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Abstract
Psychiatric disease susceptibility partly originates prenatally and is shaped by an interplay of genetic and environmental
risk factors. A recent study has provided preliminary evidence that an offspring polygenic risk score for major depressive
disorder (PRS-MDD), based on European ancestry, interacts with prenatal maternal depressive symptoms (GxE) on neonatal
right amygdalar (US and Asian cohort) and hippocampal volumes (Asian cohort). However, to date, this GxE interplay has
only been addressed by one study and is yet unknown for a European ancestry sample. We investigated in 105 Finnish
mother–infant dyads (44 female, 11–54 days old) how offspring PRS-MDD interacts with prenatal maternal depressive
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symptoms (Edinburgh Postnatal Depression Scale, gestational weeks 14, 24, 34) on infant amygdalar and hippocampal
volumes. We found a GxE effect on right amygdalar volumes, significant in the main analysis, but nonsignificant after
multiple comparison correction and some of the control analyses, whose direction paralleled the US cohort findings.
Additional exploratory analyses suggested a sex-specific GxE effect on right hippocampal volumes. Our study is the first to
provide support, though statistically weak, for an interplay of offspring PRS-MDD and prenatal maternal depressive
symptoms on infant limbic brain volumes in a cohort matched to the PRS-MDD discovery sample.

Key words: brain development, GxE interaction, hippocampus, limbic brain, MRI

Human brain structure is considered an intermediate pheno-
type for psychiatric diseases (Meyer-Lindenberg and Weinberger
2006). While numerous studies in adults have investigated how
brain structural alterations are associated with psychiatric dis-
eases and with related genetic risk factors, there is a dearth of
comparable studies in infants. Therefore, little is known about
how brain developmental trajectories from conception through
infancy are affected by genetic risk factors for psychiatric dis-
eases and by their interaction with the environment (Gao et al.
2019). Nevertheless, the origins of psychiatric disease suscepti-
bility often trace back to early life stages, sometimes as early as
the prenatal time period (Kim et al. 2015; O’Donnell and Meaney
2017). For instance, prenatal maternal distress has been shown
to interact with genotype to increase the offspring’s risk for
psychiatric disorders later on (Rice et al. 2010). Thus, a better
understanding of the etiology of psychiatric disorders such as
major depressive disorder (MDD) should include an appreciation
of the interplay of genetic variations with environmental factors
on fetal brain development.

MDD is one of the leading causes for disability (Wittchen et al.
2011; Kyu et al. 2018) showing a moderately high heritability
in the range of 31–42% (Sullivan et al. 2000). The heritability
of MDD is likely accounted for by a high number of genetic
variations with low effect sizes and manifold gene-by-gene and
gene-by-environment interactions (in line with polygenic the-
ory, first postulated for schizophrenia) (Gottesman and Shields
1967; Meyer-Lindenberg and Weinberger 2006; Demirkan et al.
2011). Recent genome-wide association studies (GWAS) identi-
fied genetic risk variants in individuals either diagnosed with
MDD and/or with depressive symptoms (Ripke et al. 2013; Wray
et al. 2018), and even though the GWAS mostly suffered from
a lack of genome-wide significant results they are regarded as
suitable for detecting MDD-related genes (Lubke et al. 2012).
Taking into account the likely polygenic inheritance of MDD,
the GWAS results have been used to establish polygenic risk
scores for MDD (PRS-MDD): These risk scores are computed
for each subject as the sum of risk alleles of single nucleotid
polymorphisms (SNPs), which are selected from GWAS discovery
samples up to a certain threshold of significance and weighted
by their effect size. PRS-MDD have been shown to predict MDD
risk (Peyrot et al. 2014; Taylor et al. 2019) and to interact with
environmental risk factors for MDD, that is, childhood traumatic
experiences (Peyrot et al. 2014).

As mentioned before, prenatal maternal distress constitutes
an early environmental risk factor for child development (e.g.,
Rice et al. 2010). Prenatal maternal distress can be assessed
as maternal depressive symptoms, and there is mounting evi-
dence that prenatal maternal depressive symptoms are not only
related to an increased risk for psychiatric disorders over the
lifespan (O’Donnell and Meaney 2017) but also correlated with
offspring’s brain structural alterations, for example, in the right
amygdala and frontal cortex (Rifkin-Graboi et al. 2013; Sandman
et al. 2015; Lebel et al. 2016; Wen et al. 2017). However, to the

best of our knowledge, to date only one study has probed the
impact of the interaction of an offspring polygenic risk score
for MDD with prenatal maternal depressive symptoms on infant
brain structure (Qiu et al. 2017). Qiu et al. (2017) investigated
mother–infant dyads of an Asian and a US cohort using a PRS-
MDD from a comprehensive GWAS (Ripke et al. 2013). Qiu et al.
(2017) reported a genotype-by-environment interaction (GxE)
effect on infant right amygdalar volume in both cohorts (partly
controlling for maternal genotype). In the US cohort, a signifi-
cant positive association between prenatal maternal depressive
symptoms of the third trimester and the offspring PRS-MDD
(threshold P = 0.1) on right amygdalar volume was observed in
neonates with low genetic risk (PRS-MDD < 0), and a marginal
negative association was found in neonates with high genetic
risk (PRS-MDD > 0). The interaction pattern was opposite in the
Asian compared with the US sample. In the Asian cohort, but not
the US cohort, an interaction effect of genotype with prenatal
maternal depressive symptoms of the second trimester on right
hippocampal volumes was additionally found. The difference in
the results for the two cohorts was interpreted to stem from
population differences between Asian and Caucasian samples
affecting allele frequencies and the operation of risk alleles (Qiu
et al. 2017).

