the template. The values in the Jacobian were then
extracted as a vector for each voxel within the template brain
mask. These Jacobian vectors were then clustered using an
equal combination of cosine similarity and Euclidean distance
with Ward'’s clustering method (Ward, 1963), with the num-
ber of clusters chosen to be 21. Then, within each cluster,
the sum-squared distance from each subject to each other
subject was computed, and the subject with the minimum
sum-squared distance was taken as the central-most subject
of the cluster. The dual-contrast template constructed in the
previous step was then warped to these 21 representative
subjects, and provided for manual segmentation.

Segmentation was done following standard procedures
(Hashempour et al., 2019). One template was first segmented
by the primary rater NH and subsequently by senior rater JJT
and externally reviewed by JDL. Once the first segmentation
was deemed satisfactory, the other templates were then seg-
mented. The 21 manual segmentations were then warped
back to the standard template, and each voxel was assigned
a label based on the majority vote across all 21 manual seg-
mentations. This yielded the final labels for the amygdalae
and hippocampi on the standard template. The generalized
conformity index (GCl) was calculated to determine the inter-
rater agreement in spatial overlap for the newborn template
(left hippocampus: CGlI= 0.77, right hippocampus: CGI= 0.76,
left amygdala: CGI= 0.72, right amygdala: CGl= 0.69), and
the agreement was deemed to be excellent; CGI scores of
0.7-1.0 are regarded as excellent (Kouwenhoven et al., 2009;
Visser et al.,, 2019). The inter-rater reliabilities were used as
the primary quality assessment. It was deemed good and vis-
ual representation of this is provided in our prior publication
- please see Figure 3 in Acosta et al. (2020).

2.6. Labeling the subjects

Segmentation into left and right amygdalae and hippocampi
was done for each subject using a label-fusion-based labeling
technique based on Coupé et al. (2011) and further devel-
oped by Weier et al. (2014) and Lewis et al. (2019). The
approach uses a population-specific template library. The
library was constructed by clustering deformation fields from
the non-linear transforms produced during construction of
the template and using the central-most subject of each clus-
ter to construct the entries in the template library; this is
similar to the method described above, but in this case, the
clustering used a dilated mask of the amygdalae and hippo-
campi to capture the anatomical context of the nonlinear
registration in that region of the brain, and the number of
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Figure 1. Example of the segmentation of amygdala and hippocampus in a
study subject. The amygdala and hippocampus are shown in coronal, axial, and
sagittal planes with orange and blue colors respectively.

clusters was the square of the natural log of the number of
subjects. The representative subject for each cluster was
chosen as described above. This was done per hemisphere to
accommodate hemispheric asymmetries. Thus, the template
library represented the range of deformations of the amygda-
lae and hippocampi found in the population.

To create the library entry for a cluster, the non-linear
transform for the central-most subject was used to warp the
template together with the segmentation defined on it, and
this pair was added to the template library. The template
library was thus a set of warped copies of the template
together with their correspondingly warped segmentations.
Once the template library had been created, each subject in
the population was non-linearly registered to the n closest
templates in the library (here, n=7), and the resulting trans-
forms were used to warp their corresponding segmentations
to the subject; the final labeling was then established patch-
based label fusion. This was also done separately for each
hemisphere. An example of such a labeling is shown in
Figure 1. The volumes of each of the final labellings were
then computed and scaled to native space based on the scal-
ing factors in the subject’s linear transforms.

