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In every child's smile, a light shines bright,
No matter their color, no matter their race,
Their dreams and their fears, deserve care and kindness.

-For the mental wellness of all children worldwide.
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ABSTRACT

The amygdala, a key player in emotional processing, undergoes rapid growth and
development prenatally and in infancy. Environmental factors, such as prenatal
maternal depressive symptoms, can alter the structure of the amygdala. The altered
structure of the amygdala can influence neural and functional development,
contributing to negative outcomes in offspring. However, identifying limbic system
structures, such as the amygdala and hippocampus, in infants' brain magnetic
resonance (MR) images is challenging. This difficulty arises from the small size of
these structures, the lower resolution of the scans, and the lack of accurate
segmentation methods. This thesis encompasses three studies involving mothers and
infants from the FinnBrain Birth Cohort Study. In study I, a manual segmentation
protocol tailored to neonatal MR images was established, focusing on the amygdala
and hippocampus in healthy infants. In study Il, we investigated the links between
prenatal maternal depressive symptoms (PMDS) at different gestational stages and
infant amygdala microstructure using diffusion tensor imaging (DTI). Sex-specific
responses to PMDS were revealed, with boys showing a stronger positive association
between PMDS and the left amygdala DTI parameter (mean diffusivity). In study
111, we explored the neural basis of emotional perception in infancy, correlating
amygdala microstructure with infants' recognition of emotional faces using eye-
tracking. Increased right amygdala mean diffusivity was associated with reduced
disengagement from fearful faces, while sex differences revealed that girls with
elevated amygdala mean diffusivity exhibited greater disengagement from
scrambled non-face control pictures. These studies advance our understanding of
early neurodevelopment by examining the development of the amygdala, a crucial
element in emotional processing and regulation.

KEYWORDS: amygdala, diffusion tensor imaging, maternal prenatal depression,
fear processing, brain development
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TIIVISTELMA

Mantelitumake kasvaa ja kehittyy nopeasti raskauden sekd vauvaidn aikana ja on
my06hemmissé ik&vaiheissa keskeinen aivorakenne muun muassa masennukseen ja
pelkoon liittyvéssd emotionaalisessa késittelyssa. Ymparistotekijat, kuten synny-
tysta edeltévét didin masennusoireet, voivat vaikuttaa mantelitumakkeen kasvuun ja
kehitykseen, milld voi olla pitkdkestoisia vaikutuksia lapsen kehitykseen.
Mantelitumakkeen tunnistaminen imevéisten aivojen magneettiresonanssi — kuvissa
(MRI) on osoittautunut kuitenkin haastavaksi MRI-kuvien alhaisemman erotus-
tarkkuuden rajoitteiden vuoksi. Tama opinndytetyd siséltaa kolme tutkimusta, joissa
on mukana FinnBrain Birthsyntymakohorttitutkimuksen 4ditejd ja vauvoja.
Vaitoskirjan ensimmdisessé osatytssé | kehitettiin vastasyntyneiden MRI-kuville
manuaalinen segmentointiprotokolla mantelitumakkeelle ja aivotursolle. Osatutki-
muksessa Il tutkittiin yhteyksia synnytysta edeltdvien &idin masennusoireiden eri
raskausvaiheissa ja vauvan amygdalan mikrorakenteen valilla, kéyttdamalla
diffuusiotensorikuvausta (DT1). Aidin oireisiin 16ytyi sukupuolispesifisia yhteyksia,
ja pojilla oli vahvempi positiivinen yhteys aidin synnytystd edeltdvien masennus-
oireiden ja vasemman amygdalan keskimaéaraisen diffusiviteetin valilla. Tutkimuk-
sessa 11 tutkittiin emotionaalisen tarkkaavaisuuden hermoperustaa vauvaidssa. DTI-
kuvista arvioitu oikeanpuoleisen mantelitumakkeen keskimaardinen diffusiviteetti
oli yhteydessé vahentyneeseen irrottautumiseen pelokkaista kasvojen ilmeistd, kun
taas sukupuolierot osoittivat suurempaa irrottautumista kasvoja sisaltamattomista
kontrollikuvista tytoilld, joilla oli kohonnut mantelitumakkeen keskimaérainen
diffusiviteetti. Yhdessa nama tutkimukset edistavat ymmarrystamme varhaisesta
hermoston kehityksesta tarkastelemalla amygdalan kehitystd, jolla on tarked osa
tunteiden kasittelyssa ja sdatelyssa.

AVAINSANAT: amygdala, diffuusiotensorikuvantaminen, aidin synnytysta edelta-
va masennus, pelon késittely, aivojen kehitys
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1 Introduction

Brain development is a complex and intricate process that unfolds across prenatal
and postnatal stages, resulting in profound changes in brain structure and function.
It is during the prenatal period that the foundation for many of these developmental
changes is laid, including the early formation of key structures such as the amygdala
and hippocampus. The limbic system, with the amygdala and hippocampus at its
core, plays a central role in shaping emotional and cognitive responses (Ressler,
2010; Ruiz et al., 2018; Saghir et al., 2018). Over recent years, advanced
neuroimaging techniques, such as diffusion tensor imaging (DTI), have emerged as
invaluable tools for exploring the complexities of brain structures (Basser et al.,
1994). DTI, notable for its ability to provide detailed information about both white
and gray matter microstructures, holds promise for studying the development of
brain regions (Stebbins, 2010). However, there is a scarcity of studies conducted on
amygdala and hippocampus development using DTI, due to challenges in studying
neonatal brain development. These challenges include the smaller size of infant
brains, the lower resolution of DTI scans (Weisenfeld et al., 2006), and the difficulty
in accurately identifying brain structures in neonatal brain scans. Therefore, there is
a need for manual segmentation protocols for studying the amygdala and
hippocampus of the developing brain.

Furthermore, environmental factors like prenatal maternal depressive symptoms
(PMDS) play a role in amygdala development, resulting in enduring effects from the
prenatal period into adulthood (Susser et al., 2016). PMDS have emerged as a
noteworthy concern, with far-reaching implications for both mothers and their
offspring (Bonari et al., 2004; Davalos et al., 2012; Douros et al., 2017). These
symptoms have been associated with adverse birth outcomes, neurodevelopmental
issues, and neuropsychiatric disorders in children (Kinney et al., 2008; Ronald et al.,
2011). Moreover, PMDS may exert a significant influence on the structure and
function of the amygdala in offspring, potentially contributing to emotional and
behavioral challenges (Wen et al., 2017). Research has also begun to uncover that
the effects of PMDS can differ between males and females, indicating that sex-
specific factors may play a role in how these symptoms impact neurodevelopment.
Additionally, the timing of PMDS exposure during different stages of prenatal

11



Niloofar Hashempour

development may result in varying effects on the amygdala and subsequent behavior.
Yet, our understanding of the sex-specific effects of PMDS at different stages of
prenatal exposure remains incomplete, with gaps in knowledge.

It is known that infants have a preference for emotional facial expressions over
alternative stimuli, a tendency that is closely linked to the maturation and functioning
of the amygdala (Prunty et al., 2020). This preference, holds critical importance in
understanding infants' socio-emotional development (Reynolds & Roth, 2018).
While it is known that infants exhibit longer fixation times on fearful faces, yet the
origins and neural underpinnings of this bias remain unknown (Peltola et al., 2013).
While neuroimaging studies have revealed amygdala activation in response to fearful
stimuli, the examination of potential microstructural changes in the amygdala related
to attentional bias towards fearful facial stimuli during infancy remains unclear
(Zhao et al., 2017). Exploring this relationship might provide insights into the
underlying neurological mechanisms of fear regulation and their potential long-term
consequences in the developing brain.

To these ends, this thesis presents a manual segmentation protocol for identifying
the amygdala in infant brain MRI scans. Additionally, by employing DTI, we
examined the connections between amygdala microstructure and PMDS at various
gestational stages, as well as emotional perception during infancy. Furthermore, our
research delved into potential sex differences. These investigations may potentially
address gaps in our understanding of the developing amygdala.

12



2 Review of the Literature

2.1 Embryonic brain development

The developing brain goes through a series of processes during pregnancy that shape
its neural architecture and set the foundation for future cognitive and emotional
functions. The development of the central nervous system (CNS) is a complex and
prolonged process that spans across various stages of prenatal and postnatal life
(Figure 1) (de Graaf-Peters & Hadders-Algra, 2006). The total brain volume in the
neonatal phase is roughly 35% of what is reported in adults brains (Mortamet et al.,
2005). Overall brain size doubles within the first year of life, reaching around 73%
of the adult brain (Gilmore et al., 2007). Brain maturation continues beyond the
embryonic period, extending until around age 25 (Hochberg & Konner, 2020).

2.1.1 Neurulation

During the first trimester, the foundation of the CNS is laid. A significant event in
this period is dorsal induction, which leads to neurulation, which occurs around week
3 of the postconceptional weeks (Singh & Munakomi, 2023). The neural plate begins
to fold inward, forming the neural tube, which eventually becomes the brain and
spinal cord (Singh & Munakomi, 2023). As the neural tube closes, foundational brain
structures like the forebrain, midbrain, and hindbrain initiate their development
(Ackerman, 1992). At the 4th postconceptional week, the forebrain is divided into
two cerebral hemispheres and the optic vesicles, and related facial features are formed
(Leibovitz et al., 2022).

2.1.2 Proliferation

In the 8th postconceptional week to late second trimester, neuronal and glial
proliferation takes place in the brainstem and spinal cord (Leibovitz et al., 2022;
Prado & Dewey, 2014; Thomason, 2020). It is believed that overproduction of
neurons and glial cells occurs. This mechanism initiates apoptosis, leading to the
elimination of excess neurons (Fricker et al., 2018). This elimination helps prevent
the formation of communication pathways that might lack specific, accurate
communication networks (Saxena & Caroni, 2007).
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2.1.3 Neural migration

Neurons originating in the subventricular zone migrate toward the outer brain zones
(O’Rahilly & Muller, 2006). A majority of neurons undergo sequential waves of
migration between the 12th and 20th gestational weeks (GW), leading to the formation
of the six-layered cortex (neocortex) (Leibovitz et al., 2022; Stiles & Jernigan, 2010).

2.1.4 Cortical organization

Cortical organization begins around 22—-24 postconceptional weeks, and includes the
maturation of the six-layered cortex as well as axon and dendrite growth from cortical
neurons, which contributes to the development of inter-neuronal synapses during
infancy (Leibovitz et al., 2022).

2.15 Myelination

Myelination marks the brain's final developmental phase. Neuronal axons are enveloped
by fatty cells, enhancing neuronal communication by accelerating electrical signal
transmission compared to unmyelinated axons (Tierney & Nelson, 2009). Myelination
timelines vary across brain regions. At 25 weeks, myelination begins in the
pallidothalamic fibers of the posterior internal capsule that connect the globus pallidus
and the thalamus (Hasegawa et al., 1992). The majority of myelination occurs after birth
and continues into early adulthood (Barnea-Goraly et al., 2005; Govaert et al., 2020).

Midbrain

(Hidden) Cerebrum

Cerebrum Midbrain
M'dbramHindbrain Cerebellum
Forebrain Medulla
/ \ Cerebellum
Spinal cord i
P! Medulla Spinal cord
3 weeks 12 weeks Brain at birth
Neurulation Proliferation Migration

Myelination Cortical Neurocortex
starts organisation development

Brain growth spurt Myelination continues

Figure 1. Schematic illustrations outlining the critical period and specific brain components relevant
to the early phases of brain development (the timeframes are measured at
postconceptual age). Author’s illustration.
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2.1.6 White matter and gray matter maturation

Cortical gray matter volume undergoes a remarkable 21-fold increase, while white
matter volume sees a 22-fold growth, and deep subcortical structures expand by 10-
fold between the 18th and 39th GW (Andescavage et al., 2017). The expansion of
white matter and deep subcortical structures is particularly notable during the second
trimester compared to the third. However, the third trimester sees a doubled growth
rate in cortical gray matter compared to the second trimester (Andescavage et al.,
2017; Munakata et al., 2013). Around the 19th to 20th GW, at birth, and at 6 years of
age, the development of white matter shows a pattern where limbic fibers mature first,
followed by association fibers (Huang et al., 2006). In the early weeks following
birth, gray matter matures at a faster pace in sensory and motor regions than in
prefrontal regions (K. Konrad et al., 2013). The findings from available research
indicate that the volume growth of white and gray matter during the prenatal period
and early life is subject to variations across brain regions and developmental stages.
Overall, comprehensive studies on gray and white matter development, particularly
gray matter, remain scarce.