The study by Qiu et al. (2017), as stated by the authors, was
potentially limited by using a Caucasian sample as a discovery
sample for studying the PRS-MDD in an Asian population. In the
study of Qiu et al. (2017), the Asian sample consisted of individ-
uals with a Chinese, Malay or Indian ethnic background. More-
over, the US sample, though referred to as Caucasian (Qiu et al.,
2017), comprised Non-Hispanics (60%) and Hispanics (40%) of
unspecified race or ancestry (i.e., persons with Native American,
Black American and/or Caucasian descent). For instance, the
individual ancestry of Hispanics in California, where the study
has been performed, is 44% Native American and 8% African
(Price et al. 2007). Hence, it seems unlikely that the ancestry of
the US sample of Qiu et al. (2017) was predominantly of European
descent. By contrast, the discovery sample (Ripke et al. 2013)
of the PRS-MDD used in the study by Qiu et al. (2017) included
only subjects of recent European ancestry (Ripke et al., 2013).
The ancestry of a study population is pivotal for genetic studies
given that average allele frequencies and risk genetic variants,
such as for MDD, can differ between races and their geographic
subpopulations (Lewontin and Hartl 1991; Porcelli et al. 2012).
Accordingly, there is consistent evidence that polygenic risk
scores derived from a predominantly European sample predict
individual risk with higher accuracy in Europeans than in non-
Europeans (Martin et al. 2018). Moreover, due to the challenges of
imaging neonates, the sample sizes of both cohorts in the above
mentioned study were modest (Asian cohort: N = 168, US cohort:
N = 85) and, as acknowledged by the authors (Qiu et al. 2017), the
findings preliminary.

Hence, the impact of the interaction of the offspring PRS-
MDD (Ripke et al., 2013) with maternal prenatal depressive
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symptoms on infant brain structure is still understudied. We
aimed to address this gap in an independent European birth
cohort. In more detail, we examined whether infant amygdalar
and hippocampal volumes are significantly predicted by an
interaction between offspring PRS-MDD and prenatal maternal
depressive symptoms in Finnish mother–infant dyads. We
assessed prenatal maternal depressive symptoms in the early
and late second trimester and in the third trimester (gestational
weeks 14, 24, and 34) and computed a sum score for the analyses.
In post hoc analyses, we also investigated the interaction of
genotype with maternal depressive symptoms of the different
time points separately. Given the sexual dimorphism often
observed for the effects of early stress on the amygdala (Buss
et al. 2012; Wen et al. 2017; Soe et al. 2018) and early child
development in general (Braithwaite et al. 2017; Braithwaite
et al. 2018), we additionally explored sex-specific genetic,
environmental, and GxE interaction effects.

Methods
Subjects

Participants were mother–infant dyads recruited from the
FinnBrain Birth Cohort Study (www.finnbrain.fi) (Karlsson et al.
2018). Neuroimaging data were collected from 189 infants at
the age of 1 to 8 weeks after birth. Mother–infant dyads were
randomly selected according to the inclusion and exclusion
criteria: inclusion criteria for neuroimaging were gestational
age at birth ≥35 weeks and birth weight > 1500 g. Exclusion
criteria were previously diagnosed central nervous system
(CNS) anomalies or abnormal findings in a previous magnetic
resonance imaging (MRI) scan. Written informed consent was
obtained from all parent(s). 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). Of the 189 participants, 64 were
excluded due to motion artifacts in the MR images. Of the
remaining 125 infants, 19 were excluded because of missing
genetic data (no GWAS performed [N = 15] or drop-out in QC
[N = 4]). One more subject was excluded due to missing maternal
Edinburgh Postnatal Depression Scale (EPDS) questionnaire
data as described below. In the final sample, we included 105
infants (female: 41.9%, age after birth [days]: M = 26.1, SD = 7.2,
range = 11–54, age of mothers [at term] [years]: M = 29.7 [SD = 4.6,
range = 19–41]). The minimum birth weight of the included
infants was 2530 g (missing: N = 1). Mothers did not significantly
differ from the FinnBrain Birth Cohort Study mother population
(N = 2500, Karlsson et al. 2018) with regard to EPDS sum scores
(t = −1.0, P = 0.324) or education (χ2 = 2.7, P = 0.257), but they were
on average 1.3 years younger (t = 2.8, P = 0.005).

Measures and Procedures

Prenatal Maternal Depressive Symptoms
Prenatal maternal depressive symptoms were assessed with the
Finnish/Swedish version of the EPDS (Cox, J. Holden, J. Sagovsky
1987) at three time points during pregnancy (gestational weeks
(gwk) 14, 24 and 34). Missing values at each time point (at
maximum 3 items per time point) were imputed with the mean
value of the existing ones. If no EPDS questionnaire data were
available for one or two of the time points, data were imputed by
the MissForest method (gwk14: N = 2, gwk24: N = 1, gwk34: N = 6)
(Stekhoven and Bühlmann 2012). One mother did not provide
any EPDS questionnaire data and was therefore excluded from

the analyses. In this study, the individual sum scores of each
trimester (EPDS gwk14, EPDS gwk24, EPDS gwk34) were inves-
tigated. Additionally, the individual sum scores of all three time
points were combined to form a total EPDS sum score (EPDS
sum). We observed outliers (> 3SD) (EPDS gwk14: N = 3, EPDS
gwk24: N = 2, EPDS sum: N = 1) and excluded them in control
analyses (see 2.2.6).

Other Maternal and Infant Variables
The following maternal variables were assessed via mothers’
self-report at gwk 14 and/or 34: maternal education, maternal
age, prenatal medication, and prenatal alcohol, nicotine
and illicit drug consumption. Obstetric data were retrieved
from the Finnish Medical Birth Register of the National
Institute for Health and Welfare (http://www.thl.fi) and included
infant’s birth weight, gestational weeks, and apgar scores
(apgar = appearance, pulse, grimace, activity, and respiration).
We dichotomized maternal medication use as assessed at
gwk14 (selective serotonin reuptake inhibitors [SSRI] and other
CNS affecting medication, thyroxine, and corticosteroids; each
yes/no) and alcohol, nicotine and/or illicit drug exposure
(yes/no). Education was trichotomized [low: high school or
vocational education (<12 years), middle: (career) college
(12–15 years), high: university (+15 years)]. In the final sample
12 infants had a record of mild asphyxia.