2.7. Code availability

Custom computer codes were used for data analysis. The
core of the code to construct the library, and also to perform
the fusion labeling can be found in https://github.com/NIST-
MNI/nist_mni_pipelines/blob/master/
iplScoopFusionSegmentation.py. Please contact the corre-
sponding author for other code related questions.


https://github.com/NIST-MNI/nist_mni_pipelines/blob/master/iplScoopFusionSegmentation.py
https://github.com/NIST-MNI/nist_mni_pipelines/blob/master/iplScoopFusionSegmentation.py
https://github.com/NIST-MNI/nist_mni_pipelines/blob/master/iplScoopFusionSegmentation.py
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2.8. Statistical analysis

IBM SPSS Statistics Version 26 for Microsoft was used for stat-
istical analyses (Armonk, NY: IBM Corp.) and R Version 3.6.0
for visualization of the results as scatter plots (Vienna,
Austria: R Core Team). Data normality for descriptive varia-
bles, brain volumetric measures, and distress scores were
checked by visual inspection and by the Shapiro-Wilk test.
Dependent variables used in the analyses were the relative
(raw volume divided by TBV) volumes for the left and right
amygdala and hippocampus (Table 2).The birthweights were
adjusted to gestational age to investigate if there were large
differences between individuals referring to small- or large-
for-gestational-age conditions. All newborns, except one,
were found to be appropriate for gestational age, thus the
original birthweight value was used. The median value was
used to replace the missing values of birthweight (n=1) and
maternal BMI (n=2). The most common education level (3)
was used to replace the missing values in maternal education
(n =2, male newborn n=1).

Associations between the study variables (maternal and
newborn health parameters, distress questionnaire scoring,
volumetric measures) were investigated with zero-order
Pearson correlations (Table 3). Independent samples T-test
and chi-square tests were used to detect sex differences in
newborn variables (newborn age, birthweight, birth complica-
tions), maternal variables (maternal age, pre-pregnancy BMI,
prenatal alcohol and/or nicotine consumption, prenatal CNS
affecting medication, maternal education, gestational dia-
betes, high blood pressure, or moderate pre-eclampsia)
(Table 1), and mean brain volumes (Table 2). Sex differences
in distress scores (maternal PRAQ-R2, SCL 4+ EPDS composite
scores) were analyzed with the Mann-Whitney U Test.

General linear modeling (GLM) was used to investigate the
relationships between the PRAQ-R2 scores and volumetric
measures of the amygdalae and hippocampi. The GLM
method was chosen because of the intercorrelations of the
predictor variables. The GLM analyses were performed in
three parts: the first part investigated the main effect of PSA
on the volumetric measures of amygdalae and hippocampi in
the whole group; the second part explored the interaction
between newborn sex and maternal distress score by adding
an interaction variable (sex*distress score); in the third part,

Table 2. Mean raw and relative brain volumes.

the main effect analysis was repeated but separately in male
and female subgroups of the sample. Covariates were added
stepwise into the analyses. In the first step, newborn total
age (gestational age + days counted from birth), birthweight,
maternal BMI and maternal education were included. In the
second step, SCL+ EPDS composite score was added. The
analyses were also repeated with other newborn age varia-
bles (gestational age, postnatal age in days at scan) to test
the consistency of the results. These covariates were selected
based on theoretical relevance for newborn brain develop-
ment in line with prior literature (Caputo et al., 2016; Contu
& Hawkes, 2017; de Haan et al., 2006; Falster et al., 2018;
Gingrich et al,, 2017; Holland et al., 2014; Knickmeyer et al,,
2016; Little et al.,, 2021; Pesonen et al., 2016; Rotem-Kohavi &
Oberlander, 2017; Sandin, 2012; Van Lieshout et al., 2011; van
Soelen et al, 2010; Wadhwa et al., 1993; Wortinger et al.,
2020; Zhu et al,, 2010). The p values from the sixteen main
analyses (shown in Table 4) were also corrected for multiple
comparisons using Benjamini-Hochberg method (Benjamini &
Hochberg, 1995) that controls the false discovery rate (FDR).
The corrections were performed separately for the eight tests
including all the children (the main effects and the sex inter-
actions) and for the eight sex-wise effects.

As a confirmation, five sets of sensitivity analyses were
run, where the following groups were individually removed
from the analyzed sample: maternal prenatal CNS affecting
medication (n=8) and/or substance use (n=35); birth com-
plications (n = 16); gestational diabetes (n=15) and/or hyper-
tension/pre-eclampsia (n=5) (Table 1). Both gestational
diabetes and pre-eclampsia have been associated with
impaired cognitive development in children (Devarshi
et al,, 2019).

