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Maternal psychological distress during pregnancy (PPD)' has been associated with changes in offspring amyg-
dalar and hippocampal volumes. Studies on child amygdalae suggest that sex moderates the vulnerability of fetal
brains to prenatal stress. However, this has not yet been observed in these structures in newborns. Newborn
studies are crucial, as they minimize the confounding influence of postnatal life.

Amygdala
Hippocampus
Sexual dimorphism

We investigated the effects of maternal prenatal psychological symptoms on newborn amygdalar and hip-
pocampal volumes and their interactions with newborn sex in 123 newborns aged 2-5 weeks (69 males, 54
females). Based on earlier studies, we anticipated small, but statistically significant effects of PPD on the volumes
of these structures. Maternal psychological distress was measured at gestational weeks (GW)* 14, 24 and 34
using Symptom Checklist-90 (SCL-90, anxiety scale)” and Edinburgh Postnatal Depression Scale (EPDS)" ques-
tionnaires.

Newborn sex was found to moderate the relationship between maternal distress symptoms at GW 24 and the
volumes of left and right amygdala. This relationship was negative and significant only in males. No significant
main effect or sex-based moderation was found for hippocampal volumes.

This newborn study provides evidence for a sex-dependent influence of maternal psychiatric symptoms on
amygdalar structural development. This association may be relevant to later psychopathology.

1. Introduction pregnant women (Andersson et al., 2006, 2004; Matthey et al., 2004;
Rubertsson et al., 2014). Studies increasingly associate maternal PPD

Maternal prenatal anxiety and depressive symptoms — main features with compromised offspring neurodevelopment, observed as behavioral

of maternal prenatal psychological distress (PPD) — are common among and emotional disturbances, increased fearful temperament as well as
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delayed cognitive and motor development (Glover, 2014; Huizink et al.,
2003; Sandman et al., 2012). PPD is additionally associated with al-
terations in offspring brain structures and function (Adamson et al.,
2018; Buitelaar et al., 2003; Buss et al., 2011; E1 Marroun et al., 2016;
Miguel et al., 2019; O'Donnell et al., 2014). The anatomical alterations
are partly similar to those seen in psychopathologies of autism, de-
pression, conduct disorder and post-traumatic stress disorder (PTSD),
for instance involving changes in volume and connectivity of the limbic
system (Frodl et al., 2003; Killion and Weyandt, 2020; Mosconi et al.,
2009; Rogers and De Brito, 2016; Schumann et al., 2009; Valera et al.,
2007).

Studies have started unpacking the links between PPD and offspring
brain development. Evidence of a connection between PPD and altered
cortical morphology is convincing in newborn and child studies (Buss
et al., 2010; Lebel et al., 2016; Qiu et al., 2015b; Sandman et al., 2012,
2015). However, the relationships between PPD and brain regions
closely related to emotional, cognitive and memory functions — such as
the amygdala and hippocampus (Qiu et al., 2017, 2015a; Wen et al.,
2017; Wu et al., 2020) — are less studied. Alterations in these structures
may explain attentional deficits and other behavioural problems in
offspring (Van den Bergh et al., 2018). The mechanisms that may link
PPD and offspring neurodevelopment are nevertheless still mostly un-
known. Suggested possible mechanisms include proinflammatory pro-
cesses, increased levels of glucocorticoids, changes in placental func-
tion, and genetic factors (Davis et al., 2017; Graham et al., 2018;
McEwen, 2010; Moisiadis and Matthews, 2014a; Qiu et al., 2017).
Especially important seem to be changes in maternal concentrations of
corticosteroids (cortisol), as these are critical to fetal programming
(Amugongo and Hlusko, 2013; Davis et al., 2013; Moisiadis and
Matthews, 2014a), partly via placental changes (Charil et al., 2010;
Sandman et al., 1999). Fetal exposure to excess glucocorticoids has
been proposed to alter hypothalamic-pituitaryadrenal (HPA) axis
function, thus affecting the structural development of the cortex and
subcortical regions (Moisiadis and Matthews, 2014a). However, con-
tradictory findings of no association between PPD and maternal pre-
natal cortisol levels also exist (Davis et al., 2017; Deuschle et al., 2018;
Petraglia et al., 2001). According to previous newborn/child MRI stu-
dies, an important time connecting PPD and the possible alterations in
subcortical structures seems to be mid-pregnancy (Qiu et al., 2017,
2013; Wen et al., 2017), although the possible impacts of other time
points in pregnancy remain elusive.

Regarding subcortical structures, maternal prenatal depressive
symptoms have been associated with higher cortisol levels and larger
right amygdalar volumes in 4.5 and 7-year-old females (Wen et al.,
2017), as well as more affective problems (Buss et al., 2012). Inter-
estingly, greater pregnancy-related anxiety has been observed to as-
sociate with larger left amygdalar volumes in females, and with smaller
left amygdalar volumes in 4-year-old males (Acosta et al., 2019). In
newborns, a positive relationship between maternal depressive symp-
toms and larger right amygdalar volume has been observed, but only in
a genetic population with a higher risk for major depressive disorder
and with no reported sex differences (Qiu et al., 2017). However,
Rifkin-Graboi et al. found no such connection in newborns with no
specific genetic risk in neither sex (Rifkin-Graboi et al., 2013). Overall,
some findings suggest the relationship between PPD and amygdalar
volume to be sex-dependent (Acosta et al., 2019; Wen et al., 2017). The
impact of PPD on hippocampal volumes measured at six months of age
seems to be growth-restricting in both sexes, especially on the right side
(Qiu et al., 2013), but opposite effects have also been observed in
newborns with higher genetic risk for major depressive disorder (Qiu
et al., 2017). Overall, only few studies have investigated associations
between PPD and newborn amygdalar and hippocampal volumes. In-
stead, most studies have focused on other brain outcomes or older
children, which increases the risk of postnatal factors affecting the re-
sults. In addition, even though comorbidity and overlap of depressive
and anxiety symptoms are common, previous research has not
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considered the possible effect of PPD’s comorbidity, or additive effects
of maternal depressive and anxiety symptoms, on offspring subcortical
structures. One study found that in a population of 190 pregnant
women with a psychiatric diagnosis, 20.5% had comorbid depressive
and anxiety disorders (Andersson et al., 2006), which is a similar pre-
valence to that in non-pregnant populations (Andersson et al., 2006;
Kendler et al., 2007; Mathew et al., 2011; Middeldorp et al., 1999). This
is important, as maternal comorbid symptomatology might influence
the developing fetus differently than one symptom dimension alone, for
example through differential stress hormone activity (Evans et al.,
2008). Further, as depressive and anxiety disorders are all arbitrary
diagnoses based on the number, duration and severity/impact of
symptoms, their aetiologies are overall unclear, and their subclinical
manifestations may overlap one another to a greater extent.

To the best of our knowledge, no study using newborn brain vo-
lumes as outcomes has used a more robust construct of maternal PPD by
combining depressive and anxiety symptoms into one measure. In this
study, we explored: 1) the association of PPD and newborn amygdalar
and hippocampal volumes, as well as 2) the possible interaction of this
association with newborn sex. We measured PPD as a combination of
anxiety and depressive symptoms, with which we aimed to have a more
comprehensive measure of PPD. According to earlier studies, we ex-
pected to observe relationships mainly regarding mid-pregnancy
symptoms but also investigated early and late pregnancy.