MRI Acquisition
A detailed description of the MRI acquisition protocol is provided
in a previous publication by the same research team (Lehtola
et al. 2019). Participants were scanned with a Siemens Mag-
netom Verio 3 T scanner (Siemens Medical Solutions, Erlan-
gen, Germany) during natural sleep. The 40-min imaging pro-
tocol included an axial PD-T2-TSE (Dual-Echo Turbo Spin Echo)
sequence (repetition time [TR]: 12 070 ms, effective echo times
[TE]: 13 ms and 102 ms) and a sagittal 3D-T1 MPRAGE (Mag-
netization Prepared Rapid Acquisition Gradient Echo) sequence
(TR: 1900 ms, TE: 3.26, inversion time: 900 ms) with whole brain
coverage and isotropic voxels of 1.0 mm3 for both sequences. All
brain images were assessed for incidental findings by a pediatric
neuroradiologist.

Assessment of Structure Volumes
The volumes of the left and right amygdalae and hippocampi
were assessed for each subject via label-fusion-based methods.
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, we constructed a template based on the
subjects in this study. We then manually labeled the subcor-
tical structures on this template, and constructed a library of
warped versions of the labeled template such that the library
represented the morphological variation in the sample. We then
labeled the individual brains via label-fusion-based methods,
and calculated the volume of each structure. The details of this
approach are described below.

Construction of an unbiased population-specific template. All avail-
able, good quality imaging data (N = 125) were used for template
construction. Each subject’s T2 was linearly registered to their
T1, and their T1 was linearly registered to the MNI 152 template.
The average scaling from the native MRIs to the MNI 152 tem-
plate was then computed, and the inverse used to scale the MNI
152 template to the average size of the population, which served
as an initial target for construction of the population-specific
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Figure 1. Iterative construction of the infant template as described in Fonov et al.

(2011).

template, as described in Fonov et al. (2011). This iterative proce-
dure builds a template that minimizes the mean squared inten-
sity 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 nonlinear 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 transformations
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 (Fig. 1).

Labeling the template. The structures of interest, that is, amyg-
dalae, hippocampi, were manually labeled on the dual-contrast
template. To ensure that these labels were accurate, we pro-
duced multiple variants of the template, and had each variant
manually labeled (Fig. 2). The nonlinear transformations derived
from the template construction procedure were used to cluster
the subjects into 21 clusters from which 21 targets for manual
segmentation of the subcortical structures were created. As
the basis for clustering, the Jacobian was computed for the

Figure 2. Labeling the infant template. The data were registered to the infant
template, and then clustered based on the amount of distortion required to
do that, into 21 clusters representing the morphological variability in the pop-

ulation. The template was then warped to the central-most subject of each
cluster, providing 21 subtemplates for manual segmentation. After manual
segmentation, the labels were then unwarped back to the base infant template,
and merged via voxel-wise majority vote to create the consensus labels.

nonlinear transforms 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 sim-
ilarity 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 representative
subjects (N = 21), and provided for manual segmentation (the
persons performing the segmentation were unaware that these
were, in fact, 21 different versions of the same template). The
manual segmentations were then warped back to the stan-
dard template, and each voxel was assigned a label based on
the majority vote across all 21 manual segmentations. This
yielded the final labels for the amygdalae and hippocampi on
the standard template (Fig. 2).

Manual segmentation. We used a previously published proto-
col for segmenting the bilateral amygdalae and hippocampi
(Hashempour et al. 2019), noting that the 0.5 mm3 resolution in
the templates enabled more accurate segmentations. We started
with one template segmented to serve as model by the primary
rater NH and the senior rater JT and the segmentation was
externally reviewed by JL. Then the final segmentations of the
21 subtemplates were performed and critically reviewed. The
final labels are thus a consensus between the primary and the
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Figure 3. The sum of the binarized hippocampus and amygdala labels for each of
the 21 templates and their x-flipped counterparts. The values show the degree
to which all 42 manual segmentations agree (maximum = 42, minimum = 1,
majority cut off = 22). The green color indicates labels with a majority agreement

( ≥22).

two senior raters. The base template was symmetric, and so the
number of manual labelings was doubled by creating a copy that
was flipped along the x-axis. The final labels were arrived at by
majority agreement of both the flipped and unflipped manual
segmentations of all 21 subtemplates (Fig. 3). This yielded labels
for the hippocampus and amygdala that showed agreement
across raters, hemispheres, and subtemplates as measured by
the generalized conformity index (GCI). The hippocampus GCI
was 0.763, and the amygdala GCI was 0.703. GCI scores of 0.7–1.0
are regarded as excellent (Kouwenhoven et al. 2009; Visser et al.
2019). The final majority agreement labels were then used for
the segmentation of the individual images in the subsequent
automated labeling step.

Labeling the subjects. Segmentation for each subject was done
using a label-fusion-based labeling technique based on Coupé
et al. (2011) and further developed by Weier et al. (2014) and
by Lewis et al. (2019). The approach uses a population-specific
template library for the hippocampi and amygdalae. The library
was constructed by clustering (similarly to the method described
above) the deformation fields from the nonlinear transforms
produced during construction of the template and using the
central-most subject of each cluster to construct the entries in
the template library (Fig. 4). Thus, the template library repre-
sented the range of deformations found in the population. The
clustering was done as described above, but using a dilated mask
of the specific structures in order to capture the anatomical
context of the nonlinear registration in that region of the brain,
that is, in the region of hippocampus and amygdala, 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, that is, the central-
most subject. This was done per hemisphere to accommodate
hemispheric asymmetries, and the two sets of representative
subjects were merged. To create the library entry for a cluster,
the nonlinear 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 nonlinearly 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 via patch-
based label fusion (Fig. 5). This was also done separately for each

Figure 4. Creation of a template library. A mask of the hippocampus and amyg-

dala was created and dilated to capture the anatomical context. The data were
registered to the infant template, and the Jacobian of the nonlinear transform
was masked, and used to cluster the subjects based on the distortion required
to warp them to the template; the clusters thus represent the morphological

variability in hippocampus and amygdala within the population. The template
and its segmentation were then warped to the central-most subject of each
cluster, and added to the library.

hemisphere. The volumes of each of the final labels were then
computed and scaled to the native space based on the scaling
factors in the subject’s linear transforms, yielding the volumes
of left and right hippocampus and amygdala (mm3) for each
subject. Similarly, a template space brain mask was scaled to
native space and used to estimate total brain volume (TBV).