3. Results

3.1. Sex differences in maternal distress questionnaire
data and brain volumetric measures

The mid-pregnancy PRAQ-R2 scores were higher in mothers
of the male newborns than those of female newborns.
However, no offspring sex difference was detected in
SCL + EPDS composite scores (Table 1). All the raw volumetric
measures of the amygdalae and hippocampi were greater in

Whole sample (N=122) Males (N =68) Females (N = 54) p
M=£SD (range)
TBV 621882.7 +46913.4 636643.8 +45576.4 603294.5+42037.3 <.001%**
(517422 — 739571) (547872 — 739571) (517422 — 692269)
Left Amygdala 267.5+37.4 (170.4 — 188) 2742+41.2 (188 — 358.4) 259.1+41.2 (203.9 — 356.1) 027%*
Right Amygdala 266.7 +£39.2 (181.9 — 364.2) 278.7+£39.2 (181.9 — 364.2) 251.5+33.7 (185.9 — 349.2) <.007**
Left Hippocampus 767.2+115.1 (514.6 — 1082.6) 793.5+119.4 (514.6 — 1082.6) 734+100.9 (549.4 — 989.9) 004%*
Right Hippocampus 770+ 108.2 (467.7 — 1020.9) 788.4+106.9 (560.7 — 1020.9) 746.7 £106.3 (467.6 — 974.9) 034*
Left Amygdala / TBV 43E—4+50E—5 43E—4+52E—-5 43E—4+47E—-5 980
(3.1E—4 —5.6E—4) (3.1IE—4 —5.4E—4) (3.3E—4—5.6E—4)
Right Amygdala / TBV 43E—4+52E—5 44E—4+51E-5 42E—4+52E—-5 032%*
(3.1E—4 —5.6E—4) (3.1IE—4—-53E—4) (3.2E—4 —5.6E—4)
Left Hippocampus / TBV 1.2E—3+15E—-4 1.2E—3+15E—4 12E—3+15E—4 319
(8.3E—4—1.6E—3) (8.4E—4 —1.6E—3) (9.5E—4 —1.6E—3)
Right Hippocampus / TBV 12E—3+14E—4 12E—3+13E—4 12E—3+16E—4 960

(8.0E —4 —1.6E —3)

(9.0E —4 —1.5E—3)

(8.0E—4 —1.6E —3)

In the right column p values of sex differences are listed. TBV = total brain volume. *p < .05, **p < .01.
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Table 4. Associations between Pregnancy-related anxiety Questionnaire scores at GW24 and newborn amygdalar and hippocampal volumes.

PRAQ-R2GW 24

Volumes
ALL Effect type Adj R? B p Adj p' Partial n? a
Left AG / TBV Main effect —0.042 —4.7E-8 1.000 1.000 0.0E0 —13E-6—12E—6
Sex interaction 0.001 29E-6 017%2 0.136 0.050 55E—7—54E—6
Right AG / TBV Main effect 0.008 22E-7 724 0.943 0.001 —10E—6—14E—6
Sex interaction 0.025 22E—6 .084 0.336 0.026 —30E—7—-47E—-6
Left HC / TBV Main effect 0.008 —4.0E—7 .825 0.943 43E—4 —40E—6—32E—6
Sex interaction 0.012 —45E—-6 225 0.548 0.013 —12E—-5—-28E—-6
Right HC / TBV Main effect 0.000 —19E—6 274 0.548 0.010 —52E—6—14E—6
Sex interaction —0.007 —1.7E—6 616 0.943 0.002 —85E—6—51E—6
MALES
Left AG / TBV Main effect —0.037 —13E—6 143 0.408 0.035 —3.0E—6—45E—7
Right AG / TBV Main effect —0.038 —75E—7 381 0.435 0.013 —25E—6—95E—7
Left HC / TBV Main effect 0.011 25E—6 314 0.419 0.017 —25E—-6—-76E—6
Right HC / TBV Main effect —0.084 —58E—7 .789 0.789 0.001 —49E—-6—-3.7E—6
FEMALES
Left AG / TBV Main effect 0.057 1.8E—6 .039*P 0.312 0.087 93E—-8—-3.5E—6
Right AG / TBV Main effect —0.033 14E—6 153 0.408 0.043 —55E—7—34E—6
Left HC / TBV Main effect 0.074 —3.0E—6 .266 0.419 0.026 —84E—-6—-23E—6
Right HC / TBV Main effect 0.091 —34E-6 220 0.419 0.032 —90E—-6—-21E-6