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 Neurodevelopment study (Karlsson et al., 2018). They were
recruited at three healthcare locations in Southwest Finland during
their first trimester ultrasound visits at gestational week (GW) 12. From
this broader participant pool, 189 newborn-mother dyads were re-
cruited into this study. They were recruited based on willingness to
participate, availability of the newborn to have an MRI two to five
weeks after birth, childbirth being after GW 31, birthweight more than
1500 g, and not having a previously diagnosed central nervous system
(CNS) anomaly or abnormal findings in a previous MRI scan. 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 artefacts in the MR images. Additionally, two mothers had
missing prenatal distress questionnaires. Therefore 123 newborn-mo-
ther dyads were eligible for statistical analyses.

Participant descriptives are presented in Table 1. Background in-
formation was gathered by questionnaires and included monthly in-
come, educational level, diagnosed medical conditions, CNS affecting
medications, and substance use during pregnancy. For CNS affecting
medications, only serotonin and norepinephrine reuptake inhibitors or
benzodiazepines were reported. No substance use other than alcohol or
tobacco were reported. Maternal education, medication, and substance
use were included in a sensitivity analysis. Obstetric data were re-
trieved from the Finnish Medical Birth Register of the National Institute
for Health and Welfare (www.thl.fi).

Newborns were generally scanned two to five weeks after birth,
though twelve scans were performed after this age, and two before
(Table 1). All newborns exceeded 2500 g at birth and all but one were
born full-term [between GW 37 and 42; preterm at GW 36.3]. New-
borns’ background information was gathered from register data; 15
newborns had mild asphyxia, one had cardiopulmonary resuscitation
(CPR) and respirator treatment, and one individual scored four points
in the five-minute Apgar. These birth complications were included in a
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Table 1

Descriptives.
Variable Whole sample (N = 123) Males (N = 69) Females (N = 54) p
M =+ SD (range)
Age at birth (w) 39.9 + 1.1 (36.3-42.1) 39.8 = 1.1 (36.3-42.1) 39.9 + 1.2 (37.6-42) 0.657
Age at scan (days from due date) 249 + 7.4 (8-45) 249 + 6.9 (8-45) 249 + 8 (14-40) 0.671
Age at scan (days from birth) 26.2 = 7.7 (11-54) 26.4 = 7.9 (11-43) 259 * 7.4 (14-54) 0.973
Total age at scan (GW + days from birth) 305.2 = 7.4 (291-325) 305.3 + 7 (294-320) 305.1 = 7.8 (291-325) 0.894
Head circumference (cm) 35 + 1.3 (32.5-37.5) 35.3 = 1.3 (383-37.5) 34.7 + 1.3 (32.5-37) 0.015*
Birth weight (g) 3480.5 *= 431.8 (2530-4700) 3564.8 = 451.9 (2720-4700) 3370.6 = 380.7 (2530-4340) 0.013*
Birth length (cm) 50.5 * 1.9 (44-56) 50.8 *= 2 (46-56) 50 = 1.7 (44-53) 0.020*
Maternal age at term (y) 30.2 = 4.4 (19.1-41.3) 30.5 = 4.6 (19.1-41.1) 29.8 + 4.3 (21.5-41.3) 0.359
Paternal age at term (y) 31.9 * 4.9 (20-47.5) 31.4 + 5.2 (20-47.5) 324 + 4.5 (24-43.4) 0.368
Maternal prepregnancy weight (kg) 66.6 + 12.6 (42-115) 67.9 += 13.3 (46-115) 65 + 11.5 (42-101) 0.208
Maternal BMI (kg/mz) 24.1 * 4(17.5-38.4) 24.5 * 4.2 (18-38.4) 23.7 = 3.7 (17.5-35) 0.329
Frequencies
APGAR 5 min < 5 1 1 0 0.383
Respirator/CPR (yes) 1/1 1/1 0 0.383
Asphyxia (yes) 14 6 8 0.289
Gestational diabetes (GDM) (yes) 15 8 7 0.811
Prenatal alcohol consumption (yes) 29 20 9 0.112
Prenatal smoking (yes) 9 5 4 0.950
CNS affecting medication 9 7 2 0.177
Maternal education (low/middle/high) 34/38/49 18/20/30 16/18/19 0.355
Maternal ethnicity: Caucasian 119 66 53
Parents married/living together 119 61 48

In the right column p-values (of t-tests or chi-squared tests) for sex differences in the sample are listed; *Significant results (p < 0.05); GW = gestational week;
CPR = cardiopulmonary resuscitation; CNS affecting medication: serotonin and norepinephrine reuptake inhibitors, benzodiazepines; maternal education:
low = high school degree or lower, middle = vocational degree, high = master's degree or higher.

sensitivity analysis as a single binary variable.

2.2. Maternal psychological distress questionnaire data

Maternal psychological distress during pregnancy was measured at
GWs 14, 24 and 34 with two separate stress questionnaires: Edinburgh
Postnatal Depression Scale (EPDS) (Cox et al., 1987) for depressive
symptoms, and the anxiety subscale of Symptom Checklist 90 (SCL-90)
(Deogratis et al., 1973) for anxiety. Although originally developed for
screening postnatal depression, EPDS is also validated for use during
pregnancy (Bergink et al., 2011; Bunevicius et al., 2009; Rubertsson
et al., 2011; Tendais et al., 2014). The 10 items of EPDS cover the
previous 7 days on a total score range from 0 to 30. While no consensus
on the most optimal EPDS cut-point for prenatal depression exists
(Alvarado-Esquivel, 2014; Gibson et al., 2009; Rubertsson et al., 2011),
a score of 10 or more has been employed to indicate clinically mean-
ingful symptoms of depression in pregnancy (Vazquez and Miguez,
2019). The anxiety subscale of SCL-90 is a standard tool for measuring
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). The SCL-90 anxiety
subscale consists of 10 items, each on a 5-point scale of distress (0-4)
with a total score range of 0-40. As for EPDS, no established cut-off
score exists for the SCL-90 anxiety subscale, however, a score higher
than 10 has been used to indicate relevant symptoms of anxiety
(Karlsson et al., 2018; Korja et al., 2017). The number of scorings ex-
ceeding the selected cut-off points for probable clinical depression/
anxiety are presented in Table 2. However, for this study, no clinical
cut-off scores were set for depressive or anxiety symptoms as this would
have excluded subjects with subclinical levels of these symptoms,
which may be important in terms of PPD’s impact on fetal development.
The number of respondents at each timepoint was 120 + 3 out of 189
regardless of questionnaire type (Table 2). If questionnaire data was
missing in one of the timepoints, data was imputed by the MissForest
method (Stekhoven and Buhlmann, 2012). The number of missing data
for EPDS and SCL-90 were 3/123 at GW 14, 1/123 at GW 24, and 6/123
at GW 34, meaning that a mother with missing data had neither of the
two distress scores at that certain time point. SCL-90 and EPDS scores

were combined to create an overall continuous distress score because
this study sample was drawn from the general population and the fre-
quency of subjects with clinical depression and anxiety was expectedly
low. The scores were standardized (mean = 0, SD = 1) for each scale
and then summed. This overall distress score was calculated for each
gestational timepoint (GW 14: SCL1 + EPDS1, GW 24: SCL2 + EPDS2,
GW 34: SCL3 + EPDS3).