Genetic Analyses
An umbilical cord blood sample was drawn from each newborn
at birth. DNA samples were extracted according to standard
procedures at the National Institute for Health and Welfare
and genotyped with Illumina Infinium PsychArray and Illumina
Infinium Global Screening Array at the Estonian Genome
Centre. QC was performed with PLINK 1.9 (www.cog-genomi
cs.org/plink/1.9/) (Chang et al. 2015). Markers were removed for
missingness (>5%) and Hardy-Weinberg equilibrium (P-value
< 1 × 10−6). Individuals were checked for missing genotypes
(>5%), relatedness (identical by descent calculation, PI_HAT>0.2)
and population stratification (multidimensional scaling).
Genotyped data were prephased with Eagle v2.4 (Loh et al.
2016) and imputed with Beagle v4.1 (Browning and Browning
2016) using the population-specific SISu v2 whole-genome
sequencing data as imputation reference panel.

The individual offspring PRS-MDD were generated according
to Qiu et al. (2017) and were based on a meta-analysis from the
Psychiatric Genomics Consortium (discovery sample: European
ancestry, 9240 MDD cases and 9519 controls) (Ripke et al. 2013).
The PRS-MDD was computed as the sum of the number of
risk alleles (0, 1, and 2) across SNPs weighted by their odds
ratio as reported by Ripke et al. (2013) (retrieved from “https://
www.med.unc.edu/pgc/results-and-downloads/downloads&#
x201D;). We selected the SNPs with the same threshold for
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Figure 5. Automated labeling of a subject. The subject’s MRI was preprocessed

to produce a denoised, nonuniformity corrected version linearly aligned to the
infant template. The N most similar library entries to the given subject were
identified, masking for the context of the hippocampus and amygdala. Each of
the N library entries were registered and warped to the subject, overlaying all N

segmentations on the subject. Finally those N segmentations were merged via
patch-based label fusion to create the labels for the hippocampus and amygdala
for the subject.

linkage disequilibrium clumping as reported in Qiu et al. (2017)
(r2 < 0.25 within a 500 kb window) and which survived at
P-value thresholds of 0.05, 0.1, and 0.2, respectively. Additionally,
we investigated a PRS-MDD with SNPs that survived a P-value
threshold of P = 0.001. Hence, the PRS-MDD consisted of 418,
12 878, 23 037, and 40 405 selected SNPs (due to imputation the
numbers of selected SNPs differ from those reported in Qiu et al.,
2017), and was standardized to a mean of zero for the infant MRI
sample (N = 161).

Statistical Analyses
Statistical analyses were performed using R 3.4.4 (R Core Team
2016) (http://www.r-project.org/). Packages in use were “psych”
(Revelle 2018), “nortest” (Gross and Ligges 2015), “ggplot2” (Wick-
ham 2009) and “car” (Fox and Weisberg 2011) among others.

Standard multiple linear regression analyses were performed
to probe the association of bilateral amygdalar and hippocampal
volumes with individual genetic (PRS-MDD) and environmental
(EPDS sum) risk scores. In post hoc analyses, we also probed the
interaction between infant genotype and maternal EPDS scores
of the second trimester (gwk 14 and 24) and third trimester (gwk
34) on bilateral amygdalar and hippocampal volumes.

In total, five models were applied to each outcome measure:
First, the basic model, containing only the four control variables
“infant’s age after birth at MRI scan time,” “gestational weeks,”
“total brain volume,” and “infant’s sex” (model B). These four
control variables were included into every model. Second, the
main effect of PRS-MDD (model G). Scores of the four different
P-value thresholds were analyzed separately. Third, the main
effect of EPDS (model E). Individual EPDS scores of the three
time points and the EPDS sum score were investigated in inde-
pendent analyses as described above. Fourth, an additive model
of genetic and environmental effects (model G + E). Fifth, an
interaction model of genetic and environmental effects (model
GxE).

Two analysis of variance (ANOVA) model comparisons were
applied to determine whether each model added explanatory
value over the reduced model (see Halldorsdottir et al. 2019):
in the first comparison, model B was compared with model
G, model G was compared with model G + E and model G + E
was compared with model GxE. The second comparison was
done as the first one, but model G was replaced by model
E. Models that significantly differed from the reduced model
were further investigated in multiple regression analyses.
We report the estimates, their standard errors (SEs) and P-
values of significant predictors. Additionally, we report all
results of GxE interaction models for bilateral hippocampal
and amygdalar volumes with the predictors as reported in
the US sample (EPDS of the third trimester, PRS-MDD P = 0.1)
(Qiu et al., 2017).

In sensitivity analyses of significant results, we repeated
the multiple regression analyses by subsequently adding and
removing each of the following control variables to/from the
model in order to test if the observed results were explained
by these covariates: infant’s birth weight, maternal education,
maternal prenatal medication, and maternal prenatal alcohol,
nicotine and/or illicit drug exposure. In the study of Qiu et al.
(2017) mothers with psychotropic medication and infants with
an apgar score < 9 had been excluded. Therefore, we conducted
additional sensitivity analyses excluding all infants with an
apgar score < 9 (N = 14, missings: N = 1, resulting sample: N = 90),
as well as all mothers with prenatal medication (SSRI and other
CNS affecting medication: N = 9, thyroxine: N = 8, glucocorticoids:
N = 6, missings: N = 4, resulting sample: N = 79). In further sensi-
tivity analyses we excluded EPDS outliers (> 3SD) (EPDS gwk14:
N = 3, EPDS gwk24: N = 2, EPDS sum: N = 1) and infants with
mild asphyxia at birth (N = 12, missings: N = 2, resulting sample:
N = 91).