*Significant results (p <.05) (uncorrected for multiple comparisons). Results are adjusted for infant total age, infant birthweight, maternal education, and mater-
nal BMI. Results for all are also adjusted for infant sex. AG=amygdala; HC = hippocampus, TBV =total brain volume, GW = gestational week, PRAQ-
R2 = Pregnancy-related Questionnaire Revised 2; a) p <.05 controlling for second trimester EPDS & SCL sum score (p=.010), maternal prenatal CNS affecting
medication (p=.008) and substance use (p=.003), birth complications (p =.029), gestational diabetes (p =.012) and hypertension/pre-eclampsia (p =.036); b)
p < .05 controlling for second trimester EPDS & SCL sum score (p=.036) as well as maternal prenatal CNS affecting medication (p=.019) and substance use
(p=.008), but p>.05 controlling for birth complications (p=.055), gestational diabetes (p=.137) and hypertension/pre-eclampsia (p=.148)."” p Values
adjusted for multiple comparisons using Benjamini-Hochberg method. The corrections were performed separately for the eight tests including all the children

(main effects and sex interactions) and for the eight sex-wise effects.

males than females. However, in the volumetric measures
corrected with TBV, only the right amygdalar volume was sig-
nificantly greater in males than females (Table 2).

3.2. Correlations between variables

PRAQ-R2 and SCL + EPDS composite scores were highly posi-
tively intercorrelated. Additionally, a strong positive correl-
ation was observed between the right amygdala/TBV and left
amygdala/TBV as well as the right amygdala/TBV and right
hippocampus/TBV. The relative volumes of the left amygdala
and left hippocampus were only mildly intercorrelated. Birth
complications were strongly positively correlated with left
hippocampal volume. All associations between study varia-
bles are displayed in Table 3.

3.3. The relationships between maternal prenatal PRAQ-
R2 and newborn volumetric measures

The analysis done with the sex-interaction model revealed a
significant association between the left amygdala/TBV vol-
ume and the interaction term of sex by PRAQ-R2, when con-
trolled for newborn age, birthweight, and sex, as well as for
maternal BMI and education (Table 4). The result persisted
after controlling for SCL+ EPDS composite score but not
after correction for multiple comparisons (Table 4). In con-
trast, no associations were observed between the hippocam-
pus/TBV or the right amygdala/TBV volumes and the sex-by-
PRAQ-R2-interaction term. In the separate analyses for the

two sexes, no significant findings were observed in males,
but in females, the left amygdala/TBV volume was positively
associated with maternal prenatal PRAQ-R2 (Figure 2). This
result was controlled for newborn age, birthweight, as well
as maternal BMI and education and persisted after controlling
for SCL+ EPDS composite score but not after correction for
multiple comparisons (Table 4). The results were similar when
calculated with other newborn age variables (gestational age:
B =1.05E-8, p =.033; postnatal age in days at scan: B=9.68E-
8, p=.036). The group analyses for the hippocampi yielded
no significant results in males or females. In the whole group,
no significant associations between PRAQ-R2 and newborn
brain volumes were found.