2.3. MRI acquisition

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

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 findings (intracranial hemorrhages, N = 12, 6.9%) have
been found to be common and clinically insignificant in previous stu-
dies (Kumpulainen et al., 2020; Rooks et al., 2008; Whitby et al., 2004).
Intracranial hemorrhages were minor, situated far from the regions of
interest and were deemed to be clinically insignificant by the pediatric
neuroradiologist (author RP), and thus, these individuals were not ex-
cluded from the current study. All the brain images were checked vi-
sually by multiple researchers for motion artefacts, initially by three
independent raters and the final segmentations were viewed by authors
JDL and JJT. No specific rating scale was used but a binary
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Table 2
Descriptive information on distress questionnaires.

NeuroImage: Clinical 28 (2020) 102380

M =+ SD (range) (N of imputed symptom scores)

Questionnaire Whole sample (N = 123) Males (N = 69) Females (N = 54) P N (0)]

SCL score GW14 3.53 * 4.50 (0-19) (3) 3.40 + 4.13 (0-16) 3.68 + 5.04 (0-19) 0.558 < 0.001 (18.48)
SCL score GW24 4.56 * 5.32(0-28) (1) 4.78 + 5(0-19) 4.27 * 5.73 (0-28) 0.274

SCL score GW34 3.44 £ 412 (0-19) (6) 3.67 + 3.67 (0-12) 3.15 + 4.66 (0-19) 0.101

EPDS score GW14 5.46 * 5.15 (0-25) (3) 5.40 + 4.78 (0-21) 5.54 + 5.63 (0-25) 0.788 0.635 (0.84)
EPDS score GW24 5.58 * 5.35 (0-25) (1) 5.66 + 5.14 (0-23) 5.48 + 5.66 (0-25) 0.645

EPDS score GW34 5.48 + 4.95 (0-20) (6) 5.66 = 4.89 (0-17) 5.25 *= 5.06 (0-20) 0.574

Distress sum score

SCL1 + EPDS 1 1.28E-16 1.92 (—1.84-6.43) (6) -0.04 = 1.76 (—1.84-6.43) 0.05 * 2.12 (—1.84-6.43) 0.695 0.524 (1.29)

SCL 2 + EPDS 2
SCL 3 + EPDS 3
Frequencies (%)

=+
3.47E-18 + 1.85(—1.90-5.78) 6)
5.38E-17 + 1.84 (—1.94-6.71) (12)

SCL 1 cut off score = 10 16 (13) 6 (8.7)
SCL 2 cut off score = 10 21 (17) 12 (17.4)
SCL 3 cut off score = 10 12 (9.6) 7 (10.1)
EPDS 1 cut off score = 10 16 (13) 8 (11.6)
EPDS 2 cut off score = 10 26 (21.1) 15 (21.7)
EPDS cut off score = 10 23 (18.7) 13 (18.8)

0.06 + 1.77 (—1.90-5.78)
0.09 * 1.67 (—1.94-6.71)

—0.07 = 1.96 (—1.90-5.78) 0.403
0.12 * 2.01 (—1.94-6.71) 0.230

10 (18.5)
9 (16.7)
5(9.3)
8(14.8)
11 (20.4)
10 (18.5)

Columns from right to left: p-values of Friedman test for differences between distress scores; p-values of Mann-Whitney U tests for sex differences in the sample.
Significant results (p < 0.05) are in blue; GW, gestational week; SCL, Symptom Checklist —90 (range of total sum score 0-40); EPDS, Edinburgh Postnatal

Depression Scale (range of total sum score 0-30).

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 labelled 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.

All 123 MRIs were used to construct a population-specific dual-
contrast template. The T2 was linearly registered to the T1, and then
the two together were linearly registered to the MNI 152 template
(Fonov et al., 2011). 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 template construction procedure has been previously
published (Fonov et al., 2011). It is an iterative procedure that, given a
set of MRI volumes, builds a template which minimizes the mean
squared intensity difference 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 producing non-linear
transformations from the template space to each scan, then these
transformations were used to map the T1 scans to the template space,
where they were averaged to create the T1 template; these transfor-
mations were also combined with the T2 to T1 transformations to map
the T2 scans into the common space where they were averaged to create
the T2 template.

2.5. Labelling the template

The structures of interest, the amygdalae and hippocampi, were
manually labelled on the dual-contrast template. To ensure these labels
were accurate, multiple variants of the template were produced, and
each variant was manually labelled. Altogether 21 variants were pro-
duced, each a non-linear transformation of the template to overlay one
of the subjects in the population. These variants represented well the
morphological variation in the data and provided enough manual seg-
mentations to be able to have confidence in the majority-vote final

labels (see below).

The non-linear transformations derived from the template con-
struction procedure were used to cluster the subjects into 21 groups
where the anatomical 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 number 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
(without those doing the segmentation being aware that these were, in
fact, 21 different versions of the same template) with standard proce-
dures (Hashempour et al., 2019).

The 21 manual segmentations were then warped back to the stan-
dard template, and each voxel was assigned a label based on the ma-
jority vote across all 21 manual segmentations. This yielded the final
labels for the amygdalae and hippocampi on the standard template.

2.6. Manual segmentation

Initially one template was segmented by the primary rater NH and
senior rater JJT and externally reviewed by JDL. Then the other tem-
plates were segmented with standard procedures (Hashempour et al.,
2019). The final segmentations were a consensus between the primary
and senior raters and were used in the subsequent labelling step. A
majority agreement for the final labels was obtained for 67.26% (left
hippocampus), 65.99% (right hippocampus), 59.77% (left amygdala)
and 56.49% (right amygdala) of the non-zero voxels. Generalized
conformity indices (GCI) were also calculated to determine the inter-
rater agreement in spatial overlap for the infant template (left hippo-
campus: CGI = 0.77, right hippocampus: CGI = 0.76, left amygdala:
CGI = 0.72, right amygdala: CGI = 0.69). CGI scores of 0.7-1.0 are
regarded as excellent (Kouwenhoven et al., 2009; Visser et al., 2019).
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2.7. Labelling 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. (Coupé et al., 2011) and further developed by
Weier et al. (Weier et al., 2014) and Lewis et al. (Lewis et al., 2019).
The approach uses a population-specific template library. In the current
work, the library was constructed by clustering (similarly to the method
described above) the deformation fields from the non-linear transforms
produced during construction of the template and using the central-
most subject of each cluster to construct the entries in the template
library. Thus, the template library represented the range of deforma-
tions found in the population. The clustering was done as described
above but using a dilated mask of the amygdalae and hippocampi to
capture the anatomical context of the nonlinear registration in that
region of the brain, and with the number of clusters now chosen as 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.

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 popu-
lation was non-linearly registered to the n closest templates in the li-
brary (here, n = 7), and the resulting transforms were used to warp
their corresponding segmentations to the subject; the final labelling was
then established via a per-voxel majority vote. This was also done se-
parately for each hemisphere. An example of such a labelling is shown
in Fig. 1. The volumes of each of the final labellings were then com-
puted and scaled to native space based on the scaling factors in the
subject’s linear transforms.