Finally, we explored sex-specific associations, that is, two-
way interactions between sex and the genetic, or environmental
scores, respectively, as well as three-way interactions between
genetic scores, environmental scores, and sex. In ANOVA model
comparisons, we compared the model of the sex-specific (S)
interaction (model GxS, model ExS, model GxExS) against the
model G, model E or model GxE, respectively. Only models
that significantly differed from the reduced model were further
investigated.

The significance threshold was set to P < 0.05. In order to
control for the error rate related to multiple comparisons, we
additionally report a false-discovery-rate (FDR) correction that
was used for the four outcome measures (left/right amygdala,
left/right hippocampus) (p.adjust function in R). No correction
for multiple comparisons was applied for the different P-value
thresholds of PRS-MDD, comparable to Qiu et al. (2017). We
also did not apply multiple comparison corrections in our post
hoc analyses of different EPDS time points and the exploratory
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Figure 6. Schematic overview on the performed statistical analyses.

Table 1 The mean scores (M) and standard deviations (SD) or frequencies, respectively, are listed for maternal prenatal EPDS scores and control
variables, for the whole sample (N = 105) and for girls (N = 44) and boys (N = 61) separately

Variable Whole sample Boys Girls

M ± SD (range)
Child’s age (days) 26.1 ± 7.2 (11–54) 26.9 ± 7.6 (11–43) 24.9 ± 6.5 (14–54) 0.153
Gestational weeks 39.8 ± 1.1 (36.3–42.1) 39.7 ± 1.0 (37.6–41.9) 40.0 ± 1.2 (36.3–42.1) 0.208
Birth weight (g) (N = 104) 3481.1 ± 418.8 (2530–4700) 3536.6 ± 438.2 (2720–4700) 3402.3 ± 380.8 (2530–4340) 0.108
Apgar, 5 min (N = 104) 9.0 ± 1.0 (4–10) 8.8 ± 1.1 (4–10) 9.2 ± 0.5 (8–10) 0.011∗
EPDS (gwk 14) 5.51 ± 5.14 (0–25) 5.63 ± 4.99 (0–21) 5.36 ± 5.41 (0–25) 0.797
EPDS (gwk 24) 5.62 ± 5.28 (0–25) 5.99 ± 5.35 (0–23) 5.11 ± 5.22 (0–25) 0.404
EPDS (gwk 34) 5.51 ± 4.88 (0–20) 5.90 ± 5.06 (0–17) 4.98 ± 4.61 (0–20) 0.343
EPDS sum 16.65 ± 13.74 (0.00–63.95) 17.51 ± 13.88 (0.00–57.48) 15.45 ± 13.62 (1.00–63.95) 0.451

Frequencies
Prenatal alcohol, nicotine and/or

illicit drug consumption (no/yes)
(N = 97)

64/33 37/21 27/12 0.579

Prenatal medication—SSRI and other
CNS affecting drugs (no/yes)
(N = 101)

92/9 52/7 40/2 0.217

Prenatal medication—thyroxine
(no/yes) (N = 101)

93/8 53/6 40/2 0.321

Prenatal medication—corticosteroids
(no/yes) (N = 101)

95/6 56/3 39/3 0.666

Maternal education
(low/middle/high) (N = 103)

31/30/42 18/16/26 13/14/16 0.768

∗P < 0.05. In the right column P-values for sex differences in the sample are listed.

analyses of sex-specific interactions. Figure 6 gives an overview
on the performed statistical analyses.

Results
Demographic Overview

Demographic characteristics of the sample are presented in
Table 1.

With regard to PRS-MDD, no significant sex-differences nor
significant associations with maternal EPDS scores or control
variables were observed. However, higher maternal EPDS scores
were significantly associated with lower infant apgar scores
(EPDS gwk 34: r = −0.21, P = 0.036, EPDS sum: r = −0.20, P = 0.042)
and with maternal prenatal SSRI and/or other CNS affecting
medication intake (EPDS gwk24: t = −3.2, P = 0.002, EPDS gwk34:
t = −3.1, P = 0.002, EPDS sum: t = −2.9, P = 0.005). Significantly
lower apgar scores were observed for male compared with
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Table 2 Subcortical volumes and TBVs are listed for the whole sample and for boys and girls separately

Volumes (mm3) (M ± SD) Whole sample Boys (N = 61) Girls (N = 44) P

Left amygdala 267.1 ± 37.8 272.3 ± 41.8 259.8 ± 30.5 0.093
Right amygdala 266.3 ± 39.3 277.1 ± 39.6 251.3 ± 34.0 <0.001
Left hippocampus 767.8 ± 116.1 793.0 ± 121.7 732.9 ± 98.9 0.008
Right hippocampus 768.4 ± 111.2 786.9 ± 109.5 742.6 ± 109.7 0.044
TBV 621791.5 ± 46752.9 633575.3 ± 45810.4 605454.8 ± 43454.8 0.002

In the right column P-values of sex differences in the sample are listed.