In the sensitivity analyses, the results were similar, and the
association between the sex-interaction term and the left
amygdala/TBV volume persisted after confounding factors
were individually removed from the sample (maternal pre-
natal CNS affecting medication [B=3.5E-6, p=.008] and/or
substance use [B=4.1E-6, p=.003], birth complications
[B=3.2E-6, p=.029], gestational diabetes [B=3.7E-6,
p=.012] and/or hypertension/pre-eclampsia [B=2.7E-6,
p=.036]). In the sensitivity analyses of the male and female
subgoups, the association between PRAQ-R2 and female left
amygdala/TBV volume persisted after removing individuals
exposed to maternal prenatal CNS affecting medication
(B=3.06E-6, p=.019) and substance use (B=3.17E-6,
p=.008). However, the finding did not persist after
controlling for birth complications (including mild asphyxia,
CPR, or Apgar under 5 points, B=2.12E-6, p=.055),
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Figure 2. Scatter plots of the associations between Pregnancy-Related Anxiety Questionnaire Revised 2 (PRAQ-R2) at GW24 and newborn amygdalar volumes in
males and females. The significant association between PRAQ-R2 and female left amygdalar volume (p =.039) is on the left.

gestational diabetes (B=1.90E-6, p =.096), and/or hyperten-
sion/pre-eclampsia (B=-2.84E-6, p =.148).

4. Discussion

We investigated PSA in mid-pregnancy and its associations
with newborn amygdalar and hippocampal volumes, and
whether these associations are sex-specific. We observed that
higher PSA associated with larger left amygdalar volumes in
newborn females, but not in males, even after controlling for
symptoms of prenatal depression and general anxiety. We
observed no associations between PSA and newborn hippo-
campal volumes. Our result of larger left amygdalar volumes
in females exposed to PSA, in line with the similar observa-
tion in 4-year-old female children from the same cohort
study (Acosta et al., 2019), further supports the notion that
PSA  has a sex-specific association with the off-
spring amygdala.

The result of the sex-interaction model survived all sensi-
tivity analyses, however the result of the female subgroup
did not persist after controlling for gestational illnesses or
birth complications, which may owe to the proportionately
high number of covariates per the size of the subgroup. A
similar observation to ours (i.e. positive association with right
amygdalar volumes) regarding the sex difference, has also
been observed after exposure to prenatal maternal depres-
sion in female children (aged 4.5years) (Wen et al, 2017).
However, not all studies report evidence for sex differences
in amygdalar volumes after exposure to maternal psycho-
logical or psychiatric symptoms prenatally. In a study of
American newborns with low polygenic risk scores for major
depressive disorder, exposure to PPD, defined as maternal
depression, was associated with larger right amygdalar vol-
umes in both sexes (Qiu et al, 2017). The same study design
was repeated with individuals of European ancestry and
yielded similar results to those of the American cohort
(Acosta et al., 2020).

Further emphasizing the sexually dimorphic associations
of maternal prenatal distress with offspring amygdalar

volumes, our previous study showed a negative association
between maternal depressive and anxiety symptoms and
male amygdalar volumes (Lehtola et al, 2020). Summing up
the results of this and our previous study, different maternal
distress symptomatologies (prenatal depressive and anxiety
symptoms and PSA) seem to be associated with amygdalar
volumes in the offspring in opposite directions, and the asso-
ciations have concerned only one of the two sexes, also
depending on the distress type. We propose that the results
differ between studies because the distress exposures are
indeed different. It is yet unknown how and to what extent
PSA differs from other forms of prenatal distress and through
which pathways it may affect fetal brain development.
However, as stated before, PSA predicts external outcomes
(birth weight, gestational age at birth, and postnatal mood
disturbance) independently and child outcomes more
strongly than conventional distress symptom measures
(Bayrampour et al, 2016; Blackmore et al., 2016; Brunton
et al, 2019; Huizink et al., 2004; Kramer et al., 2009; Szekely
et al,, 2021; Theut et al., 1988; Wadhwa et al., 1993), suggest-
ing it to be a distinct exposure from general anxiety and
depressive symptoms. However, this is only partially sup-
ported by extant studies as some studies on prenatal depres-
sion and anxiety replicate the findings of this study. In
addition, even though we observed a correlation between
PSA and SCL-+EPDS scores in this study, this is likely
explained by somewhat overlapping symptomatology with
general anxiety (Blackmore et al., 2016; Huizink et al., 2004).
In short, the mothers that are already anxious, are also more
likely to suffer from pregnancy-specific anxiety (Huizink et al.,
2014; Mudra et al., 2020).