2.2 Brain asymmetry

A variety of factors influence brain macro- and micro-structural asymmetry,
including sex, age, and brain region (Kivilevitch et al., 2010; Liu et al., 2021; Tanaka
etal., 2013). This asymmetry emerges from the prenatal stages into adulthood. During
the 20-22-week gestation period, the left hemisphere has a larger volume than the
right hemisphere in both male and female fetuses, with this disparity being more
prominent in males (Hering-Hanit et al., 2001). A rightward hemisphere asymmetry
becomes apparent as individuals age into older children and adults (Giedd et al.,
1996). Brain asymmetry extends to other areas of the brain, such as left-greater-than-
right asymmetry in the lateral ventricles, which can even be detected through prenatal
ultrasonography (Achiron et al., 1997). Before the 28th GW, the left hemisphere of
the brain has larger subcortical volumes than the right hemisphere. However, by the
time of term birth, these changes were no longer discernible (Andescavage et al.,
2017).

In the first half of life, DTI indicates a central-peripheral asymmetry pattern in
MD, showing leftward lateralization in the neocortex and rightward asymmetry in
deep brain regions (Liu et al., 2021). Infant brains exhibit greater brain asymmetry
compared to adults (Matsuzawa et al., 2001). Neonatal brains display a 5% difference
in left-to-right gray matter, whereas adults exhibit a 0.19% right-to-left difference
(Gilmore et al., 2007; Gur et al., 1999).

When compared to the temporal lobes, the frontal lobes grow at a faster rate
during the first two years of life. The right-left asymmetry is higher in the temporal
lobes than in the frontal lobes, and gray matter volume growth is faster than white
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matter growth in the temporal lobes (Matsuzawa et al., 2001). Neonatal brain
asymmetry patterns arise from prenatal genetic programs, with early gene expression
evidence starting at GW 12 (Sun & Walsh, 2006). In adults, genetic programming
intertwines with postnatal development and environmental factors to shape
asymmetry patterns (Gilmore et al., 2007).

2.3 Brain sexual dimorphism

Differences between sexes are evident in both neonatal and adult brain structures. In
the case of adults, women demonstrate a higher ratio of gray matter, while men
exhibit a larger proportion of white matter (Gur et al., 1999). Signs of sexual
dimorphism are already evident at the time of birth (Gilmore et al., 2007). Notably,
variations in head circumference associated with sexual dimorphism appear as early
as the second trimester of pregnancy (Joffe et al., 2005).

Furthermore, disparities in total intracranial volumes and cortical gray matter
volumes become apparent right from birth. In neonates, males display roughly 9%
more growth in intracranial volumes and a 10% increase in cerebral gray matter in
comparison to females, mirroring the distinctions identified in both childhood and
adulthood (Giedd et al., 1999; Gur et al., 1999; Raz et al., 2004). The brains of infant
boys display a 6% greater amount of cortical white matter, though this dissimilarity
is not as pronounced as the difference observed in adults (Gur et al., 1999).

2.4 Limbic system

The limbic system integrates cognitive and emotional responses, shaping human
behavior and physiological responses to various stimuli (Hariri et al., 2000; Tyler J.
& Abdijadid, 2023). The limbic system is located lateral to the thalamus, underneath
the cerebral cortex, and above the brainstem (Tyler J. & Abdijadid, 2023). The
development of the limbic system typically takes place during the initial phases of
gestation, and the formation of limbic fibers becomes evident approximately between
the 19th and 20th weeks (Huang et al., 2006). During the embryonic period, the
midbrain and forebrain form elements of the limbic system (Gupta, 2017). The limbic
system includes the olfactory bulbs, hippocampus, amygdala, anterior thalamic
nuclei, fornix, column of fornix, mammillary body, septum pellucidum, anteriror
commissure, cingulate gyrus, parahippocampal gyrus, limbic cortex, limbic midbrain
areas, and pons (Figure 2) (Gupta, 2017).
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Figure 2. lllustration of the limbic system. The figure is adapted from Gupta, 2017 and is reprinted
with the permission of the copyright holders.

2.5 Amygdala and hippocampus

Subcortical brain structures constitute approximately a quarter of the entire human
brain volume and encompass a diverse collection of gray matter nuclei (Forstmann et
al., 2017). These nuclei encompass the thalamus, basal ganglia, hippocampus,
amygdala, and nucleus accumbens (Forstmann et al., 2017). The hippocampus is a
seahorse-like curved shape, a feature that is functionally significant. This unique form
allows for a high degree of connectivity within the hippocampal formation and
between the hippocampus and other regions of the brain (Duvernoy et al., 2005). The
hippocampus begins its rapid growth phase around 32 weeks of gestation, continuing
this development for at least the first 18 postnatal months (Albi et al., 2022). The
maturation and development of the hippocampus during the prenatal period and after
birth are critical for cognitive function and memory formation (Zeidman & Maguire,
2016). The amygdala is situated within the medial temporal lobe and is recognized
for its pivotal role in processing emotional reactions, particularly those linked to fear,
anxiety, depression, and aggression (Ressler, 2010; Ruiz et al., 2018; Saghir et al.,
2018). The earliest migration of cells that contribute to the creation of the striatal
complex occurs near the interventricular foramen, close to the developing
hippocampus formation (Humphrey, 1968). Because of its distinctive topographical
position, the amygdala is the first component of the human striatal complex to
develop embryologically (Humphrey, 1968). The amygdaloid nuclei form as a result
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of neuroblast migration from the germinal epithelium (Humphrey, 1968). Throughout
GW 7, all amygdala cells arise from the lateral striatal ridge, and by GW 8,
neuroblasts from the medial striatal ridge also contribute to amygdala formation
(Humphrey, 1968). The three principal subdivisions of the amygdala, namely, the
basolateral complex of the amygdala, the central amygdala, and the medial amygdala,
begin to take shape around the 5th week of gestation (Figure 3) (Miiller & O’Rahilly,
2006). By the 8th week, crucial amygdala connections are established with pathways
that link parts of the forebrain to the hindbrain (such as the medial forebrain bundle),
as well as with the neighboring formations of the hippocampus, hypothalamus, and
thalamus, which collectively form the limbic system (Miiller & O’Rahilly, 2006). The
amygdala's rapid growth throughout pregnancy and infancy emphasizes the relevance
of this time period for neural and functional development.

Previous research findings have shown amygdala lateralization. Magnetic
resonance imaging (MRI) and post-mortem analyses have found that adults generally
exhibit greater rightward asymmetry in amygdala volumes (G. M. J. Murphy et al.,
1987; Pedraza et al., 2004). Interestingly, a study found that only boys aged 8 to 11
years old had rightward amygdala asymmetry, suggesting a potential link between
androgens and amygdala volume asymmetry (Lombardo et al., 2012). Additionally,
it was observed that the volumes of the left amygdala undergo significant growth
exclusively in males, indicating sex-specific developmental changes between the
ages of 4 and 18 years (Giedd et al., 1996). When considering developmental patterns,
the right amygdala experiences prolonged growth, whereas the left amygdala's
growth rate is more pronounced during early childhood, irrespective of sex (Uematsu
etal., 2012). The period of the amygdala reaching its largest volume occurs between
the ages of 9 and 11 (Uematsu et al., 2012). Notably, the female bilateral amygdala
reaches its peak volume around 18 months prior to the male amygdala (Uematsu et
al., 2012).
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Figure 3. The manually segmented amygdala of an infant and its nuclei are presented. Author's
illustration.

2.6 Neonatal amygdala segmentation

Neuroimaging studies have been used to investigate the structure of the amygdala
across different stages of life, both in adult and pediatric populations (Bethlehem et
al., 2022). Neuroimaging techniques mostly use MRI to study amygdala morphology
(Bertoni, 2012). MR is a safe and valuable tool for investigating postnatal brain
structure changes in infants (Jernigan et al., 2011).

MRI in infants is difficult due to insufficient signal strength and low image
resolution, which differ from adult MRI. This is potentially due to variations in
anatomy, the requirement for specialized procedures, and distinct imaging techniques
(Barkovich et al., 2019; Thukral, 2015). Even after successfully obtaining high-
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quality brain MRI scans in infants, the task of accurately identifying and segmenting
the desired anatomical structures remains challenging.

While automated and semi-automated software for segmenting adult brains is
widely accessible, the availability of tools designed for infant brain segmentation is
comparatively limited. The process of manually segmenting an infant's brain is
recognized as the gold standard—an accurate approach for comprehending and
exploring brain structure (Devi et al., 2017; Morey et al., 2009). Within the initial two
years of life, brain segmentation is challenging due to the rapid structural
development and movement of infants during scanning (Weisenfeld et al., 2006).
While certain studies have developed manual segmentation protocols for infants, it's
important to note that these protocols do not specifically pertain to the amygdala
within the healthy full-term newborn population. Several studies have outlined
manual segmentation techniques applicable to MR images of healthy adults.
However, the distinct contrast and reduced resolution of MR images of infant brains
hinder the direct application of adult methods to segment infant brains (Gousias et
al., 2012). Nonetheless, the identification of the amygdala offers the possibility of
further research into its role in a wide range of physiological and behavioral responses
(Aggleton et al., 1980).

2.7 Magnetic resonance imaging

MRI is an invaluable tool for studying the brain, particularly in infants. Its non-
invasive nature, coupled with its ability to produce high-resolution images without
the use of ionizing radiation, makes it especially suitable for pediatric populations
(Thukral, 2015). MRI provides detailed insights into the structure and function of the
infant brain (Rosenbloom & Pfefferbaum, 2008). A diverse array of MRI sequences
isavailable, such as T1- and T2-weighted imaging, which provide detailed volumetric
properties of different brain regions. These sequences enable the precise assessment
of brain volume changes (Dieleman et al., 2017). Microscopic characteristics of brain
structures can be studied using DTI (Basser et al., 1994; Salo et al., 2018). DTI is
another commonly used MRI sequence that facilitates the visualization of tissue
architecture by tracking the diffusion of water molecules, which subsequently
generates a three-dimensional (3D) representation for each voxel via a 3x3 matrix
known as a diffusion tensor (Stebbins, 2010). Within each voxel, the diffusion tensor
offers insights into diffusion magnitude and direction (Stebbins, 2010). Within gray
matter voxels, including regions like the amygdala, the diffusion is lower and more
random, displaying an isotropic nature. This stands in contrast to voxels containing
fiber bundles, where diffusion is higher along the axis of the fibers (Batalle et al.,
2019). DTI facilitates the examination of tissue metrics such as mean diffusivity
(MD), axial diffusivity (AD), radial diffusivity (RD), and fractional anisotropy (FA)
(Taeetal., 2018). The FA metrics serve as an indicator of the orientation of molecular
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water displacement and exhibit sensitivity to various factors such as axonal diameter,
myelin sheath thickness, fiber density, and directionality (Tao et al., 2017).
Conversely, AD metrics measure the movement of water molecules parallel to axonal
tracts (Klawiter et al., 2011). However, when it comes to the analysis of gray matter
structures like the amygdala, the interpretation of FA and AD metrics can prove
challenging and potentially misleading. This is due to the isotropic nature of
diffusivity within gray matter, meaning that alterations in diffusion occur randomly
across all three directions (Gillespie et al., 2017; Jeurissen et al., 2013; Yrondi et al.,
2019). Consequently, a more precise understanding of the microstructure of the
amygdala and other gray matter structures might be better achieved through the
measurement of MD. MD represents the average of the three eigenvalues and
quantifies overall water diffusion, regardless of its orientation (Stebbins, 2010). It is
worth noting that this limitation primarily applies to conventionally available imaging
resolutions. In ultra-high field MRI, it is possible to observe the fiber orientations
inside the gray matter due to the higher spatial resolution, potentially offering
additional insights into the microstructure of these regions (Tax et al., 2023; Vachha
& Huang, 2021). MD metrics are influenced by the number of barriers and constraints
to water motion within tissues, with higher values indicating fewer restrictions and
lower values signifying greater barriers within the underlying tissue composition
(Clark et al., 2011; Tao et al., 2017). Patients with anxiety, impaired cognitive
performance, and neurovegetative diseases show elevated MD in the amygdala
(Cherubini et al., 2010; Juranek et al., 2012). The increase in MD values was
correlated with a decrease in neurons and synapses, alongside tissue degeneration and
immaturity (Cherubini et al., 2010; De Gennaro et al., 2011; Gillespie et al., 2017;
Kantarci et al., 2005). Conversely, in healthy individuals, MD value was
decreased in gray matter throughout normal brain development, beginning as early as
26 weeks of gestation and continuing through developmental stages ranging from
infancy to adolescence (Batalle et al., 2019; Lebel et al., 2010; Moura et al., 2016;
Pohl et al., 2016; Taki et al., 2013). These observations imply that elevated MD in
the amygdala could be a shared characteristic among diverse psychiatric conditions
and dysregulation of fear.