Lastly, a brain mask was created on the template, and that template
mask was then warped back to the native space of each subject and used
to estimate intracranial volume (ICV).

NeuroImage: Clinical 28 (2020) 102380

2.8. Code availability
Please contact the corresponding author for code related questions.

2.9. Statistical analyses

IBM SPSS Statistics Version 23 for MAC was used for statistical
analyses (Armonk, NY: IBM Corp.). Data normalities for descriptive
variables, brain volumetric measures and distress scores were checked
by visual inspection and by the Shapiro-Wilk test. If data was shown to
be non-normally distributed, a non-parametric test was used. Distress
score variables were not normally distributed, but as normality is not
assumed for independent variables in regression, no adjustment was
made. The normality of the residuals from the regression was checked
using the Shapiro-Wilk test. Dependent variables used in the analyses
were the relative (absolute volumes divided by ICV) volumes of the left
and right amygdala and hippocampus (Table 3). Results for absolute
amygdalar and hippocampal volumes were analyzed for consistency
with these dependent variables but were not considered in the main
analyses. Associations between the study variables (maternal and
newborn health parameters, distress questionnaire scoring, volumetric
measures) were investigated with zero-order Pearson correlations. Sex
differences in mean volumetric measures, newborn age, head cir-
cumference, birthweight and length were analyzed with Independent
samples T-test (Tables 1 & 3), sex differences in birth complications and
maternal categorical variables with Chi-square Tests (Table 1) and in
distress scores with Mann-Whitney U Test (Table 2). Differences be-
tween distress scores at different pregnancy time points were analyzed
with Friedman test (Table 2).

General linear modelling (GLM) was used to investigate the re-
lationships between distress scores and volumetric measures of the
amygdalae and hippocampi. GLM analyses were performed in two
parts: 1) the main effect model and 2) the interaction model. The first
model (Model A in Tables 4A and 4B) explored the main effects of the
distress scores on amygdalar and hippocampal volumes. The second
model (Model B in Tables 4A and 4B) explored the interaction between

Fig. 1. Segmentation example from a study subject. First row from left to right: the segmentation of the amygdala; axial, coronal and sagittal planes. Second row from
left to right: the segmentation of the hippocampus; axial, coronal and sagittal planes.
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Table 3
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Mean absolute and relative volumes of the amygdala and hippocampus in the whole group and in the subgroups of males and females.

M = SD (range)

Volumetric measures (mm®) Whole sample (N = 123)

Males (N = 69)

cv 621 668 * 47 015.3 (517 422-739 571)

Left amygdala 267.7 = 37.2(188-358.4) 274.3 *
Right amygdala 266.6 = 39 (181.9-364.2) 278.4 =
Left hippocampus 767.4 = 114.6 (514.6-1082.6) 793.6 *
Right hippocampus 770.2 = 107.8 (467.7-1020.9) 788.6 *
Left amygdala /ICV 4.3E-4 * 5E-5 (3.1E-4-5.6E-4) 4.3E-4 =
Right amygdala /ICV 4.3E-4 = 5.2E-5 (3.1E-4-5.6E-4) 4.4E-4 +
Left hippocampus /ICV 1.2E-3 + 1.5E-4 (8.3E-4-1.6E-3) 1.2E-3 *
Right hippocampus /ICV 1.2E-3 + 1.4E-4 (8.4E-4-1.6E-3) 1.2E-3 =

Females (N = 54) P

634 952.7 + 45996.2 (547 872-739571) 604 760.2 + 43 041 (517 422-692 269) < 0.001*
40.9 (188-358.4) 259.1 = 30.3 (203.9-356.1) 0.024*
39 (181.9-364.2) 251.5 = 33.7 (185.9-349.2) < 0.001*
118.6 (514.6-1082.6) 734 + 100.9 (549.3-989.9) 0.004*
106.1 (560.7-1020.9) 746.7 * 106.3 (467.7-974.9) 0.032%
5.2E-5 (3.1E-4-5.4E-4) 4.3E-4 *= 4.7E-5 (3.3E-4-5.6E-4) 0.943
5.1E-5 (3.1E-4-5.3E-4) 4.2E-4 * 5.2E-5 (3.2E-4-5.6E-4) 0.030*
1.5E-4 (8.4E-4-1.6E-4) 1.2E-3 + 1.5E-4 (9.5E-4-1.6E-3) 0.284
1.3E-4 (9E-4-1.5E-3) 1.2E-3 + 1.6E-4 (8E-4-1.6E-3) 0.969

In the right column p-values of t-tests for sex differences in the sample are listed. *Significant values (p < 0.05); ICV = intracranial volume.

sex and distress scores by adding an interaction variable (sex*distress
score). Both models were tested separately for both sides of the
amygdala and hippocampus in each pregnancy time point (GW 14, 24
and 34, respectively). Thus, altogether 24 tests were performed. Cov-
ariates were added stepwise into the analyses: step 1) newborn age at
scan (days counted from estimated due date) and newborn sex; step 2)
maternal prenatal medication (CNS-affecting medication), substance
use (alcohol or tobacco) and maternal education; step 3) gestational
diabetes and birth complications (asphyxia, CRP, respirator treatment,
5 min Apgar score under five). Steps 2 and 3 were regarded as sensi-
tivity analyses. Maternal gestational diabetes was included as it may
impair fetal neurodevelopment (Torres-Espinola et al., 2018). Addi-
tional sensitivity analyses were conducted excluding the only preterm
born, all newborns with birth complications and mothers with prenatal
CNS affecting medication (N = 25, males N = 15). The main effect
models for the whole sample were also performed separately in males

and females as post-hoc analyses to further describe the results yielded
in the interaction model.

P-values smaller than 0.05 were considered significant. Given the
exploratory nature of the study, uncorrected values are reported.

3. Results

3.1. Description of the sample: distress scores, brain volumetric measures
and control variables

Distress scores were highly intercorrelated (SCL1 + EPDS1
r = 0832, p < 0.001; SCL2 + EPDS2 r = 0.700, p < 0.001;
SCL3 + EPDS3r = 0.664, p < 0.001). Cross-sectional SCL + EPDS or
EPDS sum scores did not significantly differ between time points or
newborn sexes (Table 2), however, SCL-90 scores at GW 24 were higher

compared to GW 14 and 34. Newborn absolute left (r = 0.540,
Table 4A
General linear model for infant brain volumetric measures and maternal prenatal distress scores in each trimester.