Exposure to elevated PSA/prenatal anxiety increases the
risk for developing anxiety problems and/or depressive symp-
toms during the preadolescent/adolescent period (Davis &
Sandman, 2012; Van den Bergh et al., 2008), especially in
females (Van den Bergh et al., 2008). Similar behavioral traits
have been observed in the female offspring of prenatally
stressed rats, when investigating the neurocircuitry of fear
responses as correlates of anxiety (Ehrlich et al, 2015;
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Weinstock, 2011). In rats, enhanced fear conditioning has
been related to smaller amygdalar size, particularly smaller
basolateral amygdalar volume (Yang et al., 2008). In humans,
the observations are mixed. Acosta et al. (2019) observed
that while higher PSA associated with more emotional symp-
toms, peer relationship problems, and overall childhood diffi-
culties in 4-year-old males, in females, larger right amygdalar
volume associated with less of these problems. Then again,
increased anxiety in 7- to 9 -year-old children has been asso-
ciated with increased amygdalar volumes, localized specific-
ally to the basolateral amygdala (Qin et al., 2014). The
observations on the interaction between the prenatal envir-
onment and offspring genetics suggest that smaller amygda-
lar volumes may result from when an individual possesses
both genetic and environmental (maternal prenatal distress)
risk factors, whereas larger volumes may follow when only
one risk factor is present (Acosta et al., 2020). It has been
hypothesized that larger amygdalar volumes in female chil-
dren compared to males after exposure to PSA would be
linked with greater postnatal stress reactivity in females,
while the smaller amygdala in males would be related to
hypercortisolaemia without emotional arousal (Acosta et al.,
2019). Combined with the results previously published by our
research team (Lehtola et al., 2020), our results show that
this sex difference in amygdalar volume is already present in
early postnatal life, suggesting that the sex difference may
not solely be based on postnatal emotional arousal, but dif-
ferences in overall early brain development of males and
females in the intrauterine environment. For instance, sexual
dimorphism in placental functions, such as placental steroid
profile, responsiveness to cortisol (possibly via differences in
glucocorticoid receptor expression and function), growth hor-
mone concentrations, and gene expression related to
immune function have been reported (Clifton, 2010). These
differences may underlie the sex-specific alterations in amyg-
dalar volumes, however, the evidence of these possible
explanations is yet lacking and remain to be proven in
future studies.

Related to distress, cortisol, being a “stress hormone”, has
been investigated as a possible mediating factor. Larger right
amygdalar volume and more affective problems in female
children (age 7years) have been associated with higher
maternal prenatal cortisol concentrations (Buss et al., 2012).
Although no association between PSA and high maternal cor-
tisol concentrations has been observed (Mustonen et al.,
2019; van den Heuvel et al, 2018; Vlenterie et al,, 2021), it
remains possible that the fetus is ultimately exposed to
higher cortisol concentrations due to suppression of placental
11-beta-hydroxysteroid dehydrogenase 2 -enzyme caused by
some forms of prenatal anxiety (Dahlerup et al, 2018;
O’Donnell et al, 2012). This could in turn increase the
amount of active cortisol transmission to the fetus (Dahlerup
et al, 2018) and interfere with the function of the fetal HPA-
axis. In fact, PSA has predicted higher neonatal hair cortisol
levels, while higher maternal hair cortisol levels in the first tri-
mester of pregnancy had no association with PSA and pre-
dicted lower neonatal hair cortisol (Romero-Gonzalez et al.,
2018). Keeping in mind that the amygdala is rich in