2.8 Prenatal maternal depressive symptoms

The prenatal period is critical for brain development (E. Fitzgerald et al., 2020). The
psychological and physiological changes during pregnancy can culminate in the
emergence of prenatal maternal distress, including stress, anxiety, and depression.
Recent research has shown that prenatal distress exposure is a global public health
issue (Mareckova et al., 2019). A global range of 10% to 35% of children face
prenatal distress exposure (Maselko et al., 2015). Evolving evidence underscores that
prenatal distress may negatively influence fetal development, with repercussions
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spanning the entire lifespan (Bennett et al., 2004; Douros et al., 2017; Lupien et al.,
2009; Nazzari et al., 2019; Sidebottom et al., 2020). Adverse birth outcomes have
particularly been linked with high maternal depression, in addition to anxiety (Douros
etal., 2017; Loomans et al., 2013). Prior investigations indicate that the incidence of
PMDS during pregnancy is estimated to be 7.4%, 12.8%, and 12% in the first, second,
and third trimesters, respectively (Bennett et al., 2004; Sidebottom et al., 2020).
However, since a substantial number of pregnant women (half of the pregnancies)
experiencing depression remain undiagnosed, these data may understate the extent of
the problem (Ko et al., 2012). PMDS has been correlated with a spectrum of health
complexities for both expectant mothers and their offspring.

In infants, PMDS correlates with outcomes such as low birth weight (Bonari et
al., 2004; Davalos et al., 2012), premature birth (Diego et al., 2009; Sandman et al.,
1994), as well as neurodevelopmental conditions like autism and attention deficit
hyperactivity disorder (Kinney et al., 2008; Ronald et al., 2011). These adversities
extend to negative emotional, behavioral, and cognitive disorders, along with
psychiatric conditions, with effects that reverberate into adolescence and, in some
instances, adulthood (Kinney et al., 2008; Ronald et al., 2011). In mothers, increased
risks of suicide attempts (Bonari et al., 2004; Sidebottom et al., 2020), substance use,
alcohol consumption (Zuckerman et al., 1989), emergency operative deliveries
(Chung et al., 2001), and postpartum depression (Stowe & Nemeroff, 1995) have
been associated with PMDS.

Depressive symptoms in pregnant women may alter amygdala anatomy and
function in their offspring. The amygdala is a key anatomical component for
understanding how PMDS affects infants' mental health and brain development (Wen
et al., 2017). Several studies have reported the volumetric changes of the amygdala
in offspring and its association with PMDS, with some investigations highlighting
sexual dimorphisms in the amygdala (Acosta, Tuulari, et al., 2020; Buss et al., 2012;
Wen et al., 2017). In a study, higher cortisol concentrations during early pregnancy
were correlated with larger amygdala volumes in 7-year-old girls, and with more
affective problems in girls compared to boys (Buss et al., 2012). Certain studies have
indicated that PMDS during the second trimester exhibits a more pronounced
association with the amygdala in girls compared to boys, affecting both
macrostructural and microstructural aspects (Wen et al., 2017). Furthermore, an
escalation in depressive symptoms during the second trimester was associated with
reduced right amygdalar volumes, specifically in infant boys as opposed to girls
(Acosta, Kantojarvi, et al., 2020).

To the best of our knowledge, no studies have explored the sex-specific impacts
of PMDS measured across different stages of pregnancy on amygdala microstructure.
Studying PMDS in association with microscopic features of the amygdala in infants
is limited to one study (Rifkin-Graboi et al., 2013), and further investigations could
help to better understand the neurobiological processes by which PMDS confers risk
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for developing a range of neuropsychiatric disorders. In the study conducted by
(Rifkin-Graboi et al., 2013), findings revealed that among infants (n = 157) aged 6
to 14 days, increased PMDS during the second trimester were linked to a lower FA
in both the right and left amygdala, as well as lower AD in the right amygdala. Wen
et al., 2017 have reported higher right amygdala FA in the overall sample (n = 235)
and girls (n = 122) at the age of 4.5 years in relation to increased maternal prenatal
depression during the second trimester. Maternal prenatal depression asassed during
the third trimester has been linked to decreased FA and increased MD in the
amygdala-frontal tract and cingulum in 4-year-old children (Hay et al., 2019).
However, it's important to note that the studies mentioned above have not examined
PMDS throughout all trimesters of pregnancy. PMDS was assessed specifically at 26
weeks gestation using the Edinburg Postnatal Depression Scale (EPDS)
guestionnaire. As a result, there remains a lack of evidence regarding the effects of
PMDS on the amygdala microstructure. The relevance of PMDS may depend on the
developmental stage at the time of exposure (Buss et al., 2012). Therefore, studying
how the timing of PMDS is related to measures of brain development in offspring can
be beneficial for understanding the influence of PMDS on brain structures (Buss et
al., 2012).

2.9 Fear regulation in infancy

The preference for social stimuli, particularly faces, is a fundamental prerequisite for
human social and emotional growth (Prunty et al., 2020; Reynolds & Roth, 2018).
Right from birth, infants display a preference for faces and exhibit a tendency to
sustain their visual attention on faces more than non-social stimuli (Farroni et al.,
2005; Johnson et al., 1991; Libertus et al., 2017). Infants from 7 months look longer
at fearful faces than at happy or neutral faces (Peltola et al., 2008, 2009, 2013). The
exact origin of the bias towards fearful facial expressions in infants remains yet to be
fully understood. Yet, this bias might be due to the infrequent exposure of infants to
fearful stimuli compared to other emotions within their environment (Nelson &
Dolgin, 1985).

Amygdala function involves responding to fear-inducing stimuli, such as fearful
facial expressions and fear-conditioned cues (Marschner et al., 2008; Whalen et al.,
2001; Zhao et al., 2017). Neuroimaging studies have shown the activation of the
amygdala when exposed to fearful stimuli (Phan et al., 2002). Moreover, evidence
supports the notion that individuals who have experienced amygdala lesions display
abnormal responses to fear stimuli such as fearful faces (Adolphs et al., 1999;
Cardinale et al., 2021). Additionally, the amygdala was activated when emotional
responses were induced through visual stimuli such as fear (Phan et al., 2002). These
findings demonstrate the significance of the amygdala in regulating the fear response
(Ressler, 2010).
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Multiple sensory modalities, including auditory, visual, and olfactory inputs,
convey information to the amygdala (Baysal Akin & Onat, 1995; Morrow et al.,
2019). The amygdala facilitates the appropriate behavioral response by either
activating the hypothalamic-pituitary-adrenal axis and releasing stress hormones or
by directly triggering autonomic and behavioral reactions (Smith & Wylie, 2006;
Watson et al., 2010). The amygdala exhibits a reaction to various emotional facial
expressions (D. A. Fitzgerald et al., 2006). However, it has been observed that
expressions of fear is more pronounced compared to other emotional expressions
(Morris et al., 1996; Tuulari et al., 2020). So far, only one study has examined the
correlation between amygdala macrostructural alterations and attentional bias
towards facial stimuli in infants (Tuulari et al., 2020). This study highlights that a
larger volume of the left amygdala is associated with an increased tendency to shift
attention away from fearful facial expressions as opposed to happy and neutral ones.
However, no studies have investigated potential microstructural changes in infants or
adults. Investigating the relationship between the microstructure of the amygdala and
the attentional bias towards emotional facial stimuli has the potential to offer valuable
insights into the neurological mechanisms involved in the regulation of fear during
early infancy, as well as its possible long-term implications.

2.10 Conclusions based on the literature

Brain development is a complex process that encompasses various prenatal and
postnatal stages, leading to significant changes in brain size and structure. Brain
asymmetry patterns emerge and evolve from prenatal stages to adulthood, influenced
by genetic programming and environmental factors. Sexual dimorphism in brain
structures is noticeable in both neonatal and adult brains. The limbic system,
including the amygdala, plays a vital role in emotional and cognitive responses.

Advanced neuroimaging methodologies like DTI serve as invaluable tools for
examining brain development. DTI, through the measurement of water molecule
diffusion via MD metrics, can unveil details of gray matter structures like the
amygdala. However, the identification and delineation of brain structures in infants
pose challenges due to the smaller size of their brains and the lower image resolution
of MR scans, underscoring the significance of straightforward yet precise manual
segmentation protocols.

PMDS are notably prevalent, affecting not only mothers but also their offspring.
PMDS can result in unfavorable birth outcomes, neurodevelopmental issues, and
neuropsychiatric disorders in children. Furthermore, PMDS might influence the
structure and function of the amygdala in offspring, potentially contributing to
emotional and behavioral challenges. The sex-specific influences of PMDS may vary
with the developmental stage of exposure. Current studies have not examined PMDS
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across all pregnancy trimesters, leaving a gap in our understanding of its effects on
the amygdala microstructure.

The amygdala is a key player in responding to fear-inducing stimuli, including
fearful facial expressions and conditioned fear cues. Neuroimaging studies
demonstrate amygdala activation in response to fearful stimuli, and individuals with
amygdala lesions show reduced fear responses, particularly to fearful faces. While
one study in infants has linked a larger left amygdala volume to an attentional bias
away from fearful faces, no research has explored potential microstructural changes
in this context. Investigating the connection between amygdala microstructure and
attentional bias toward emotional facial stimuli could provide valuable insights into
the neurological mechanisms of fear regulation during infancy and its potential long-
term effects.
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Aims of the Study

This PhD thesis examines brain development, facial emotional perception, and
PMDS impacts through three investigations. In study I, a manual segmentation
protocol was developed for neonatal MR images, with a specific focus on the
amygdala and hippocampus in healthy neonates. Study Il explored the correlation
between prenatal PMDS at different gestational stages and the microstructure of the
infant's amygdala. Study Il examined infants' amygdala microstructure and
emotional face recognition using eyetracking. Studies Il and Il used advanced DTI
techniques while also investigating sex-specific differences. This thesis aims to
advance pediatric neuroimaging by providing novel insights into the complexities of
early brain development through three studies.

26

To establish a novel manual segmentation protocol for the amygdala and
hippocampus in neonatal MR images. Furthermore, manual
segmentations were compared to automated segmentations performed
with the infant brain extraction and analysis toolkit (iBEAT toolbox).

Assess how PMDS affects infant amygdala microstructure and explore
potential gender-specific effects by examining the interaction between
PMDS and infant sex.

To explore potential links between the microstructure of the amygdala
and infants' perception of emotional facial expressions, with an
additional investigation into sex-specific differences.



4 Materials and Methods

4.1 Ethical considerations

All studies incorporated into this thesis were carried out in adherence to the principles
outlined in the Declaration of Helsinki. The studies I, Il, and Il received ethical
approval from the Joint Ethics Committee of the University of Turku and the Hospital
District of Southwest Finland (ETMK: 31/180/2011). Families were provided with
oral and written information about the studies. Informed consent was obtained from
the parents, acting as representatives for their children.

4.2 Participants

The participants of this thesis were mothers and infants of Caucasian ethnicity, drawn
from the ongoing FinnBrain Birth Cohort Study located in South-Western Finland
(www.finnbrain.fi) (Karlsson et al., 2018). The recruitment period spanned from
December 2011 to April 2015 and yielded a total of 3,808 pregnant women who
voluntarily enrolled during their initial ultrasound examination at GW12. Among
them, 367 families chose to discontinue their participation due to time constraints,
miscarriage or stillbirth observed in 35 cases. The cohort included 3,837 children,
including 29 twin pairs. The primary aim of the cohort is to explore
neurodevelopmental aspects and identify biomarkers linked to prenatal and early life
stress. Additionally, it aims to characterize trajectories for psychiatric and somatic
conditions, encompassing depression, anxiety, and cardiovascular illnesses. A total
of 189 mother-newborn dyads voluntarily participated in an MRI visit, with 180
completing scanning procedures successfully. Of the 189 participants, 64 were
excluded due to motion artifacts in the MR images. Table 1 provides an overview of
the demographic data from the sub-studies. Newborns' inclusion criteria were birth
weights > 2500 g and gestational ages > 36 weeks. Exclusion criteria included
congenital abnormalities diagnosed prior to the study and abnormal findings in a prior
MRI scan. The study included singleton pregnancies only. Among the newborns, 19
were identified as having mild asphyxia. Among them, one newborn underwent
cardiopulmonary resuscitation and received respiratory treatment, while another
scored 4 out of 10 in the 5-minute Apgar evaluation. Mothers with a background of
alcohol or drug misuse, severe psychiatric conditions, epilepsy, or medication use for
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psychosis were excluded from the study. Background information was assessed via
the mothers' self-report questionnaires at GW 14 and/or 34. Obstetric data were
gathered from the Finnish Medical Birth Register of the National Institute for Health
and Welfare (http://www.thl.fi).