STEP 1

Volumetric measures Adj R? B P Partial n? CI

LEFT AMYGDALA / ICV

MODEL A EPDS 1 + SCL 1 —0.019 —1.3E-6 0.586 0.002 —6.0 E-6-3.4E-6
EPDS 2 + SCL 2 —0.009 —3.0E-7 0.223 0.012 —7.9E-6-1.9E-6
EPDS 3 + SCL 3 —0.015 —2.1E-6 0.401 0.006 —7.0E-6-2.8E-6

MODEL B sex * EPDS 1 + SCL1 —0.016 5.5E-6 0.252 0.011 —3.9E-6-1.5E-5
sex * EPDS 2 + SCL 2 0.018 10.0E-6 0.042* 0.034 3.5E-7 - 2.0E-5
sex * EPDS 3 + SCL 3 —0.004 7.7E-6 0.126 0.020 —2.2E-6 - 1.7E-5

RIGHT AMYGDALA / ICV

MODEL A EPDS 1 + SCL 1 0.019 1.8E-6 0.461 0.005 —3.0E-6 - 6.6E-6
EPDS 2 + SCL 2 0.016 1.2E-6 0.623 0.002 —3.8E-6 - 6.3E-6
EPDS 3 + SCL 3 0.015 3.1E-7 0.905 < 0.001 —4.8E-6 - 5.4E-6

MODEL B sex * EPDS 1 + SCL1 0.024 6.2E-6 0.203 0.014 —3.4E-6 - 1.6E-6
sex * EPDS 2 + SCL 2 0.048 1.1E-5 0.029* 0.040 1.2E-6-2.1E-5
sex * EPDS 3 + SCL 3 0.035 9.6E-6 0.061 0.029 —4.6E-7-1.0E-5

LEFT HIPPOCAMPUS / ICV

MODEL A EPDS1 + SCL1 —0.007 —5.1E-6 0.478 0.004 —1.9E-5-9.2E-6
EPDS 2 + SCL 2 —0.011 6.2E-7 0.934 < 0.001 —1.4E-5-1.6E-5
EPDS 3 + SCL 3 —0.002 8.0E-6 0.291 0.009 —6.9E-6-2.3E-5

MODEL B sex * EPDS 1 + SCL1 —0.013 —8.0E-6 0.548 0.003 —3.7E-5-2.1E-5
sex * EPDS 2 + SCL 2 -0.017 —9.4E-6 0.536 0.003 —3.9E-5-2.1E-5
sex * EPDS 3 + SCL 3 —0.002 —1.6E-5 0.306 0.009 —4.6E-5-1.4E-5

RIGHT HIPPOCAMPUS / ICV

MODEL A EPDS1 + SCL 1 —0.013 2.1E-6 0.757 0.001 —1.1E-5-1.5E-5
EPDS 2 + SCL 2 —0.012 3.9E-6 0.577 0.003 —9.8E-6-1.8E-5
EPDS 3 + SCL 3 —0.010 4.6E-6 0.506 0.004 —9.1E-6-1.8E-5

MODEL B sex * EPDS 1 + SCL1 —0.018 —9.1E-6 0.496 0.004 —3.6E-5-1.7E-5
sex * EPDS 2 + SCL 2 —0.020 —2.1E-6 0.881 < 0.001 —3.0E-5-2.5E-5
sex * EPDS 3 + SCL 3 —0.019 —2.8E-6 0.840 < 0.001 —3.1E-5-2.5E-5

Models A and B were tested separately in each pregnancy time point. *Significant uncorrected results (p < 0.05); Step 1) adjusted for infant sex, infant age at scan
counted from due date; ICV = intracranial volume; SCL, Symptom Checklist —90; EPDS, Edinburgh Postnatal Depression Scale.



S.J. Lehtola, et al.

NeuroImage: Clinical 28 (2020) 102380

Table 4B
General linear model for infant brain volumetric measures and maternal prenatal distress scores in each trimester.

STEP 2

Volumetric measures Adj R? p Partial > CI

LEFT AMYGDALA / ICV

MODEL A EPDS1 + SCL 1 —0.027 2.2E-7 0.935 —5.1E-6 —5.1E-6-5.5E-6
EPDS 2 + SCL 2 —0.025 —1.5E-6 0.606 0.002 —7.1E-6-4.2E-6
EPDS 3 + SCL 3 -0.017 —8.0 E-7 0.767 0.001 —6.2E-6-4.5E-6

MODEL B sex * EPDS 1 + SCL1 —0.025 6.0E-6 0.259 0.012 —4.5E-6-1.7E-6
sex * EPDS 2 + SCL 2 0.007 1.2E-5 0.035* 0.040 8.7E-6-2.3E-6
sex * EPDS 3 + SCL 3 —0.018 7.6E-6 0.165 0.018 —3.2E-6-1.8E-5

RIGHT AMYGDALA / ICV

MODEL A EPDS1 + SCL 1 0.037 3.3E-6 0.225 0.013 —2.1E-6-8.6E-6
EPDS 2 + SCL 2 0.040 3.9E-6 0.180 0.016 —1.8E-6-9.6E-6
EPDS 3 + SCL 3 0.032 2.0E-6 0.480 0.005 —3.5E-6-7.4E-6

MODEL B sex * EPDS 1 + SCL1 0.040 6.3E-6 0.249 0.012 —4.4E-6-1.7E-5
sex * EPDS 2 + SCL 2 0.066 1.2E-5 0.048* 0.035 9.0E-8-2.2E-5
sex * EPDS 3 + SCL 3 0.041 8.4E-6 0.129 0.021 —2.5E-6-1.9E-5

LEFT HIPPOCAMPUS / ICV

MODEL A EPDS1 + SCL 1 < 0.001 —1.9E-6 0.813 0.001 —1.8E-5-1.4E-5
EPDS 2 + SCL 2 0.003 4.9E-6 0.580 0.003 —1.2E-5-2.2E-5
EPDS 3 + SCL 3 —0.007 1.1E-5 0.172 0.017 —5.1E-8-2.8E-5

MODEL B sex * EPDS 1 + SCL1 0.002 —1.8E-5 0.271 0.011 —5.0E-5-1.4E-5
sex * EPDS 2 + SCL 2 0.009 —2.2E-5 0.193 0.015 —5.6E-5-1.2E-5
sex * EPDS 3 + SCL 3 0.029 —2.6E-5 0.113 0.023 —5.9E-5-6.4E-6

RIGHT HIPPOCAMPUS / ICV

MODEL A EPDS1 + SCL 1 —0.009 5.1E-6 0.493 0.004 —9.6E-6-2.0E-5
EPDS 2 + SCL 2 —0.004 7.7E-6 0.966 0.008 —8.1E-6-2.3E-5
EPDS 3 + SCL 3 —0.030 6.3E-6 0.415 0.006 —8.9E-6-2.1E-5

MODEL B sex * EPDS 1 + SCL1 —0.006 —1.7E-5 0.258 0.012 —4.6E-5-1.3E-5
sex * EPDS 2 + SCL 2 —0.009 —1.1E-5 0.495 0.004 —4.2E-5-2.0E-5
sex * EPDS 3 + SCL 3 —0.015 —7.8E-5 0.612 0.002 —3.8E-5-2.3E-5

Models A and B were tested separately in each pregnancy time point. *Significant uncorrected (p < 0.05); Step 2) adjusted for infant sex, infant age at scan counted
from due date, maternal education, maternal prenatal CNS affecting medication and substance use; ICV = intracranial volume; SCL, Symptom Checklist —90; EPDS,

Edinburgh Postnatal Depression Scale.

p < 0.001) and right (r = 0.548, p < 0.001) amygdalar volumes
were positively correlated with ICV as were absolute left (r = 0.551,
p < 0.001) and right (r = 0.595, p < 0.001) hippocampal volumes.
Both absolute right amygdalar and hippocampal volumes correlated
positively with newborn age at scan (famygdala = 0.223, p < 0.012;
Thippocampus = 0.303, p = 0.001) and newborn total age
(famygdala = 0.234, p < 0.009; Ipippocampus = 0.295, p = 0.001), but
significant correlations were not found for the left counterparts. Due to
the correlations of volumetric measures with ICV and newborn age,
brain volumes were adjusted to ICV and newborn age was added as a
control variable. The absolute volumetric measures of the ICV, amyg-
dalae and hippocampi were greater in males than females. In the re-
lative volumes (to ICV), only that of the right amygdala was greater in
males. (Table 3)

3.2. Maternal distress sum score and newborn sex as predictors of newborn
amygdalar and hippocampal volumes

In the first part of the analysis (main effect model), no significant
relationships were detected between SCL + EPDS sum scores of any
time point and relative amygdalar or hippocampal volumes (Tables 4A
and 4B).