Table 3 The interaction effects of PRS-MDD (threshold: P = 0.1) and EPDS (all three time points and the sum score) on amygdalar and
hippocampal volumes are shown as assessed in multiple regression analyses (estimates [β] with SE and P-values)

GxE L Amygdala R Amygdala L Hippocampus R Hippocampus

PRS-MDD
(P = 0.1) x

β ± SE P (P[FDR]) β ± SE P (P[FDR]) β ± SE P (P[FDR]) β ± SE P (P[FDR])

EPDS gwk14 −0.68 ± 0.71 0.338 [0.594] −1.47 ± 0.73 0.046 [0.184] 1.15 ± 2.15 0.594 [0.549] −1.38 ± 2.03 0.499 [0.594]
EPDS gwk24 −1.31 ± 0.76 0.090 [0.169] −1.60 ± 0.79 0.047 [0.169] 0.20 ± 2.35 0.932 [0.932] −3.37 ± 2.19 0.127 [0.169]
EPDS gwk34 −0.78 ± 0.80 0.332 [0.443] −1.70 ± 0.82 0.041 [0.164] −0.93 ± 2.43 0.702 [0.702] −3.87 ± 2.26 0.090 [0.180]
EPDS sum −0.37 ± 0.28 0.196 [0.261] −0.66 ± 0.29 0.027 [0.108] 0.06 ± 0.87 0.947 [0.947] −1.17 ± 0.81 0.153 [0.261]

female infants (Table 1). Female infants exhibited significantly
smaller right amygdalar and bilateral hippocampal volumes
than males, but also significantly smaller TBVs (Table 2).

Main analyses—Association of Infant Genotype and
EPDS Sum Scores with Bilateral Amygdalar and
Hippocampal Volumes

No Significant Main Genotype or Environmental Effects
The analyses revealed no significant main effect of infant geno-
type or of EPDS sum on bilateral amygdalar volumes, that is,
model G (all P > 0.14) and model E (all P > 0.39) did not signif-
icantly add explanatory value to the reduced models in any of
the ANOVA model comparisons. Similarly, no significant main
effects were observed for bilateral hippocampal volumes (model
E: all P > 0.78 and model G: all P > 0.41).

Significant Genotype-by-Environment Interaction Effects on Right
Amygdalar Volumes
However, we observed that model GxE significantly differed
from the additive model G + E for the right amygdalar volume,
with PRS-MDD (threshold P = 0.1) and EPDS sum as predictors.
The multiple regression analysis of this GxE interaction effect
yielded that right amygdalar volumes were more positively asso-
ciated with EPDS scores in infants with low PRS-MDD compared
with infants with high PRS-MDD (β = − 0.66 ± 0.29, P = 0.027)
(Table 3 and Fig. 7). However, this GxE effect did not survive the
FDR correction for multiple comparisons (P = 0.108). No signifi-
cant results were obtained for the PRS-MDD thresholds P = 0.001
(F(97,1) = 0.4, P = 0.546), P = 0.05 (F(97,1) = 3.6, P = 0.061) and P = 0.2
(F(97,1) = 3.5, P = 0.066) in the main analyses.

In the subsequent sensitivity analyses, the interaction effect
of PRS-MDD and EPDS sum scores remained significant only
after controlling for birth weight and EPDS outliers. In further
post hoc analyses conducted as reported in Qiu et al. (2017), we
split the sample into two groups according to the PRS-MDD, that
is, we divided the sample into a group with infants with a low
PRS-MDD (<0) and into one with a high PRS-MDD (>0). We tested
the associations between EPDS sum scores and right amygdalar

Figure 7. GxE effect on infant right amygdalar volumes. The interaction between
offspring PRS-MDD (threshold: P = 0.1) and maternal EPDS sum scores on infant
right amygdalar volumes (residuals, controlling for infant age, gestational weeks,

TBV and sex) is depicted (β = −0.66 ± 0.29, P = 0.027). Post hoc tests revealed that
EPDS sum scores were weakly positively associated with right amygdalar volume
in infants with a low PRS-MDD (<0) and weakly negatively in infants with a
high PRS-MDD (>0) (the regression lines and their 95% confidence intervals are

shown).

volumes in each group by means of regression analyses. Con-
trary to Qiu et al., (2017), who reported a significant positive
association in the US cohort between maternal prenatal depres-
sive symptoms and right amygdalar volumes in infants with low
offspring PRS-MDD (<0), we found no significant associations in
infants with a low PRS-MDD (<0) (β = 0.65 ± 0.50, P = 0.201) or in
infants with a high PRS-MDD (>0) (β = − 0.25 ± 0.26, P = 0.336).

Significant GxE Interaction Effects on Right Amygdalar Volumes for
the EPDS Scores of the Second and Third Trimester
In additional post hoc analyses (PII, see Fig. 6), we probed
the association between infant genotype and EPDS scores of
the second and third trimester (gwk14, gwk24, and gwk34)
separately. We first investigated the main effects of the EPDS
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scores of the second trimester (gwk 14 and gwk 24) and of the
third trimester (gwk 34), and second its interaction with infant
genotype for bilateral amygdalar and hippocampal volumes. We
observed no significant main effects of EPDS gwk14 (all P > 0.59),
EPDS gwk24 (all P > 0.39) and EPDS gwk34 scores (all P > 0.31). We
observed significant GxE interaction effects on right amygdalar
volumes with the PRS-MDD threshold of P = 0.1 and all EPDS
measures (EPDS gwk14: β = − 1.47 ± 0.73., P = 0.046, EPDS gwk24:
β = − 1.60 ± 0.79, P = 0.047, EPDS gwk 34: β = − 1.70 ± 0.82,
P = 0.041, see also Table 3 and Supplementary Figure S1). No
further significant GxE interaction effects were found for
right amygdala (all P > 0.06), or left amygdalar or bilateral
hippocampal volumes (all P > 0.06).

Exploratory analyses—Sexually Dimorphic
Associations of Infant Genotype and EPDS Sum Scores
with Amygdalar and Hippocampal Volumes

Significant Environment-by-Sex Interaction Effect on Right
Amygdalar Volumes
Our exploratory analyses of sex differences yielded no sig-
nificant genotype-by-sex interaction effects on amygdalar or
hippocampal volumes (all P > 0.16), but we found that EPDS
gwk24 scores were significantly more negatively associated
with right amygdalar volumes in male compared with female
infants (β = − 2.63 ± 1.25, P = 0.038, Supplementary Figure S2).
This effect remained significant only after controlling for birth
weight, maternal education and after excluding infants with
mild asphyxia at birth. No further sex-specific associations of
EPDS scores with the subcortical brain volumes were observed
(all P > 0.05).