Table 1. The participant’s’ characteristics.

Maternal characteristics Study | (n = 31) |Study Il (n = 84) | Study Il (n = 40)
Pre-pregnancy BMI, mean (SD) 25.44 (5.00) 24.6 (4.2) 24.89 (3.82)
Age at due date (years), mean (SD) 29.70 (5.09) 30.0 (4.6) 30.70 (5.01)
Education (%)

low (high school or lower) 29.03 28.6 30.8

middle (vocational degree) 22.58 34.5 38.5

high (master's degree or higher) 35.48 35.7 30.8
Economic situation, %

very good 8.7 7.1 2.6

fairly good 43.5 52.4 48.7

not good 39.1 29.8 41

fairly bad 8.7 9.5 7.7

very bad 0 0 0
SSRI/SNRI medication use, % yes 6.45 6 5.11
CNS medication use % yes 3.23 0.91 0
Smoking, % 0 0 0
Alcohol, % 0 8.7 51

Infant characteristics, mean (SD)

Gestational age (weeks) at birth 39.87 (1.18) 39.9 (1.1) 39.83 (1.03)
Age (days) at MRI from birth 28 (6.24) 25.43 (7.8) 25.60 (6.90)
Head circumference (cm) 35.03 (1.43) 34.91 (1.2) 35.01(1.42)
Birth weight (grams) 3639.48 (417.81) | 3491.9 (464.2) |3505.65 (460)

Table 1 footnote | Abbreviations: BMI = Body Mass Index; SD = Standard Deviation; SSRI/SNRI
= Selective Serotonin Reuptake Inhibitor and Serotonin and Norepinephrine Reuptake Inhibitor;
CNS = Central Nervous System. Table 1 is the original content created by the author for this
thesis.

4.2.1 Study |

This sub-study contained 31 randomly selected (n = 22 females, n = 9 males)
participants from the pool of 125 newborns (Figure 4).
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422 Study Il

Among the 88 participants who had a direction 60 DTI scan, 84 participants (42 girls
and 42 boys) whose mothers had completed the EPDS questionnaire at GW 14, 24,
and 34 during pregnancy met the necessary criteria for the subsequent DTI image
analyses (Figure 4). Among these infants, 11 had a history of mild asphyxia, and 3
required cardiopulmonary resuscitation and respirator treatment. This sub-study
incorporated various obstetric information in the analyses, including maternal use of
selective serotonin reuptake inhibitors (SSRIs), serotonin and norepinephrine
reuptake inhibitors (SNRIs), and other CNS-affecting medications. Additional factors
considered were maternal age at the due date, economic situation based on parent(s)
perspective obtained through questionnaires, maternal pre-pregnancy body mass
index (BMI), infant 5-min Apgar score, infant weight at birth, and infant age at scan
time counted from birth date.

4.2.3 Study Il

For this sub-study, 40 newborn DTI images (20 females and 20 males) who
underwent valid eye-tracking assessments at 8 months of age were included (Figure
4). Additionally, infant age at the time of the MRI scan was adjusted during statistical
analyses.

31 MRI images
Vi Study | (22 females, 9 males)

125 successful

MRI scans
v
88 DTI g:;a:ats.with Studv 84 DTl images
over iffusion
i ucy (42 females, 42 males)
encoding directions

80 DTl images
Nl Study Il (20 females, 20 males)

Figure 4. Inclusion of participants in sub-studies I-lIl Author’s illustration.
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4.3 Measures

4.3.1 Prenatal maternal depressive symptoms

In study Il, PMDS were assessed at GW 14, 24, and 34 using the EPDS questionnaire
(Cox et al., 1987). The EPDS is a validated 10-item self-reported questionnaire
designed to evaluate depressive symptoms experienced over the previous 7 days
(Adouard et al., 2005; Cox et al., 1987). Each item is scored on a 4-point scale,
resulting in a total score range of 0 to 30. The EPDS is widely used for detecting both
prenatal and postnatal depressive symptoms. A score of 10 or more has been used as
an indicator of clinically meaningful symptoms of depression (Garcia-Esteve et al.,
2003). However, in this sub-study, we did not establish specific clinical cut-off scores
for depressive symptoms to ensure the inclusivity of participants with subclinical
levels of these symptoms. This approach was adopted to consider the potential impact
of PMDS on fetal brain development. The EPDS scores are listed in Table 2.

Table 2. Descriptive information from the prenatal maternal depressive questionnaires.

Variables Total sample |Girls Boys P
N =84 N=42 N = 42

EPDS (GW 14), mean (SD), range |5.9 (5.5), 0-25 |5.8 (6.0) 6.0 (5.1) 0.6

EPDS (GW 24), mean (SD), range |6.0 (5.6), 0-25 (6.1 (6.2) 5.9 (5.0) 0.8

EPDS (GW 34), mean (SD), range |5.9 (5.3), 0-20 |5.7 (5.5) 6.0 (5.1) 0.9

Table 2 footnote | Table 2 is modified from the original publication | with the permission of the
copyright holders.

4.3.2 Infant attention to faces and distractors

In study 111, an eye-tracking experiment was used to assess infant attention to faces
and distractions. During the experiment, the infants were seated on their parent's lap,
positioned at 50-70 cm from the eye-tracker (EyeLink1000+, SR Research Ltd,
Toronto, Ontario, Canada), with the optimal camera-to-eye distance ranging from 40—
70 cm. Monocular data from the right eye was collected at a sampling frequency of
500 Hz. Before each measurement, a five-point calibration procedure was utilized,
which included an audiovisual animation displayed in five different locations on the
screen. Calibration could be repeated before the actual testing and during the
measurement process as necessary, with the option for small breaks if needed. The
researcher conducted the measurements in the dimly lit room shared by the infant and
parent. To prevent interference, a curtain was used to separate the parent and their
infant from the researcher.
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The overlap paradigm (Peltola et al., 2008) was used to find out how infants focus
on emotional faces. The overlap paradigm examines how the infants stopped paying
attention to a face or a scrambled non-face control picture in the middle of the screen
when a lateral distraction was shown. The stimuli included images of two distinct
women displaying happy, fearful, and neutral facial expressions, as well as scrambled
non-face control images (Peltola et al., 2008). A total of 48 trials were shown in semi-
random order, with 12 trials per condition (emotion and control) consisting of 18
photographs of each woman and 12 scrambled non-face control pictures.

During each trial, the infant was initially presented with either a face picture or a
scrambled non-face control picture in the center of the screen for 1000 ms (Figure 5).
Following that, for 3000 ms, a lateral distractor, either a black and white checkerboard
or circles, is displayed on either the left or right side of the face at a viewing angle of
13.6°, simultaneously with the face. Each trial had a duration of 4000 ms. The images
depicting emotions measured 15.4° x 10.8°, while the distractor stimuli measured
15.4° x 4.3°. Following each trial, a brief animation was displayed to re-engage the
infant's attention at the center of the screen. Once the infant's gaze was centered, the
researcher proceeded to initiate the next trial. The configuration of the central stimuli
was semi-randomized to prevent the repeated delivery of the same stimulus more than
three times consecutively. Furthermore, in each trial, the lateral stimulus was chosen
and shown in a random manner.
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Figure 5. The overlap paradigm. After the infant focused on a fixation stimulus in the center of the
screen (red circle), a face or a scrambled face as a control stimulus was displayed. After
1000 ms from the face/control commencement, a distractor appeared to the right or left
of the focal stimulus. The core stimulus was delivered until the conclusion of each trial
(4000 ms), overlapping in time with the distractor. The figure is adapted from (Yrttiaho et
al., 2014) and is reprinted with the permission of the copyright holders.

4.4 MRI acquisition

The newborns underwent the MRI scans at 11 to 54 days after birth. The scans were
acquired at the Medical Imaging Center of the Hospital District of Southwest Finland
between November 2012 and January 2016. Before the scan, the infants were given
breastmilk or formula until they fell asleep, and then carefully wrapped in a vacuum
mattress to minimize limb movements. No anesthetics were administered during the
procedure. To ensure the safety and comfort of the infants, a comprehensive hearing
protection protocol was implemented. This included providing double protection,
which included wax plugs and custom-sized earmuffs. Standard earmuffs were also
offered to parents, who typically remained in the scanning room during the entire
session. Observation of the scanning procedure was conducted by personnel from the
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control room, facilitated by a window. Communication with parents was enabled
through a microphone and loudspeaker system installed in the scanner room. If an
infant woke up during the scan, the session was immediately halted. An experienced
neuroradiologist reviewed each set of structural infant images to detect any potential
incidental findings. Following the study protocol, radiology reports were conveyed
to the researchers, who subsequently communicated the results to the families within
1-4 weeks of the scans. In instances where incidental findings were identified, parents
were referred to a child neurologist for a comprehensive neurological assessment, in
accordance with the study protocol. Notably, throughout the study period, none of the
infants displayed clinically significant neurological symptoms or deficits in
neurological development (Merisaari et al., 2019).

The MRI scans were acquired using the Siemens Magnetom Verio 3T scanner
(manufactured by Siemens Medical Solutions, Erlangen, Germany). The scanning
protocol included axial PD-T2-TSE (Dual-Echo Turbo Spin Echo) and sagittal 3D-T1
magnetization prepared rapid acquisition gradient echo (MPRAGE) sequences,
providing whole-brain coverage with isotropic 1.0 mm? voxels. In the PD-T2-TSE
sequence, the use of two effective echo times (TE) of 13 ms and 102 ms, in conjunction
with a repetition time (TR) of 12,070 ms, facilitated the acquisition of PD-weighted and
T2-weighted images with a resolution of 1x1x1mm3. A total of 128 slices, each 1 mm
thick, were obtained. The 3D-T1-MPRAGE sequence utilized a TR of 1,900 ms, a TE
of 3.26 ms, and an inversion time (TI) of 900 ms, resulting in the acquisition of 176
slices. The sequence parameters were fine-tuned to enable the utilization of the
"whisper" gradient mode in both the PD-T2-TSE and 3D-T1 sequences, aiming to
decrease acoustic noise levels during the scan. This enhancement was intended to
improve the quality and comfort of the imaging procedure. Total MRI acquisition time
was 32 minutes.

4.5 Amygdala and hippocampus segmentation

Manual segmentation is the gold standard in identifying brain structures (Morey et
al., 2009). However, manual brain segmentation is a time-consuming and difficult
task in the fields of neuroscience and brain research. This challenging procedure
necessitates precisely segmenting and recognizing distinct brain structures from
medical images, which requires significant expertise in brain anatomical structures.
We created a protocol with content for each step to aid in manual segmentation, which
took us approximately two years. All subcortical structures were manually
segmented, including bilateral hippocampi, amygdalae, caudate nuclei, putamina,
globi pallidi, and thalami (Figure 6). These segmentations were later used to create
the openly accessible FinnBrain neonatal (FBN-125) multi-contrast high-resolution
template (upsampled from 1x1x1 mm?3to 0.5 x 0.5 x 0.5 mm?), and labeled atlases,
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which include T1- and T2-weighted images, along with DTI data. Only the amygdala
and hippocampus were employed in this thesis.

Caudate
>

Vi oSimart Thalamus

Globus Pallidus——;’_ Fﬁ
" € iy
I ampus
Amygda./“}' E
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Figure 6. The figure on the left illustrates manual segmentation of subcortical structures on one of
the infant MR images. The right figure shows the subcortical structures in 3D. It was
adapted from (Jung et al., 2014) and is reprinted with the permission of the copyright
holders.