glucocorticoid receptors and hence subject to its effects
(Herman et al.,, 2005), it is intriguing that one study found
PSA to be the most important psychological factor in explain-
ing variance in methylation state of the promoter region of
the human newborn glucocorticoid receptor gene NR3C1
(Hompes et al., 2013). Glucocorticoid receptor methylation is
one possible mechanism by which PSA could influence the
morphologically different nuclei of the amygdala (Schumann
et al, 2011). However, the influence of PSA is most likely
mediated through several mechanisms and is thus difficult to
pinpoint to a specific individual objective mediating measure.
A common feature in these studies is that outcomes vary
depending on the subtype of distress.

Similarly to some previous studies focusing on PPD (not
including PSA) (Lehtola et al., 2020; Qiu et al, 2013), the
results of our current study did not reveal any association
between PSA and newborn hippocampal volumes. However,
other studies have observed smaller hippocampal volumes in
fetuses and slower hippocampal growth during the first six
months of age after exposure to prenatal general anxiety
(Qiu et al, 2013; Wen et al.,, 2017). Further, the interplay of
genetic variance and environmental factors appears to be
associated with the development of hippocampal volumes in
the offspring, as was observed in an Asian cohort, where a
polygenic risk score for major depressive disorder moderated
the association between PPD and the volume of the newborn
right hippocampus (Qiu et al., 2017). Interestingly, a similar
study with a European sample detected a sex-specific con-
nection between PPD and right hippocampal volumes: male
infants with a higher genetic risk for major depressive dis-
order had smaller volumes compared to their female counter-
parts, while males in the low genetic risk group had larger
hippocampal volumes compared to females (Acosta
et al., 2020).

Overall, evidence suggests that PSA/prenatal anxiety has
significant long-term influences on offspring neurodevelop-
ment, which may predispose the offspring to psychiatric dis-
orders. Based on the sex-dependent neuroanatomical
findings in individuals exposed to PPD, the susceptibility to
later psychopathology may differ between sexes and may in
part explain, for instance, the higher prevalence of certain
disorders in males or females, such as depression, anxiety dis-
orders, autism spectrum disorders, and attention deficit/
hyperactivity disorders. However, one cannot merely deduct
what the potential effects of PSA on these limbic structures
could be, as the mechanisms, through which maternal dis-
tress is mediated to the fetus, are complex. Further, although
anxiety has been associated with enlarged amygdalae and
reduced hippocampal values in the human brain (Kolesar
et al,, 2019), this may not be applicable within the context of
in-utero exposure to maternal anxiety - the effect could actu-
ally be reverse through adaptation. Thus, empirical studies
are essential. When investigating the predisposition to psy-
chopathology after exposure to PPD, it would be ideal to
include the functional brain networks that connect with the
amygdala (and hippocampus), as well as genetic factors, and
postnatal events, especially if studying older individuals.



5. Strengths and limitations

This study has several strengths. Importantly, to the best of
our knowledge, this is the first study to report results on the
relationship of PSA with both amygdalar and hippocampal
volumes in newborns. Studies concerning PSA and neuro-
anatomy in children are few, and in newborns, non-existent.
Moreover, the sample size was relatively large. The young
age of the study participants minimized the confounding
effects of postnatal events with possible influences on amyg-
dalar growth and development. The fact that both the meas-
urement of PSA, as well as the acquisition of the MRI were
performed only at one time point, is a limitation of this
study, precluding the investigation of associations between
PSA in other points of pregnancy and newborn brain vol-
umes, as well as the observation of whether the significant
association between amygdalar volumes in females persists
later in early postnatal life. The investigation of gene-environ-
ment interactions, as well as different factors related to HPA-
axis activity would be of major interest to better understand
the underlying mechanisms. In addition, as the results did
not survive after correction for multiple comparisons, they
should be considered preliminary.
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