Significant Genotype-by-Environment-by-Sex Interaction Effects on
Right Hippocampal Volumes
Exploring three-way interactions between PRS-MDD, EPDS
scores and sex, we discovered a significant interaction effect
on right hippocampal volumes: EPDS gwk24 scores showed a
sex-specific interaction with PRS-MDD (all thresholds, strongest
effects with P = 0.1) (PRS-MDD P = 0.1: β = −14.52 ± 4.26, P < 0.001).
This interaction effect stayed significant in all sensitivity
analyses for PRS-MDD P = 0.1 (and P = 0.001).

Further post hoc analyses, splitting the sample into two
groups, yielded no significant associations in infants with a low
PRS-MDD (<0) (PRS-MDD P = 0.1) (male infants: β = 5.07 ± 3.38,
P = 0.152; female infants: β = − 4.55 ± 5.77, P = 0.443) or
in infants with a high PRS-MDD (>0) (male infants: β =
−4.17 ± 2.93, P = 0.164, female infants: β = 5.22 ± 3.83, P = 0.188)
(Supplementary Figure S3). No further GxExS interaction effects
were detected (all P > 0.05).

Discussion
A recent study has provided preliminary evidence that offspring
PRS-MDD moderates the association between prenatal maternal
depressive symptoms and the prenatal development of the right
amygdala in an Asian and US cohort, and, in the Asian cohort,
of the right hippocampus (Qiu et al. 2017). This study was poten-
tially limited by studying a PRS-MDD, derived from a European
ancestry discovery sample, in cohorts of (predominantly) non-
European ancestry (Ripke et al. 2013; Qiu et al. 2017). To the best
of our knowledge, our study is the first to probe the interaction
between an offspring PRS-MDD and prenatal maternal depres-
sive symptoms on infant limbic volumes in a European ancestry

sample, in order to further elucidate the early developmental
trajectory of psychiatric disease susceptibility.

In our study, no main effects of maternal depressive symp-
toms or of genotype on bilateral amygdalar or hippocampal
volumes were found. However, we observed that offspring PRS-
MDD (threshold P = 0.1) and prenatal maternal EPDS scores are
jointly associated with infant right amygdalar volumes. This
GxE effect was significant in the main analysis, but did not
survive all control analyses, nor the correction for multiple
comparisons. No GxE interaction effects on left amygdalar or
bilateral hippocampal volumes were yielded. Post hoc analyses
showed that right amygdalar volumes were more positively
associated with EPDS scores of the second and third trimester
(sum score and separate measures) in infants with low PRS-MDD
compared with infants with high PRS-MDD. Hence, the direction
of this GxE effect clearly resembled the one observed in the
US cohort (Qiu et al., 2017). Thereby, our study results provide
support, though statistically weak, for an interaction of genetic
and environmental risk factors for MDD on neonatal amyg-
dalar brain development which might affect offspring vulnera-
bility for developing a psychiatric disorder later in life, such as
MDD.

Exploring sex differences, we did not find significant
sex-specific genotype effects on hippocampal or amygdalar
volumes, but we observed evidence for sexually dimorphic
associations with EPDS scores of the second trimester (gwk24):
EPDS gwk24 scores were more negatively associated with right
amygdalar volumes in male infants compared with female
infants. Furthermore, we detected a sex-specific GxE effect on
right hippocampal volumes: EPDS scores (gwk24) were more
positively associated with right hippocampal volumes in male,
genetic low risk infants, and more negatively in male genetic
high risk infants compared with their female counterparts.

MDD is characterized by a biased attention, processing, and
memory of emotional stimuli favoring negative over positive
stimuli contrary to healthy controls (Disner et al. 2011). On a
neural level, corticolimbic structures, such as the amygdala and
the hippocampus, and cortico-striatal-pallidal-thalamic brain
circuits have been implicated in the onset and course of depres-
sion (Drevets et al. 2008; Bora et al. 2012; Lindquist et al. 2012;
Yilmazer-Hanke 2012). The amygdala, playing a key role in emo-
tion processing, is presumably involved in the MDD-related
bias for negative stimuli showing a stronger and longer lasting
reactivity to negative emotional (e.g., fearful or sad) stimuli in
adults (Siegle et al. 2002; Hamilton and Gottlib 2008; Peluso et al.
2009; Disner et al. 2011), adolescents (Roberson-Nay et al. 2006;
Beesdo et al. 2009) and children (Gaffrey et al. 2011; Barch et al.
2012; Pagliaccio et al. 2012), in many, but not all (sub)studies
(e.g., Thomas et al. 2001; Beesdo et al. 2009; Townsend et al.
2010). While the glucose metabolism in the amygdala has been
shown to correlate positively with depressive symptom severity
in adults (Drevets et al. 2008), meta-analyses yielded inconsis-
tent associations of MDD with amygdalar volumes in adults
(Hajek et al. 2009; Arnone et al. 2012) and in children/adolescents
(Hajek et al. 2009). In infants, a larger right amygdalar volume
predicted lower impulse control at 2 years of age (Graham et al.
2018). In children, larger bilateral amygdala volumes predicted
decreased emotion regulation skills (Pagliaccio et al. 2014), and
in girls a larger right amygdala volume was related to more
affective problems (Buss et al. 2012) and a higher fearfulness
(van der Plas et al. 2010). Larger amygdalar volumes have also
been associated with an extended period of early adverse rear-
ing conditions (i.e., institutional rearing) and were positively
related to child’s internalizing behavior and anxiety (Tottenham
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et al. 2010). However, conflicting findings also exist, showing an
association of larger amygdalar volumes with less emotional
symptoms, less peer relationship problems (Acosta et al. 2019)
and with less proactive aggression in children and adolescents
(Naaijen et al. 2018). Interestingly, the observed GxE effect on
right amygdalar volume suggests that larger right amygdalar
volumes are only found when one risk factor, either environ-
mental or genetic, is present, but in the case of both risk factors
(i.e., higher infant genetic risk and higher maternal prenatal
EPDS scores) a smaller right amygdalar volume is observed.
Smaller amygdalar volumes have also been shown in hyper-
cortisolic children and adults, albeit predominantly in the left
hemisphere (Merke et al. 2005; Brown et al. 2008). Therefore, it
is possible that the existence of both environmental and genetic
risk factors—corresponding to a cumulation of adversity—leads
to an hypercortisolic state and subsequently to a smaller amyg-
dalar volume. However, as mentioned above, smaller amygdalar
volumes have also been related to less fearfulness, better emo-
tion regulation skills, more proactive aggression, and a higher
impulse control which might be more adaptive to some postna-
tal environments. It has been put forward that early adversity
during certain time windows can trigger adaptive responses in
the genetically susceptible offspring enhancing the chances of
survival in a specific environment. According to this hypothesis,
a mismatch between the quality of early and later environment
rather than adversity itself would put a genetically susceptible
individual at risk (Nederhof and Schmidt 2012).