45.1 Study |

We transformed the raw MRI DICOM images into Neuroimaging Informatics
Technology Initiative (NIfTI) format using dcm2nii software to perform the manual
segmentation. The T1- and T2-weighted volumes were co-registered using FSL's flirt
(Jenkinson et al., 2012) with 6 degrees of freedom. The orientation of the images was
adjusted to match the UNC (University of Carolina) infant template in order to align all
the images in the same upright orientation. Next, the NIfTI images underwent
conversion to MINC (Medical Imaging NetCDF) format utilizing MINC Tools version
1.5.1, which was created at the McConnell Brain Imaging Centre in Montreal, Canada
(https://bic-mni.github.io/). The segmentation process was performed on an iMac
operating system X 10.11.6, equipped with a 4 GHz Intel Core i7 processor and an
AMD Radeon R9 M395 graphics card with 2048 MB of memory. Using the Display
software in MINC Tools, version 2.0, the amygdala and hippocampus were manually
segmented from 31 T2-weighted MR images of infants. For precise segmentation, a
brush size of 0.5 mm was selected (images have a resolution of 1 mm?). The axial,
coronal, and sagittal planes were evaluated simultaneously. Slice by slice, the amygdala
and hippocampus were carefully segmented to precisely trace the anatomical borders.
The segmentation of the amygdala and hippocampus on each MR image took, on
average, about two days of work. To guarantee the segmentations were harmonized in
three dimensions, the images were assessed and edited in the axial, coronal, and sagittal
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planes. Following the completion of segmentations, a thorough review of amygdala and
hippocampus delineations was conducted for both hemispheres, and any required
adjustments were implemented. Subsequently, the volumes of the amygdala and
hippocampus were computed. The segmentation of the amygdala and hippocampus was
performed by the primary rater (NH). Two novice raters, who were trained by NH,
independently conducted segmentations for inter-rater assessment. These
segmentations were then reviewed by another expert rater (JJT).

4511 Amygdala manual segmentation

The olive-shaped amygdala is above and anterior to the hippocampus in both brain
hemispheres' medial temporal lobes. The amygdala is located within the
superomedial temporal lobe, situated at the junction where the basal ganglia and
entorhinal cortex connect, toward the posterior and inferior boundaries (Pruessner et
al., 2000). A slice-by-slice tracing approach using all three planes is needed to
determine the amygdala's borders.

In each T2-weighted MRI dataset, approximately ten slices containing the
amygdala were identified. The tracing of the amygdala in the sagittal plane commenced
from the point where the thalamus began to assume its distinctive walnut shape,
extending towards the superomedial edges above the hippocampus. In the axial
orientation, the top boundary of the amygdala is linked to the ambient cistern, rendering
the axial view for the most reliable differentiation. To ensure uniformity, a single row
of voxels located in the cerebral cortex anterior to the amygdala was intentionally
excluded during delineation. In the coronal plane, the inferior and anterior boundaries
of the amygdala and hippocampus were defined by the temporal horn of the lateral
ventricle. Progressing anteriorly in the coronal plane, the lateral and inferior aspects of
the amygdala were identified. Removal or addition of any over-segmented or empty
voxels was performed carefully to achieve precise and consistent segmentation.
Amygdala manual segmentation steps are shown in Figure 7.

45.1.2 Hippocampus manual segmentation

Hippocampus segmentation contained the dentate gyrus, hippocampus proper, cornu
ammonis (CA), CA4 region (hilus), CA3, CA2, CAL, and subiculum between CAl
and fornix (Figure 8). Three main anatomical elements make up the hippocampus:
the head, body, and tail. In this approach, the hippocampus included the posterior
uncus, the hooked structure near the parahippocampal gyrus' anterior end. The
posterior hippocampus's white matter track of the fimbria is segmented until it forms
the fornix (De Macedo Rodrigues et al., 2015). Careful exclusion of the white matter
fibers from the fornix and parahippocampal gyrus was performed during
segmentation. The hippocampus was delineated using the most lateral slice in the
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sagittal plane. Identification of the hippocampus tail was based on the definition
provided by the lateral ventricle, while the appearance of the temporal horn near the
head was noted (C. Konrad et al., 2009).White matter presence was observed along
the body of the hippocampus. To ensure accurate delineation, the contrast difference
between the hippocampus and white matter was considered when defining the
hippocampus's inferior boundary. Tracing of the hippocampal mass continued
inferiorly in the sagittal plane until the appearance of the amygdala's boundaries and
the identification of the hippocampus head by the lateral ventricle's horn. In coronal
and axial planes, the superomedial hippocampus margins are readily discernible from
the lateral ventricle. Hippocampus manual segmentation steps are shown in Figure 7.
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Figure 7. Summary of the steps for segmenting the hippocampus and amygdala in the various
planes. Summary of the steps for segmentation of the hippocampus in the sagittal (A),
coronal (B), and axial planes (C). Summary of the steps for segmentation of the
amygdala in the sagittal (D), coronal (E), and axial planes (F). The images on the left are
the templates (non-segmented), and the images on the right side present segmented
structures. The left hippocampus is shown in cyan, and the left amygdala is shown in
blue. The right hippocampus is presented in chartreuse, and the right amygdala is in
green. The figure appears in the original publication of study | and is reprinted with the
permission of the copyright holders.

37



Niloofar Hashempour

Fornix

Subiculum
CA2

Figure 8. Structures of the left fornix, entorhinal cortex, subiculum, CAl, CA2, CA3, CA4, and
dentate gyrus are shown on one of the infant's MR images. CA is the cornu ammonis.
The figure appears in the original publication of study | and is reprinted with the
permission of the copyright holders.

45.1.3 Automated segmentation of the amygdala and hippocampus

To evaluate the consistency between manual and automated segmentation technigques
for the amygdala and hippocampus, ten T2-weighted MR images of newborns were
segmented using iBEAT software (Dai et al., 2013). The iBEAT software was created
exclusively for automatic segmentation of T2-weighted newborn brain images.
iBEAT is open-source software accessible on Linux platforms, employing
sophisticated image processing methodologies for tasks including voxel analysis and
labeling of newborn brain structures. MR images were reoriented and adjusted for
non-parametric non-uniform intensity normalization (N3) intensity. An iBEAT
module was then used to extract the skull. Following that, tissue segmentation was
conducted. Finally, iBEAT labeled the various brain regions using an infant-specific
AAL (Automatic Anatomical Labeling) atlas. Subsequently, the volumes of the
amygdala and hippocampus were computed.

45.2 Study Il and III

The FinnBrain Neonate (FBN-125) template was created using the methods described
below. The FBN-125 is aligned symmetrically with the Talairach-like MNI-152
template. Moreover, the atlas labels provided, derived from meticulous manual
segmentations of subcortical structures, aim to serve the neuroscience community by
offering valuable resources for future research on achieving precise and dependable
spatial normalization and automated computational methods to measure neonate
brain structure (Tuulari et al., 2024).
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4521 Creation of an Unbiased Population-Specific Template

The analysis utilized measurements obtained through a fusion-based approach that
relies on a labeled template. These methods necessitate precise registration between
subjects and templates, which becomes increasingly challenging when the template's
resemblance to the subjects diminishes. Consequently, a template tailored to the
participants in this study was developed. This involved creating a population-specific
dual-contrast template incorporating data from all 125 MRIs (Figure 9), similar to the
previous study (Fonov et al., 2011). Using a sequence of MRI volumes, iteratively
produce a template aimed at two objectives. The first objective was to minimize the
mean squared intensity difference between the template and each subject's MRI. The
second objective was to minimize the magnitude of all deformations used to align the
template with each subject's MRI. This approach was used on T1 images. The T1
scans were subjected to linear registration with the Montreal Neurological Institute
(MNI) 152 template. Following this, the average scaling factor from the MRIs to the
MNI 152 template was calculated. This scaling factor was then used inversely to
adjust the size of the MNI 152 template to match the average size of the research
population. This modified template was subsequently utilized as the starting point for
constructing the population-specific template. The T1 template was then created
using an iterative template construction technique, as well as non-linear changes
between each T1 and the T1 template. After that, the T2 scans were registered to the
T1 scans, and the resulting transform was concatenated with the linear and non-linear
transforms that took that T1 to the T1 template. The T2 scans were then mapped to
template space and averaged to construct the T2 template using these composite
modifications.
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Figure 9. The construction of the infant template. The figure is adapted from (Acosta, Kantojarvi,
et al., 2020) and is reprinted with the permission of the copyright holders.

4522 Template labeling

Manual segmentations were performed on the structures of interest, namely the
amygdalae and hippocampi, on the dual-contrast template. To confirm the accuracy
of the manual labeling, many warped variations of the template (Figure 10) were
created to replicate the morphological heterogeneity in the population, and each
variant was manually labeled. Each variation represented a non-linear modification
of the template to align with a specific subject in the population. The non-linear
transformations derived from the template generation process were utilized to
categorize participants into 21 groups, where the anatomical variability within each
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group was minimized compared to the variability between groups. This method aimed
to capture morphological variations in the data accurately. The Jacobian of the non-
linear transformation, which mapped each subject to the template, was computed as
the foundation for clustering. Subsequently, the Jacobian values were extracted as a
vector for every voxel within the template brain mask. Ward's clustering approach
(Ward Jr, 1963) was employed to cluster these Jacobian vectors using a balanced
combination of cosine similarity and Euclidean distance, with the total number of
clusters set at 21. The total squared distances from each subject to every other subject
were calculated inside each cluster. The subject with the smallest sum of squared
distances was chosen as the central-most representative of the cluster. Subsequently,
the dual-contrast template from the preceding step was adapted to match these 21
representative subjects and was made accessible for manual segmentation (Figure 9).

Sections 4.5.1.1 and 4.5.1.2 describe the segmentation approaches used. While
the processes for amygdala and hippocampus segmentation were similar, the
change in image resolution from 1 mm? to 0.5 mm?3allowed for substantially better
precision in the segmentations. One template was segmented first by the primary
rater, then by a senior rater, and finally by another senior rater. After the first
segmentation was approved, the other templates were segmented. Afterward, the 21
manual segmentations were wrapped back to the standard template, and voxel
labeling was determined based on the majority vote across all 21 manual
segmentations. This process yielded the definitive labels for the amygdalae and
hippocampi on the standard template. To assess inter-rater agreement regarding
spatial overlap on the newborn template, the Generalized Conformity Index (GCI)
was introduced (hippocampus: GCI = 0.76, amygdala: GCI = 0.70). CGI ratings
ranging from 0.7 to 1.0 are considered to represent high agreement across raters
(Kouwenhoven et al., 2009; Visser et al., 2019).
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Figure 10. Labeling the infant template. The figure is from (Acosta, Kantojarvi, et al., 2020). It was
reprinted with the permission of the copyright holders.

4.5.2.3  Subject labeling

Each subject underwent segmentation of the left and right amygdalae and hippocampi
using a labeling technique based on label fusion. This technique was initially
introduced by (Coupé et al., 2011) and further refined by subsequent studies led by
Weier et al., 2014 and Lewis et al., 2019). The technique utilizes a specialized
template library tailored to the population. This library was constructed by grouping
deformation fields derived from the nonlinear transformations generated during the
template construction process. The central-most subject from each cluster was then
utilized to form the entries within the template library. Clustering was performed
using an expanded mask encompassing the amygdalae and hippocampi to capture the
anatomical intricacies of nonlinear registration in that specific brain region. As
previously noted, the representative subject for each cluster was carefully chosen. To
address hemispheric asymmetries, this process was repeated for each hemisphere.
Consequently, the template library comprehensively captured the spectrum of
hippocampal and amygdala deformations observed within the population.
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The non-linear transform for the center-most subject was used to warp the
template along with the segmentation defined on it to construct the library entry for a
cluster, and this pair was put into the template library. The template library was thus
a collection of warped copies of the template, each with its own warped segmentation.
After establishing the template library, every individual in the population underwent
non-linear registration to the most similar templates within the library (in this case, n
= 7). The resulting transformations were then applied to adjust their respective
segmentations, and the ultimate labeling was determined through patch-based label
fusion. The process was also conducted independently for each hemisphere. An
example of such labeling is illustrated in Figure 11. Subsequently, the volumes of
each final labeling were calculated and adjusted to native space using the scaling
factors from the subject's linear transformations.