In the second part of the analysis (sex-interaction model), significant
relationships were found between relative volumes of both the left and
right amygdala and the interaction term of sex by SCL2 + EPDS2
(Table 4A, Fig. 2) showing a more negative association with amygdalar
volumes in males than in females. This association persisted after
adding control variables (Table 4B). In the sensitivity analysis for birth
complications and gestational diabetes, the findings for the relative
amygdalar volumes were no longer significant (left p = 0.057,
B = 8.43E-6; right p = 0.099, B = 9.28E-6). Of note, the amygdala

results of part one and two as well as of the sensitivity analyses, i.e. all
the analyses, were similar when replacing newborn age at scan
(counted from due date) with total age at scan (pregnancy + days after
birth). No significant associations were found between SCL + EPDS
sum scores and hippocampal volumes in the sex-interaction model
(Table 4A and 4B, Fig. 2). As controlling for ICV can have complex
effects on results (Mills et al., 2016), the models were also performed
with uncorrected amygdalar and hippocampal volumes, which yielded
similar results (Supplement, Tables 5SA&B).

To exclude the confounding effect of the one preterm born in-
dividual, birth complications and maternal CNS affecting medication,
the main and interaction analyses were also performed without these
25 individuals (N = 15 males) and in the main effect model, there now
was a significant relationship between SCL2 + EPDS2 and right
amygdalar volume (B = 6.6E-6, p = 0.049). However, the result did
not persist after controlling for other variables (Supplement, Tables 6A
&B). In the sex-interaction model, left amygdalar volume was more
negatively associated in males than in females with SCL1 + EPDS1
(B = 1.8E-5, p = 0.01) and SCL2 + EPDS2 (B = 1.9E-5, p = 0.006)
and this finding remained significant after adding the control variables.
The association with SCL3 + EPDS3 was not significant (B = 1.2E-5,
p = 0.05) (Supplement, Tables 6A&B).

As a post hoc test for the whole sample, the main effect model
analyses were performed separately in both males and females to test
the significant sex interactions in amygdalar volumes and yielded a
similar result: SCL2 + EPDS2 associated negatively with left amygdalar
volume in males (p = 0.026, B = -1.08E-5), and the association per-
sisted with all the control variables (Supplement, Table 7). In females,
no significant results were observed, but a trend between
SCL2 + EPDS2 and larger right amygdala volume was detected
(p = 0.052, B = 7.84E-6) (Supplement, Table 7).
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Fig. 2. Scatter plots of the uncontrolled relationships between newborn brain volumetric measures and maternal prenatal distress scores. A) Relative left amygdalar
volume and SCL1 + EPDSI1. B) Relative left amygdalar volume and SCL2 + EPDS2. C) Relative left amygdalar volume and SCL3 + EPDS3. D) Relative right
amygdalar volume and SCL1 + EPDSL1. E) Relative right amygdalar volume and SCL2 + EPDS2. F) Relative right amygdalar volume and SCL3 + EPDS3. G) Relative
left hippocampal volume and SCL1 + EPDS1. H) Relative left hippocampal volume and SCL2 + EPDS2. I) Relative left hippocampal volume and SCL2 + EPDS2. J)
Relative right hippocampal volume and SCL1 + EPDSI1. K) Relative right hippocampal volume and SCL2 + EPDS2. L) Relative right hippocampal volume and

SCL3 + EPDS3.

4. Discussion

This study explored the associations of maternal PPD with newborn
amygdalar and hippocampal volumes as well as the moderating effect
of newborn sex. We used a combined score of depressive and anxiety
symptoms to obtain a more comprehensive measurement tool for PPD.
While there were no main effects, we found newborn sex to

significantly moderate the relationship between mid-pregnancy PPD
and newborn amygdalar volumes; the relationship being more negative
in males than females. Moreover, in post hoc analyses conducted sepa-
rately for the two sexes, a main effect of mid-pregnancy PPD associating
negatively with left amygdalar volume was observed in males.
Together, these findings suggest that newborn sex makes offspring
differentially susceptible to PPD during fetal neurodevelopment. Our
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results support previous research showing that neurodevelopmental
trajectories exhibit sex-specific vulnerability to prenatal stress (Acosta
et al., 2019; Buss et al., 2012). We are the first to demonstrate a sex-
moderated relationship between PPD and amygdalar volumes in new-
borns, providing new evidence that neurodevelopmental sex differences
might occur early on. Additionally, we found the strongest associations
between PPD and amygdalar volumes regarding mid-pregnancy PPD,
which may be related to sensitive periods of brain development when
the cytoarchitectonic foundations are forming (Arnold and
Trojanowski, 1996; Nikoli¢ and Kostovi¢, 1986; Setzer and Ulfig, 1999;
Ulfig et al., 2003, 1999).

We observed that more intense PPD is associated more negatively
with amygdalar volumes of newborn males than females and this result
was further confirmed in the post-hoc analyses done separately for both
sexes. However, after controlling for gestational diabetes and birth
complications, the observed sex-moderated relationship between PPD
and the left amygdala no longer persisted. This may be due to the re-
latively high number of covariates in relation to the sample size.
Another possibility is that birth complications and gestational diabetes
in the context of maternal PPD may have currently unknown effects on
brain development. This, however, would need further investigations in
larger samples. In children, evidence that PPD differentially impacts
male and female amygdalar volumes (Acosta et al., 2019; Wen et al.,
2017) and behavioral outcomes (Sandman et al., 2013) has been re-
ported. For instance, greater pregnancy related anxiety was associated
with smaller left amygdalar volumes in 4-year-old males, and with
more emotional symptoms, peer relationship problems, and overall
child difficulties; whereas larger female left amygdalar volumes were
associated with fewer of the described difficulties (Acosta et al., 2019).
Placental functions are sexually dimorphic (e.g., distribution of pla-
cental glucocorticoid receptor subtypes; placental epigenetic mechan-
isms regulating gene expression as response to prenatal stress (Bock
et al., 2015; St-Pierre et al., 2016)) and might be partially responsible
for the observed sexually dimorphic association between PPD and
amygdalar volumes. However, the literature on PPD having a stronger
effect on the male amygdala is very limited. Further, the reasons for the
observed amygdalar sex differences remain unclear but neuroendocri-
nological and genetic factors seem to be potential underlying me-
chanisms (Monk et al., 2019; Sandman et al., 2013).