Our tentative finding on a sex-specific association of EPDS
gwk24 scores with right amygdalar volumes is in line with
other studies showing a more positive association of prenatal
maternal distress on amygdalar volumes in girls (e.g., Buss et al.
2012; Wen et al. 2017; Acosta et al. 2019). However, conflicting
findings exist in neonates: Qiu et al. (2017) and Rifkin-Graboi
et al. (2013) did not report sexually dimorphic associations with
amygdalar volumes. In a study overlapping with our sample,
Lehtola et al. (n.d., unpublished data) found a sex-specific asso-
ciation of amygdalar volumes with prenatal stress (measured
as a combination of maternal anxiety and depressive symp-
toms), with smaller amygdalar volumes in male compared with
female infants. The observed sex differences might be due to
sexually dimorphic placental functions in response to prenatal
stress mediated by sex-specific placental epigenetic regulations,
gene expressions, and receptor distributions (Clifton 2010; Bock
et al. 2015). Sexually dimorphic neurodevelopmental trajectories
might also underly the occurrence of sex differences (Bock et al.
2015; Entringer et al. 2015).

The MDD-related bias for negative stimuli involves hip-
pocampal reactivity and volumes. The hippocampus plays a
pivotal role in memory encoding and retrieval, and in stress
physiology (Insausti and Amaral 2012). Higher hippocampal
reactivity to negative versus neutral stimuli has been associated
with depressive symptom severity in children (Pagliaccio
et al. 2012), and with smaller child’s hippocampal volumes
(Suzuki et al. 2013). Reductions in hippocampal volumes have
consistently been reported in persons with MDD irrespective
of age (Arnone et al. 2012). While the extent of hippocampal
volume shrinkage seems to correspond to the duration of
illness (McKinnon et al. 2009), a smaller hippocampal volume
also likely represents a vulnerability marker for MDD as the
findings of a longitudinal study in adolescents suggest (Rao
et al. 2010). Furthermore, animal studies demonstrated that
dendritic atrophy in the hippocampus is related to chronic stress
experiences (Vyas et al. 2002). Nevertheless, no main effects of

maternal prenatal depressive symptoms on infant hippocampal
volumes, but interaction effects with genetic factors on right
hippocampal volumes have thus far been reported (Qiu et al.
2017; Wang et al. 2018). Accordingly, we did not observe main
effects of maternal depressive symptoms or of infant genotype
on hippocampal volumes in our study, but a sex-specific GxE
interaction effect: we detected that right hippocampal volumes
were more negatively associated with EPDS scores of the late
second trimester in the male compared with the female genetic
high risk group, suggesting a higher vulnerability to prenatal
depressive symptoms (gwk24) in male, but not female genetic
high risk infants. As mentioned above, sexually dimorphic
neurodevelopmental trajectories and placental functions might
account for the observed sex differences. However, given the
modest sample size of our study, this three-way interaction
effect has to be considered as tentative.

Limitations

The sample size of our study was marginally larger than the
one of the US sample in the study of Qiu et al. (2017) (N = 105
compared with N = 85), but our findings were partly reduced to
nonsignificance by the control analyses which might at least in
parts be attributed to a lack of statistical power. The replication
of true effects usually demands larger sample sizes than in the
original study to reach adequate statistical power (Button et al.
2013). Hence, our study might still be underpowered. Future
replication studies and meta-analyses are warranted to further
corroborate the GxE interaction effect on infant right amygdalar
volumes in a population of European ancestry (Lieberman and
Cunningham 2009). However, a strength of our study was the
genetic homogeneity given that all participants were native
Finns.

Qiu et al. (2017) controlled for maternal genotype in the
Asian, but not the US cohort. We had no information about
maternal genotype at hand for our analyses. Results in the study
of Qiu et al. (2017) stayed significant after controlling for mater-
nal genotype, but we cannot rule out that maternal genotype
interacts with prenatal maternal depressive symptoms on the
maternal-placental-fetal stress physiology.

Furthermore, it would be worthwhile to investigate how
the observed brain volume alterations are related to offspring
emotion regulation skills and behavior later in develop-
ment and how they interact with the postnatal environment
to predict psychiatric disease susceptibility over the life
course.

Conclusions
In sum, our data provide partial support that PRS-MDD and
prenatal maternal EPDS scores of the second and third trimester
jointly shape infant right amygdalar volumes, resembling the
results of the US cohort of a recent study. Our study was the
first to address this GxE interplay in a European ancestry sample
that was matched to the discovery sample of the PRS-MDD.
Additionally, EPDS scores of the second trimester were shown
to interact with PRS-MDD on infant right hippocampal volumes
in a sex-specific manner suggesting a higher vulnerability to
environmental prenatal adversity in male infants with high PRS-
MDD. Future studies should elucidate how the observed volume
alterations of brain gray matter structures predict offspring
behavior and psychiatric disease susceptibility in interaction
with postnatal environments of various adversity.
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