Figure 11. An example of the amygdala’s segmentations in the coronal, axial, and sagittal planes is
shown from left to right. The first row presents the newborn brain without segmentation:
(a) coronal, (b) sagittal, and (c) axial. The second row presents the segmentation of the
amygdala, and (d) shows three-dimensional segmentation of the amygdala. The figure
appears in the original publication of study Il and is reprinted with the permission of the
copyright holders.
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4.6 DTI data preprocessing

Susceptibility artifacts can lead to distortion in echo planar imaging (EPI). Although
our dataset showed minimal distortion, we chose not to perform distortion correction
because some field maps were corrupted by motion, posing a potential risk to data
quality.

The diffusion-weighted imaging (DWI) procedure included 96 diffusion
encoding directions divided into three parts with varied numbers of directions (31,
32, and 33). These directions were equally dispersed in 3D space, resulting in a full
96-direction protocol for each part, lasting roughly 6 minutes. The matrix size is 104
X 104 for each slice in the DWI sequence. Acquisiton time was approximately 18
minutes.

We chose 60 diffusion directions at b = 1000 s/mm? for our work, along with
three b = 0 s/mm? images, because a greater number of diffusion directions allows for
more robust tensor model fitting and improves outcome accuracy in infant data. The
sequences were obtained using a 2 mm?3 isotropic spin echo EPI sequence (field of
view 208 mm; 64 slices; repetition time 8500 ms; echo time 90 ms). Then, good
quality b0 volumes were aligned, averaged, and shifted to the beginning of the four-
dimensional (4D) series in each of the three DWI segments. FSL (FMRIB Software
Library v. 5.0.9) and FSL's Brain Extraction Tool were used to produce a brain mask
from the specified b0 volume (Smith, 2002). To assess the quality of each diffusion
dataset, the DTIprep program version 1.2.4 was employed (Oguz et al., 2014).

By co-registering and averaging the b0 volumes of each segment, the three DWI
segments containing quality-controlled data were combined. The related DWI data
were converted, and the b-matrix was adjusted to account for the rotational
component of the transforms. These merged datasets had a varying number of
diffusion encoding directions, more than 60 in some cases, which were then decreased
while retaining an equitable distribution of encoding directions and maximizing
angular resolution (Roalf et al., 2016). FSL tools were used to perform motion and
eddy current adjustments, and the residual motion correlation was determined to be
small (Merisaari et al., 2019). Finally, we produced MD metrics by running the 4D
diffusion dataset via FSL's dtifit, ensuring that the modeling was constrained to brain
tissue alone by using the brain mask.

4.6.1 Mean diffusivity metrics

The diffusion data were aligned with the T1-weighted data to extract the amygdala
MD metrics. We isolated the b0 volume containing raw T2 signal with no diffusion
weighting from the diffusion datasets and aligned it with the nonuniformity-corrected
T1-weighted data in its native space. Then, the resulting transformation was
combined with the transformation from native to a stereotaxic group average template
space, and this combined transformation was applied to each DTI map, overlaying
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them onto the T1-weighted data in stereotaxic space. The diffusion data were
captured at a resolution of 2 mm3 isotropic. Removing partial volume effects
completely would have led to the exclusion of many measurements within small
structures such as the amygdala. To address this, we applied a 1.5 mm erosion to the
amygdala labels. This erosion helped mitigate most of these effects while still
allowing us to retain enough DTI measures for statistical analysis. Subsequently, we
used these eroded labels as masks to compute the mean of the remaining measures in
each DTI map.

4.7 Statistical methods

4.7.1 Study |

The objective of this study was to develop a practical manual segmentation method
for the amygdala and hippocampus in infant brain MRI scans. The protocol was
evaluated using both T1- and T2-weighted MR images. Additionally, we conducted
a comparative analysis between data segmented using iBEAT software and manually
segmented data. The manual segmentation volumes were analyzed descriptively,
presenting mean and standard deviation (SD) values. Hemispheric volume disparities
for both the right and left amygdala and hippocampus were examined using a paired
t-test, with statistical significance defined as p-values < 0.05. The data distribution of
the sample did not significantly differ from a normal distribution and was evaluated
through visual confirmation and the Shapiro-Wilk test. The statistical analyses were
performed using SPSS version 24, Armonk, NY, United States. Additionally, the
Dice Similarity Coefficient (DSC), introduced by Dice in 1945, was calculated using
Python version 2.7 to estimate the level of volumetric overlap between the
delineations.

4711 Intra-rater reliability

Re-segmentation on 12 randomly selected MR images from 12 different participants
assessed stability and intra-rater reliability. Six of these MR images were segmented
at 1-month intervals, while the other six were segmented at 6-month intervals. Intra-
rater reliability assessments for the left and right amygdala and hippocampus were
determined utilizing the two-way mixed-model and absolute agreement Intraclass
Correlation Coefficient (ICC) method, along with the Dice Similarity Coefficient
(DSC) (Shrout & Fleiss, 1979).
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4.7.1.2 Reliability between the raters

Two novice raters re-segmented 20 randomly selected MR images from the initial 31
images to assess inter-rater reliability. Each rater segmented the amygdala and
hippocampus in 10 brains, blind to gender and age. A two-way mixed-model,
absolute agreement, and multiple rater ICC were used to calculate inter-rater
reliability using segmented structure volumes (Koo & Li, 2016; Shrout & Fleiss,
1979). DSC was also used to assess the volumetric overlap of the left and right
amygdala and hippocampus between rater 1 and the primary rater, as well as between
rater 2 and the primary rater.

4.7.1.3 T1- and T2-weighted MR image manual segmentation

Following the protocol produced, manual segmentation was performed on a set of 10
T1- and T2-weighted images derived from identical participants. This discrepancy in
contrast between T1- and T2-weighted images arises due to the ongoing myelination
process and increased water content within the infant brain, leading to a reduced
contrast in T1-weighted images in comparison to T2-weighted images (Dean et al.,
2018). In infants, the intensity pattern of white and gray matter in T1-weighted
images resembles that of adult T2-weighted images, where white matter appears with
lower intensity than gray matter (Dean et al., 2018; Paus et al., 2001). On the contrary,
the distinction between the white and gray matter in T2-weighted images of infants
within this age range resembles that observed in T1-weighted images of adults.

Through modifications to the image's brightness and contrast settings, it becomes
possible to distinguish the amygdala and hippocampus in T1-weighted images,
although this clarity falls short of that achieved in T2-weighted images. The volume
differences between the left and right hippocampus and amygdala in both T1 and T2
images of identical participants were derived from the segmentation data. To assess
the coherence between T1 and T2 manual segmentation, calculations for the ICC and
DSC were performed. While T2-weighted MR images provide better tissue contrast
during this developmental stage, T1-weighted MR images were included in the
protocol to explore their potential interchangeability, particularly in cases where T2-
weighted images may be affected by motion artifacts.

47.1.4 Manual versus automated segmentation

Automated segmentation was performed using the iBEAT software, while manual
segmentations were carried out through the Display software, both applied to 10 T2-
weighted MR images. Due to iBEAT's limitation in accepting infants' T1-weighted
images, solely T2-weighted images were employed for the comparative analysis with
manual segmentation. To validate the accuracy of iBEAT's automated segmentation
outcomes for the limbic structures (specifically, the hippocampus and amygdala), a
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comparison was made between the volumetric outcomes obtained from iBEAT and
the volumes manually defined.

The volumetric outcomes from both iBEAT's software and manual segmentation
were compared. Furthermore, the discrepancy in outcomes between automated and
manual segmentation was quantified as a percentage through the formula %VD =
(T.Va - Vm) / Vm * 100% (Schoemaker et al., 2016). In this formula, negative
percentages signify an underestimation of automated segmentation volumes in
relation to manual segmentation, while positive percentages indicate an
overestimation of volumes in comparison to manual segmentation. Additionally, ICC
and DSC analyses were conducted on the extracted volumes for both automated and
manual segmentations.

4.7.2 Study Il

This study investigated the impact of PMDS on the amygdala MD metrics in infants
aged 11-54 days, assessed through the EPDS questionnaire, across GW 14, 24, and
34. Moreover, potential sexually dimorphic associations between PMDS and
amygdala MD metrics were explored.

IBM SPSS version 25 (IBM Corp., Armonk, NY) and R version 3.6.3
(http://www.r-project.org/) were used for statistical analyses. The production of
figures was facilitated by ParaView, ITK-SNAP, and FSLeyes software (Ayachit,
2015; Jenkinson et al., 2012b; Yushkevich et al., 2006).

The distribution normality of MD metrics across participants was assessed, and
no statistically significant deviations from normal distributions were observed (p >
0.05). Associations among maternal and infant demographics, EPDS, and MD
metrics were reported through bivariate Pearson correlations, one-way ANOVA, and
two-sample t-tests between measurement variables and nominal variables.

Covariates were examined with both EPDS and MD, and those that had a
significant association with either EPDS scores or MD metrics were chosen for
further analysis. Maternal use of SSRIs, SNRIs, other CNS-affecting medications,
maternal age at due date, economic situation based on parent(s) perspective obtained
through questionnaires, maternal pre-pregnancy BMI, infant 5-min Apgar score, and
infant weight at birth were all considered for inclusion in the models. All analyses
included newborn age at scan time, infant GW at birth, and infant sex in the models.

Multiple linear regression models were employed to investigate the connections
between EPDS score timepoints (GW14, 24, and 36) and MD metrics of the right and
left amygdala. Associations were analyzed separately for each side of the amygdala
and for each pregnancy time point (GW14, GW24, and GW34). Consequently, a total
of 6 models were employed for the main effects analysis, and 6 models were used for
investigating sex-specific associations. Sex interactions with EPDS scores and
amygdala MD metrics were examined using models that introduced a sex-EPDS
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score interaction term. False-discovery rate (FDR) corrections (Benjamini &
Hochberg, 1995) were applied to p-values to address multiple comparisons. Separate
FDR corrections were conducted for the six main effects analyses (MD ~ EPDS +
covariates) and the six sex interactions analyses (MD ~ EPDS*sex + covariate). The
threshold for statistical significance was set at 0.05 for both uncorrected and corrected
p-values.

For significant outcomes, sensitivity analyses were conducted by iteratively
adding and removing the individual covariates mentioned above in a leave-one-out
manner within the multiple linear regression tests. Multiple comparison corrections
were not applied in the sensitivity analysis.

4.7.3 Study Il

The purpose of this study was to explore the relationship between infants' amygdalae
MD metrics measured between 11 and 54 days after birth and their attention to facial
expressions at 8 months. Following that, we investigated gender-specific
associations.

Statistical analyses were performed using R v. 3.6.3 (http://www.r-project.org/).
The Kolmogorov-Smirnov statistics, skewness, and kurtosis of the main interest
variables did not violate the assumptions of normality, so parametric methods were
used to analyze the associations. First, multiple linear regression was used to examine
the associations between right and left amygdala MD metrics and disengagement
probability in control, neutral, happy, and fearful faces after controlling for infant age
at the MRI scan (age from birth). Second, a sex-specific interaction between infant
sex and disengagement probability from faces was examined. The level of statistical
significance in all analyses was set at 0.05.
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5 Results

5.1 Manual segmentation protocol and comparison
with automated methods (study 1)

To evaluate intra-rater reliability, we computed ICC and DSC scores at two time
points (1-month and 6-month intervals). The volumes of the segmented left and right
amygdala and hippocampus at these intervals are represented in Figure 12. The ICC
and DSC scores for intra-rater reliability revealed high levels of consistency (ICC
ranging from 0.91 and DSC between 0.89 and 0.94). This signifies the robust
replicability of manual tracings by a single rater. Notably, strong ICC and
satisfactory DSC outcomes for hippocampus tracings were reported among raters
(ICC of 0.90 and DSC of 0.75). The amygdala tracing also exhibited high ICC scores
(ICC of 0.92), although the DSC scores indicated moderate agreement between the
raters for amygdala segmentation (DSC of 0.52). The outcomes suggest that there
were no notable variations in volumes among these structures (Figure 13).
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Figure 12. A) The measurements of the segmented (dark gray) and re-segmented (light gray)
volumes of the left and right amygdala and hippocampus at 1-month intervals, and B) 6-
month intervals after the initial segmentation. The figure appears in the original
publication of study | and is reprinted with the permission of the copyright holders.
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Figure 13. Displayed are segmented volumes of the left and right amygdala and hippocampus for
10 subjects in T2 images. (A) Rater 1 (dark gray) and primary rater (light gray) results
are shown. (B) Rater 2 (dark gray) and primary rater (light gray) results are depicted. The
figure appears in the original publication of study | and is reprinted with the permission of
the copyright holders.
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51.1 Comparing manual segmentation in T1- vs. T2-
weighted MR images

Manual segmentation of the amygdala and hippocampus volumes within T1- and T2-
weighted MR images of the same participants yielded slightly discrepant results.
Generally, the volumes derived from manual segmentation in T2 images exhibited
lower values, likely attributed to enhanced border contrast. Consequently, the manual
segmentation performed on T1 images slightly overestimated the volumes of both the
left and right amygdala and hippocampus. Robust ICC and DSC scores were evident
in amygdala and hippocampus segmentation within both T1 and T2 images (ICC >
0.90 and DSC > 0.74).