It has been proposed that the sex difference in amygdalar volume
after exposure to PPD might be the result of sexually diverse adaptation
to higher cortisol concentrations, which in females leads to elevated
stress reactivity and postnatal amygdalar enlargement, whereas in
males the effects of higher cortisol without emotional arousal could
present as smaller amygdalar volumes (Acosta et al., 2019). Thus, ob-
serving larger female amygdalar volumes might occur only later in
development. In line with this, larger female right amygdalae have been
related to exposure to prenatal maternal depressive symptoms in 4.5-
year-olds (Wen et al., 2017) and higher maternal prenatal cortisol
concentrations in 7-year-olds (Buss et al., 2012). This finding is inter-
esting because amygdalar size partially mediated the effect of cortisol
levels on the occurrence of affective problems in females (Buss et al.,
2012). To the best of our knowledge though, the negative association
between PPD and newborn male amygdalar volume has never been
reported before. Moreover, that our main effect was insignificant points
to the importance of considering sex; the opposing male and female
trends may cancel each other out statistically in combined populations.
Unfortunately, the reasons for the sex-dependent differences in amyg-
dalar volumes related to PPD remain still unresolved in the literature.
Rat studies on gene expression of various members of the cortico-
trophin-releasing hormone (CRH) family are an example of how off-
spring sex might moderate prenatal stress related genetic expression.
These studies show heightened anxiety of prenatally stressed rats in a
stressful environment, which is characterized by a higher expression of
CRH mRNA and a lower expression of its receptor’s (CRHR2) mRNA in
the female amygdala, and by a decrease in both CRH-binding protein
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(CRH-BP) and CRHR2 mRNA in the male amygdala. (Iwasaki-Sekino
et al., 2009; Zohar and Weinstock, 2011). These findings are inter-
esting, as reduced expression of CRH-BP in the amygdala has been
observed in male, but not female, humans suffering from major de-
pression, schizophrenia and bipolar disorder (Herringa et al., 2006).

The findings on PPD’s impact on hippocampal development are
more modest compared to those regarding the amygdala. Our GLM
analyses regarding hippocampal volumes did not find any significant
main effects of PPD or moderating effect by newborn sex. However, a
recent study observed smaller fetal hippocampal volumes in both sexes
after exposure to maternal anxiety between GW 24 to 40 (Wu et al.,
2020). Increased prenatal anxiety has also been connected to slower
bilateral hippocampal growth during the first 6 months of life. How-
ever, in that study, after controlling for postnatal maternal anxiety, only
the result for the right hippocampus persisted. (Qiu et al., 2013) Fur-
thermore, a meta-analytic study observed that childhood maltreatment-
related PTSD is associated with bilateral hippocampal volume reduction
in adults but not in children (Woon and Hedges, 2008). This could
imply that the altering effects of early stress on the hippocampus might
not present while active growth is ongoing (Woon and Hedges, 2008).
Conflictingly, in a human study, maternal depression was positively
related to right hippocampal volumes in both newborn sexes at high
genetic risk for major depressive disorder (MDD), in an Asian study
population (Qiu et al., 2017). However, as with the amygdala, ethni-
city-based differences were observed, with no association found be-
tween maternal depressive symptoms and newborn hippocampal vo-
lumes, in an equally high-risk American population (Qiu et al., 2017).
Interestingly, early life stress has shown to induce microglial changes
and to impair synaptic maturation, normal axonal growth and myeli-
nation in rat pups (Delpech et al., 2016; Wei et al., 2015), which might
also explain the observed volume reductions in human studies. Taken
together, the findings on the associations of prenatal stress and hip-
pocampal volumes are somewhat contradictory. Nevertheless, they
suggest that hippocampal size may be affected by early stress, but these
changes are sensitive to postnatal growth, genetic influence and ex-
periences. Regarding the moderating effect of newborn sex, only subtle
trends for smaller male hippocampi have been observed in children
with higher cortisol concentrations (Buss et al., 2012), although also
negative findings exist (Qiu et al., 2013). Overall, studies on newborn
hippocampal volumes are few, the results inconclusive, and further
longitudinal studies are needed.

Amygdala and hippocampus together with many cortical regions are
a part of a complex neuronal network dedicated to memory, spatial
orientation and integration of emotional states with cognition and be-
havior (Catani et al., 2013). As a sign of accelerated neurodevelopment
after exposure to PPD, previous studies have found increased functional
and decreased white matter structural connectivity (Posner et al., 2016;
Qiu et al., 2015a) and cortical thinning (Buss et al., 2010; Lebel et al.,
2016; Mareckova et al., 2019; Sandman et al., 2015) in regions of this
network connected to the amygdala and hippocampus. Subjects ex-
posed to PPD have also shown more impulsive or externalizing beha-
vior and lower intelligence abilities (Davis et al., 2007; Sandman et al.,
2015; Van den Bergh et al., 2005). Together, these findings suggest PPD
might alter the limbic system so that susceptibility to psychopathology
increases (Buss et al., 2011; Davis et al., 2007; O'Donnell et al., 2014;
Sandman et al., 2015; Van den Bergh et al., 2005). Moreover, similar
brain findings have been observed in many psychiatric disorders, such
as MDD, autism and schizophrenia, where dysfunctions of the limbic
system are implicated (Catani et al., 2013).

Our results suggest mid-pregnancy to be an important time at which
PPD impacts amygdalar neurodevelopment. This aligns with previous
research (Acosta et al., 2019; Qiu et al., 2017, 2015a; Wen et al., 2017)
and with the broader neurodevelopment literature, which highlights
mid-pregnancy as a critical time of brain plasticity, consisting of cell
growth, migration, and synaptogenesis in the amygdala (Arnold and
Trojanowski, 1996; Kier et al., 1997; Nikoli¢ and Kostovi¢, 1986; Setzer
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and Ulfig, 1999; Ulfig et al.,, 2003, 1999). Regarding some of the
mentioned studies, however, there might be an observational bias in the
time of exposure to PPD, as distress was only measured in one timepoint
(GW 25 or 26) (Qiu et al., 2017, 2015a; Wen et al., 2017). Moreover,
Acosta et al. observed that pregnancy related anxiety in the third tri-
mester associated positively with larger amygdala volume in their
whole sample, a finding driven by the female subsample (Acosta et al.,
2019). In our sensitivity analysis, after excluding some of the in-
dividuals (see above), we also observed a positive relationship between
PPD and the right amygdala in the whole sample, although in the
second trimester. Additionally, in the same sensitivity analysis, PPD
was associated more negatively with left amygdala volume in males
than in females in early pregnancy. Thus, although the majority of the
literature (Acosta et al., 2019; Buss et al., 2010; Lebel et al., 2016; Qiu
et al., 2017, 2013; Rifkin-Graboi et al., 2013; Sandman et al., 2015;
Wen et al., 2017), including our study, has presented mid-pregnancy
distress having the strongest associations with newborn/child neuroa-
natomical measures, neuromodulating exposure to distress during other
trimesters cannot be excluded without directly examining differences
between time points of exposure. In addition, the differential associa-
tions of the pregnancy time points with PPD might be related to the
diversity in the temporal courses of depressive and anxiety symptoms
during pregnancy. Korja et al. identified, in their sample of 3202
pregnant women, several trajectories for both depressive and anxiety
symptoms, for instance, constantly low or high, low and increasing and
high and decreasing trajectories (Korja et al., 2018). The exclusion of
individuals may thus change the sample so that some symptom tra-
jectory groups may be emphasized over others in different time points
of pregnancy. Moreover, the reasons for the observed structural
changes of the amygdala remain unclear. The deep subcortical struc-
tures have a greater growth trajectory in the second trimester compared
to the third, and as mentioned, the left hemisphere demonstrates
slightly larger volume earlier in pregnancy than the right (Andescavage
et al., 2016). This time of greater growth could make the brain, espe-
cially the left side, more vulnerable to the effects of PPD (Qiu et al.,
2015a). This aligns with our finding of hemispheric difference in the
effect on amygdalar volume.