5.1.2 Automated vs. manual segmentation

Manual delineation yielded different hippocampus and amygdala structural volumes
than iBEAT automated segmentation. Automated segmentation resulted in
significantly higher volumes for both the left and right amygdala and hippocampus
when contrasted with manual segmentation. The average percentage volume
difference for the left amygdala was 111.8% with a standard deviation of 71.6, while
for the right amygdala it was 55.9% with a standard deviation of 70.5. For the left
hippocampus, the mean percentage volume difference was 130.3% with a standard
deviation of 32.8, and for the right hippocampus, it was 128.4% with a standard
deviation of 39.3. The ICC and DSC results between manual segmentation and
automated segmentation methods for the left and right amygdala and hippocampus
were not strong (ICC =0.07 and DSC = 0.39) (Figure 14 and Figure 15).
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manual segmentation, respectively. The figure appears in the original publication of study
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Figure 15. Manual and automated amygdala (A) and hippocampus (B) segmentation in T2 images.
A comparison of automated and manual segmentation in a 3D surface render (C). The
figure appears in the original publication of study | and is reprinted with the permission of
the copyright holders.
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Summary: A neonatal MR image segmentation protocol for the amygdala and
hippocampus was developed. Its reliability was evaluated for both inter- and intra-
rater assessments. Intra-rater reliability demonstrated high consistency, and inter-
rater reliability was found to be satisfactory. Furthermore, a comparison of manual
and automatic segmentation using iBEAT revealed a lack of agreement.

5.2 P)MDS and amygdala diffusion properties (study
I

Mothers with lower EPDS scores had a better economic status during GW 24 and 34.
Maternal age was negatively correlated with EPDS scores during GW 14. In infants,
there was a negative correlation between maternal EPDS scores at gestational week
34 and 5-minute Apgar scores. Additionally, greater MD measurements of the left
amygdala were strongly linked with child age from birth at scan time (Table 3).

Multiple linear regression analyses indicated no significant main effects of EPDS
scores (GW 14, 24, and 34) on MD metrics in the left or right amygdala, after
accounting for prenatal and postnatal factors. A notable sex interaction effect was
identified for EPDS GW 14 scores on MD in the left amygdala (Table 4). Boys
showed a stronger positive link between EPDS GW 14 and left amygdala MD than
girls after controlling for prenatal and postnatal factors (Figure 16). The significance
of the sex interaction effect persisted in sensitivity analyses (p < 0.050).

Table 3. Correlations between the EPDS scores, the amygdala mean diffusivity (MD), and the
demographics (* p < .05, ** p <.01).

Variables EPDS EPDS EPDS MD LA MD RA
GW 14 GW 24 GW 34
Maternal pre-pregnancy BMI, r -0.06 -0.00 0.07* 0.94 0.19
Mother’s age at due date (years), r |-0.32** -0.23* -0.19 -0.12 0.01
Infant gestational age at birth (week), r | -0.01 0.05 0.05 0.15 -0.14
Infant age at the scan date (days), r |0.03 0.02 0.00 -0.42** -0.05
Birth weight (grams), r -0.07 0.01 0.06 0.01 -0.06
Apgar, 5 min, r -0.08 -0.12 -0.14* -0.12 0.02
Economic situation, p P=001 ([P=0.04 |P=0.03 |[P=0.80 P=0.33
Very good, mean (SD) 35(3.4) [2.0(1.7) [3.2(2.6) [1.05(0.04) [1.05 (0.02)
Fairly good, mean (SD) 51(5.5) [5.2(54) [4.6(5.1) [1.04(0.04) |1.04(0.04)
Not good, mean (SD) 6.2(5.0) |6.2(5.0) (6.1(4.8) |1.04(0.04) |1.05(0.03)
Fairly bad, mean (SD) 9.9 (6.0) [9.9(6.0) [12.0(4.4) [1.04 (0.04) |[1.07 (0.04)
Very bad, mean (SD) 0.0 (NA) [0.0 (NA) [0.0 (NA) [0.0 (NA) 0.0 (NA)
Prenatal medication use of SSRI [P=0.02 [P=0.38 |P=0.31 |P=0.13 P =0.90
and SNRIS, p
yes, mean (SD) 8.2(6.1) [8.2(5.6) [8.8(7.4) |1.07(0.08) |8.2(5.6)
no, mean (SD) 54 (5.1) |5.4(.1) [5.4(5.0) [1.04(0.03) |1.05(0.03)

Table 3 footnote | Table 3 is adopted from original publication Il with the permission of the copyright
holders.
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Table 4. The interaction effect of EPDS and sex after controlling for maternal use of SSRIs and
SNRIs, other CNS-affecting medications, maternal age at the due date, economic
situation, maternal pre-pregnancy BMI, infant 5-min Apgar score, infant weight at birth,
maternal age at the due date, infant age at scan, infant GW at birth, and infant sex on
amygdala MD metrics is presented. Estimates (), standard error (SE), uncorrected p-
values (P), and FDR-corrected p-values (P(FDR)) * p < .05).

Multiple regression Left amygdala Right amygdala
model B SE P P(FDR)| B SE P P(FDR)

SEX ™ EPDS GW 14 + -005 .002 .006* .036* |-002 .002 283 .351

CONTROL VARIABLES

SEX * EPDS GW 24 +

CONTROL VARIABLES -.002 .002 .351 351 | -.003 .002 .224 .351
SEX* EPDS GW 34 +

CONTROL VARIABLES -.002 .002 .344 351 | -.003 .002 .147 351

Table 4 footnote | Table 4 is adopted from original publication Il with the permission of the copyright
holders.
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Figure 16. The interaction between EPDS scores at GW 14 and infant sex in relation to the MD of
the left amygdala in infants is illustrated, following adjustment for both prenatal and
postnatal factors. The figure appears in the original publication of study Il and is reprinted
with the permission of the copyright holders.

Summary: We found no main EPDS effects on the amygdala MD after accounting
for prenatal and postnatal factors. A significant sex interaction showed boys had a
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stronger positive link between EPDS GW 14 and left amygdala MD than girls,
surviving multiple comparisons and sensitivity analyses (p < 0.05).

5.2 Emotional face perception and amygdala
diffusion properties (study IlI)

Left and right amygdala MD measurements were correlated (r = .70, p =.001). The
scrambled non-face control picture disengagement probability was negatively
connected with infants’ birth weight (r = -.38, p = .019). A negative connection was
seen between left amygdala MD and MRI age (r = -.41, p = .007). Age at eye-tracking
date was negatively linked with scrambled non-face control picture disengagement (r
=-.37, p =.024) and positively with infants’ birth weight (r = -.34, p = .042). Table
5 shows variable intercorrelations.

Table 5. The Pearson correlations were calculated for various variables, including disengagement
probability (DP) from scrambled non-face control pictures (Cs), neutral (Ne), happy (Ha),
and fearful (Fe) pictures, mean diffusivity (MD) measures of the left (MD LA) and right
amygdala (MD RA), birth weight (BW), age at the MRI date (MRl Age), head
circumference (HC), and age at eye-tracking (ET Age). Significance levels were indicated
by asterisks (* p < .05, ** p <.01).

MRI
DPCS [DP Ne |(DPHa |DPFe |[MDLA [MDRA |BW |Age HC ET Age

DPCS |1
DP Ne |.397° |1
DP Ha |.611" |.692" |1
DP Fe |.282 690" |.426™ |1
MD LA |.188 -.087 -.004 |-.061 1
MD RA |.121 -.290 -.170 -311 708" |1
BW -.380" |[-.222 -.101 -.122 -.020 |[-.060 1
MRI Age| -.187 |-.159 -.285 -.067 -418™ | -.096 -104 |1
HC -077 |-.215 -.117 .028 .240 .246 463" |-.092 1

ET Age |-.371" |-.088 -.144 .025 -202 |-.204 .346* |.153 299 |1

Table 5 footnote | Table 5 is adopted from the original publication Il with the permission of the
copyright holders.
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Infants exhibited a significant tendency to sustain attention towards fearful (the
mean probability of attention disengagement, M = .40) rather than happy (M = .53),
neutral (M = .56), or scrambled non-face control pictures (M = .75), indicative of an
age-typical inclination towards fearful facial expression. In the overall sample,
significant associations emerged between the right amygdala MD values and
disengagement probability from fearful faces, after controlling for infant age at the
time of MRI scans. A negative correlation was found between the probability of
disengagement from fearful faces and the measures of MD in the right amygdala (B
=-.058, p =.047), as depicted in Figure 17. However, no significant associations were
observed between MD measures in either the left or right amygdala and
disengagement probabilities in other conditions (p > .05).

Additionally, analyses considering sex interactions did not reveal any significant
relationships between amygdala MD measures and the likelihood of attentional
disengagement from faces depicting fear, happiness, or neutrality. Nevertheless, a
significant sex-interaction emerged in relation to disengagement probabilities from
scrambled non-face control pictures after controlling for infant age at the time of MRI
scans. Specifically, among girl participants, there was a significant correlation
observed between MD values in both the right and left amygdala and a heightened
likelihood of disengagement from scrambled non-face control pictures (for right
amygdala MD, B = .130, p = .021, and for left amygdala MD, 8 = .19, p = .013)
(Figure 18).
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Summary: Increased right amygdala MD values were associated with lower
disengagement from fearful faces in infants. In terms of sex differences, elevated MD
levels in both the right and left amygdala correlate with heightened disengagement
probability from scrambled non-face control pictures in girl participants.
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6.1 Manual segmentation protocol and evaluation
of manual versus automated segmentation
methods (study I)

We established a robust protocol for manual segmentation of the amygdala and
hippocampus structures in MR images of infants, yielding precise delineations for a
single rater. Inter-rater assessments for the hippocampus demonstrated high ICC and
DSC values, while those for the amygdala demonstrated high ICC and satisfactory
DSC values. These findings are likely attributable to systematic disparities between
raters and the amygdala's smaller dimensions and intricate characteristics. Despite
suboptimal alignment between manual tracings and automated segmentation results,
we express confidence in the efficacy of iBEAT software for the majority of brain
segmentation tasks (Lehtola et al., 2019). This underscores the crucial need for a
thorough assessment of automated segmentation software and its results.

Based on our observations, we found that the general structure of infants'
amygdala and hippocampus resembles that of adults, nevertheless, the identification
of the lower and lateral boundaries of both structures presents greater challenges. Our
segmentation protocol was designed to incorporate macro-anatomical features and
boundaries, with a specific focus on excluding the fornix and parahippocampal gyrus
from the hippocampus and accurately delineating the boundaries of the amygdala and
hippocampus near the temporal horn of the lateral ventricles. We systematically used
all three planes (sagittal, axial, and coronal) for the identification of structures and
boundaries, in contrast to some other studies that primarily rely on a default view and
only incorporate additional planes when deemed necessary (Alexander et al., 2017;
De Macedo Rodrigues et al., 2015b; Gousias et al., 2012). This protocol underwent
testing by two raters with limited prior experience in brain manual segmentation, and
they swiftly adopted this approach.

The protocol was used to compare manually segmenting T1- and T2-weighted
images of the same participants. Unlike T1-weighted images, manual delineation of
infant T2-weighted images was easier due to better boundary contrast. Although T1-
and T2-weighted image segmentations were similar, there were slight differences.
T1-weighted image-based amygdala and hippocampus volumes slightly
overestimated those from T2-weighted images. The robust correlation and high DSC
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scores observed between T1- and T2-weighted images provide compelling evidence
that these two imaging types can be seamlessly substituted for one another in related
studies when either is unavailable.

We evaluated the iBEAT software's accuracy compared to manual segmentations,
considered the "gold standard." Unfortunately, iBEAT's automatic segmentation
could not be validated against manual segmentation. iBEAT significantly
overestimated amygdala and hippocampus volumes, likely due to limited infant brain
MR image contrast.