The mediation of maternal PPD to the fetus likely happens through
several mechanisms (Rakers et al., 2017). As previously noted, maternal
cortisol might induce differing sex-dependent adaptation mechanisms
that can affect brain development (Acosta et al., 2019). Some evidence
of cortisol’s effect in early pregnancy exists (Buss et al., 2012). How-
ever, previous reports have either found only weak associations
(Mustonen et al., 2019) or failed to demonstrate any association be-
tween maternal PPD and cortisol measures (Davis et al., 2017; Deuschle
et al., 2018; Petraglia et al., 2001). Researchers have speculated that
the severity or type of PPD, the timepoint in gestation, HPA-axis acti-
vation or a combination of these factors might regulate whether PPD
influences fetal cortisol exposure (Deuschle et al., 2018; Mustonen
et al., 2019). Genetic influence also deserves consideration. One study
that explored genome-wide SNP’s (single nucleotide polymorphisms)
interactions with prenatal environments indicated that gene-environ-
ment interdependence best explains variation in amygdalar and hip-
pocampal measures: right amygdalar volume in interaction with pre-
natal maternal depression, and hippocampal white matter asymmetry
with prenatal maternal anxiety and household income (Ong et al.,
2019). In an Asian population, maternal depressive symptoms were
connected with larger right amygdalar volumes among newborns
having a high genetic risk profile for depression, whereas, in contrast, the
same positive connection was observed in a low risk group in an
American population. The researchers suggested that differences in
active allele types and frequencies may cause risk genes to induce op-
posing responses to environmental factors. (Qiu et al., 2017) Another
potential mechanism is epigenetic variation (Moisiadis and Matthews,
2014b). Prenatal depression has been shown to influence offspring DNA
methylation of glucocorticoid and mineralocorticoid receptor genes and
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also the methylation of other essential promoters in neurodevelopment,
and some of these effects were detected only in males (Braithwaite
et al., 2015). These findings offer a plausible link between PPD and sex
differences in brain development and susceptibility to psycho-
pathology. In addition, the individual function of the epigenome (in-
cluding DNA methylation) reflects the interaction between child gen-
otype and early environment, and thus, may result in region-specific
structural changes in the brain (Chen et al., 2015). Overall, genetic
moderation influences stress responses in perceiving stress (Wiist et al.,
2000) and in HPA-activity (Ouellet-Morin et al., 2008), as well as sus-
ceptibility to psychiatric disorders (Rice et al., 2010). We could not
discern the possible confounding effect of shared genetic susceptibility
in our study population and therefore suggest this to be addressed in
future studies.

Overall, our finding on the sex-by-maternal PPD interaction and
altered newborn volumetric brain measures implies the existence of a
sex-dependent susceptibility of the brain to maternal anxiety and de-
pressive symptoms. Consistent with this, Lebel at al. found a sex-by-
depressive symptom interaction in the middle temporal cortex: female
children exposed to maternal PPD had a thinner cortex than males,
while a more negative correlation between postpartum EPDS scores and
diffusivity was observed in males (Lebel et al., 2016). This finding
further highlights sexual dimorphism in brain structures, beyond the
dimorphism seen in normative brain development (Bakker, 2018;
Blakemore et al., 2010; Lehtola et al., 2019; Lenroot et al., 2007).
Evidently, large individual variation exists in responses to stress based
upon genetic background (Rice et al., 2010), as well as intrinsic and
extrinsic environmental background (McEwen, 2010), which is further
modified by hormonal influences, including changes in HPA-axis ac-
tivity and sex hormone levels. In addition to these factors, sex-specific
neurodevelopment may change the individual response to adversity and
increase the vulnerability to psychiatric disorders. (McEwen, 2010;
Swaab et al., 2005) This theory might partly explain the pronounced
sex biases in the incidences of autism, ADHD and affective problems
(Bale and Epperson, 2015; Davis and Pfaff, 2014). Because of the
complex relationship between PPD and brain development, future re-
search should aim to collect multimodal longitudinal MRI data from
subjects including subjective stress questionnaire data and objective
biological markers of stress, while also working to understand how
different genotypes and epigenetic changes affect brain structure and
function, and later psychopathology. This information could enable
prevention of deviant developmental paths, such as by implementing
supportive measures to families with mothers suffering from anxiety
and/or depressive symptoms.

4.1. Strengths and limitations

This study has several strengths. The young age of the newborn
participants minimized the possible effects of postnatal events on brain
development. This has been a noted limitation in several previous
studies. In addition, it was important to include both amygdalar and
hippocampal volumes, as these structures are closely related. The
sample size is relatively large although it did not enable reliable tra-
jectory models of the maternal distress symptoms over the pregnancy
(Korja et al., 2017). Moreover, very few newborn studies have yet re-
ported these volumes. Finally, simultaneously measuring maternal an-
xiety and depressive symptoms, and then creating one parameter from
them may better simulate the overall distress a pregnant mother ex-
periences, as these symptoms very often coincide (Andersson et al.,
2006; Kendler et al., 2007; Mathew et al., 2011; Middeldorp et al.,
1999). The study was also subject to certain limitations. First, mea-
surements of prenatal distress were based on self-report questionnaires.
However, the questionnaires we used are validated and widely ac-
cepted. Second, and although we had several time points for distress
measurements, the newborn brains were scanned only once, thus im-
peding the generation of causality between PPD and postnatal newborn
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brain growth. Further, with this design, common shared genetic factors
possibly rendering mother and offspring both more susceptible to vo-
lumetric brain changes or psychiatric symptomatology could not be
taken into account. Evidence shows, after all, that vulnerability to later
psychopathology might be restricted to certain populations with certain
risk genes (Chen et al., 2015; Qiu et al., 2017). However, according to
twin studies, genetics do not account for more than e.g. 38% of the
incidence in depression, which highlights the importance of continuing
to explore the role of different exposures, also very early ones (Kendler
et al., 2006).

5. Conclusions

Overall, this exploratory study offers insight into how sex may play
an important role in the susceptibility of limbic brain structures ex-
posed to early stress. However, considering the complex relationship
between the early environment and brain development, further re-
search should focus on exploring how genotype modifies this relation-
ship, in longitudinal study protocols and with multimodal techniques.
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