6.2 P)MDS and amygdala diffusion properties (study
Il

We employed a longitudinal approach to measure PMDS at various stages of
pregnancy, providing a comprehensive assessment of its prevalence across the
gestational period. We also investigated potential sex differences. Our studies
revealed no significant effects of EPDS scores on amygdala MD. However, a
significant sex interaction effect was observed. Higher PMDS levels at GW 14 were
associated with a significant increase in left amygdala MD in boys compared to girls.
Notably, these findings remained significant after undergoing multiple comparisons
and sensitivity analyses.

It is uncertain why PMDS affects fetal development differently in boys and girls.
Based on our findings, it appears that boys may exhibit a greater susceptibility to the
effects of PMDS. This could be explained by different placental responses to
glucocorticoids in male and female pregnancies (Clifton, 2010). Elevated maternal
cortisol levels can change placental gene expression and protein synthesis, limiting
female fetus growth and survival (Clifton, 2010). On the other hand, pregnancies with
male fetuses, result in fewer placental function alterations, which ensures growth in
an adverse maternal environment, while increasing the possibility of other risk factors
(Clifton, 2010). Moreover, shortly after birth, male infants display greater volumes
of cortical gray matter, white matter, and subcortical gray matter in comparison to
female infants, with these distinctions emerging during prenatal brain development
(Gilmore et al., 2007). This phenomenon potentially leads to the development of
more neural connections, myelin, and synapses in male brains, making them more
susceptible to the adverse effects of PMDS and increasing the risk of
neurodevelopmental disorders (Alonso-Nanclares et al., 2008). Additionally, male
infants exposed to elevated levels of PMDS during infancy may experience increased
anxiety, impaired motor skills, and sleep disturbances (Gerardin et al., 2011; Hay et
al., 2019). The type, severity, timing, and age of the offspring at the time of the study
affect whether girls or boys are more vulnerable to PMDS (Bale et al., 2015; Glover
etal., 2010).
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Maternal cortisol can cross the placenta and alter the fetal hypothalamic-
pituitary-adrenal (HPA) axis permanently, impacting cognitive and behavioral
function later in life (Glover et al., 2010; Rakers et al., 2016). The enzyme 11-beta
hydroxysteroid dehydrogenase 2 (11B-HSD2) controls placental glucocorticoid
metabolism, converting cortisol into its inactive form (Benediktsson et al., 1997; V.
E. Murphy & Clifton, 2003). While it typically deactivates most of maternal cortisol,
the fetus has less protection during early pregnancy when placental 11p-HSD2 levels
are lower or inactive (Rakers et al., 2016). Our findings indicate that PMDS may have
more pronounced effects when experienced in early pregnancy rather than later
stages. The negative impacts of early pregnancy exposure to cortisol are likely more
related to maternal susceptibility than fetal susceptibility, given that the fetal HPA
axis doesn't produce cortisol until late gestation (Magyar et al., 1980; Rakers et al.,
2016). Studying PMDS at various pregnancy stages will help to pinpoint vulnerable
prenatal periods.

6.3 Emotional face perception and amygdala
diffusion properties (study III)

Our study found the first substantial connection between the amygdala MD and
infants' disengagement probability from fearful faces. Infants with higher right
amygdala MD were less likely to shift their attention away from fearful stimuli
towards salient lateral distractors compared to non-fearful stimuli (happy or neutral).
These results support past research that indicates the amygdala's attentional bias in
processing fearful facial emotions relative to other facial expressions (Tuulari et al.,
2020; Vuilleumier, 2005; Whalen et al., 2001). Although the precise neural processes
responsible for directing newborns' attention to fearful faces are not yet fully
understood, recent studies propose that both the amygdala and orbitofrontal cortex
play roles in processing a wide range of facial emotions, rather than exclusively the
facial expressions related to fear (D. A. Fitzgerald et al., 2006). The sensitivity of the
infant amygdala to emotional cues plays a crucial role in early emotional and social
development. Consequently, the amygdala's involvement in emotion perception and
recognition appears to be more modulatory and temporally protracted (Adolphs,
2010). This shows that the amygdala's role in emotion processing entails influencing
and managing emotional responses over time rather than simply recognizing
emotions instantly. It implies that the amygdala not only identifies emotions but also
shapes and extends the emotional experience.

In our sex-interaction analysis, female infants showed stronger connections
between the probability of disengaging attention from scrambled non-face control
images and MD of both the right and left amygdala compared to male infants.
Specifically, higher MD was linked to increased attention disengagement from the
scrambled images to distractors. The underlying mechanisms of these findings remain
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unclear. Killgore et al., 2001 found sex variations in amygdala responses to faces and
emotional stimuli. Women have a higher bilateral amygdala response to emotional
stimuli than men (Hamann, 2005; Killgore et al., 2001). Women's increased
emotional reactivity may be due to sex variations in amygdala reactions to faces (Hall
& Matsumoto, 2004). However, the evidence is inconclusive. Other studies indicate
that the amygdala tends to show higher activation in men, particularly in response to
emotional stimuli (Derntl et al., 2009; Kret et al., 2011). These results indicate that
amygdala responses to emotional stimuli vary by sex, but additional research is
needed to better understand these differences.

6.4 Laterality of the amygdala in response to PMDS
and fearful stimuli (studies Il and I11)

In study 11, we found that the left amygdala MD is associated with PMDS, while in
study 111, the right amygdala MD is associated with the probability of disengagement
from fearful facial stimuli. Prior research on the lateralization of amygdala function
in each hemisphere shows that left and right amygdalae interpret information
differently (Baas et al., 2004). The left amygdala's susceptibility to the effects of
PMDS may be linked to the left hemisphere's accelerated growth during the prenatal
phase (Andescavage et al., 2017). Furthermore, patients with major depressive
disorder often exhibit reduced connectivity with more regions than the right amygdala
(Ramasubbu et al., 2014). Additionally, positive associations have been identified
between PMDS and the left amygdala's connectivity with other brain regions (Qiu et
al., 2015). Furthermore, elevated pregnancy-specific anxiety relates to reduced left
amygdala volumes in offspring (Acosta et al., 2019). This consistency in findings
strengthens the argument that PMDS can influence the left amygdala and its
connectivity with other brain regions. Similarly, some studies have indicated that the
left amygdala shows a primary response to fearful events and faces (Hardee et al.,
2008; Tuulari et al., 2020). On the contrary, multiple studies have demonstrated that
the presentation of fearful facial expressions elicits greater activation in the right
amygdala compared to the left amygdala (Framorando et al., 2021; Liddell et al.,
2005; Morris et al., 1999). The potential reason for the right amygdala's reaction to
fearful facial expressions may be attributed to its connectivity with the brain's visual
processing regions. The aforementioned association facilitates the prompt and
efficient identification and reaction to stimuli that are perceived as threatening or
inducing fear. Consequently, this leads to an intensified response from the extrastriata
cortex, achieved by the quick transmission of signals from the amygdala to the visual
regions. While the initial recognition of stimuli is primarily attributed to the right
amygdala, the left amygdala, characterized by a slower response, may assume a more
substantial role in the subsequent processing and interpretation of the identified
stimuli (Bonnet et al., 2015; Sergerie et al., 2008). However, the matter of laterality
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is frequently not explicitly addressed due to variations in stimuli, task design, and
data analysis across different experiments. (Hardee et al., 2008). As a result, there
remains limited understanding regarding potential distinctions between the roles of
the left and right amygdala in responses to PMDS exposure or the processing of
fearful stimuli.

6.5 Amygdala MD in response to PMDS and fearful
stimuli (studies Il and IlI)

In study I1, higher PMDS levels were linked to increased left amygdala MD in boys.
In study I, higher right amygdala MD was associated with lower disengagement
probability from fearful stimuli, and also correlated with increased attention shift
from scrambled non-face control pictures in girls. These findings indicate a
correlation between PMDS and changes in amygdala microstructure in infants,
highlighting the potential impact of maternal mental health on developing brains.
Moreover, the higher MD measures in the amygdala could be an early sign of
vulnerability to difficulties in regulating fear responses. This vulnerability may
manifest as challenges in disengaging from potential threats, particularly during
infancy, when emotional regulation is developing.

Although the specific MD changes in these contexts are not entirely clear,
previous studies have suggested various physiological mechanisms could potentially
account for these alterations. Typically, there is a trend of decreasing MD in infancy,
childhood, and adolescence, which is often a sign of normal brain maturation and
higher functional adaptation (Aeby et al., 2009; Dubois et al., 2008; Lebel et al., 2010;
Moura et al., 2016; Pohl et al., 2016; Takeuchi et al., 2016; Taki et al., 2013; Tamnes
et al., 2010; Yoshida et al., 2013). Therefore, increased MD may indicate delayed
development of the amygdala, suggesting that fear processing functions are less
developed compared to what is typically expected for that age (Cismaru et al., 2016).
Factors such as the distribution of water content within intracellular and extracellular
compartments can affect the diffusion of water molecules and therefore impact the
MD signal (Gillespie et al., 2017). An elevated MD value suggests enhanced
facilitation and accelerated mobility of water molecules in the tissues (Cherubini et
al., 2010). The elevation in MD could potentially be attributed to underlying
mechanisms, including disturbances in the integrity of tissue microstructure,
enlargement of extracellular spaces, reduction in neuronal size, and alterations in
synaptic activity (Cherubini et al., 2010; De Gennaro et al., 2011; Gillespie et al.,
2017; Kantarci et al., 2005).

Anxiety, traumatic brain injury, cognitive impairment, and Alzheimer's disease
have all been linked to increased amygdala MD, which is associated with decreased
microstructural integrity (Cherubini et al., 2010; Juranek et al., 2012). Interestingly,
the increased MD levels have also been associated with improved empathy,
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cooperativeness, and cognitive capability (Takeuchi et al., 2019). Moreover,
electroconvulsive therapy has been shown to reduce left amygdala MD in individuals
with treatment-resistant depression, implying potential microstructural integrity
normalization (Yrondi et al., 2019).

It's noteworthy that as these infants grow older, the discrepancies in amygdala
MD may tend to align more closely with typical developmental patterns. However,
further longitudinal studies are needed to elucidate the long-term trajectory of
amygdala development and its implications. Furthermore, incorporating the wider
perspective of intergenerational effects on early brain development is essential for
comprehensively assessing the implications of amygdala MD changes in infancy.
While increased amygdala MD values may indicate disruptions in microstructural
properties, it is evident that the implications of increased amygdala MD are complex,
uncertain, and require further investigation.

6.6 Significance of the findings

These three studies provide insights into various aspects of infant brain development.
The first study focused on producing a segmentation protocol for the amygdala and
hippocampus in neonatal MR images, highlighting the need for improved automated
segmentation procedures for infant brain imaging. The second study revealed a sex-
dependent relationship between PMDS and amygdala microstructure, with potential
implications for neuropsychiatric outcomes. Finally, the third study uncovers
associations between amygdala microstructure and infants' responsiveness to
emotional face stimuli, shedding light on the early neural basis of emotional
development. Together, these findings contribute to our understanding of infant brain
development and its links to prenatal factors, emotional processing, and neural
microstructure.

6.7 Strengths and limitations

One of the main strengths of this thesis is the development of manual segmentation
techniques used for the amygdala and hippocampus delineations, which proved
highly accurate. These techniques were specifically adapted for the unique infant
brain anatomy, reflecting two years of dedicated work, and ensuring the results'
robustness and precision.

Although the primary interest was amygdala and hippocampus segmentation, it's
noteworthy that we also conducted manual segmentation for all subcortical structures.
The segmentation was then used for developing the FinnBrain Neonate (FBN-125)
template and generating labeled atlases.

Additionally, the up-sampled high-resolution MR images with a voxel size of 0.5
mms3 and DTI data with a spatial resolution of 2 mm? provide exceptional levels of
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detail. The improved amygdala labeling procedure and the applied 1.5 mm erosion
technique likely reduced partial volume effects, enhancing data accuracy. The use of
a high number of diffusion directions (60) further strengthened the precision of tensor
model fitting and improved outcome accuracy, which is particularly advantageous in
infant brain imaging, characterized by lower resolution and potential motion artifacts.
Another strength of the thesis lies in the use of DTI, particularly in its focus on
amygdala MD metrics, a measure previously unexplored in studies of a similar nature.
With the isotropic nature of diffusion in gray matter, MD provides a more informative
assessment of amygdala microstructure and other gray matter structures.

Another advantage of this thesis is the longitudinal design, which provides
valuable insights into the prevalence of PMDS throughout the pregnancy, including
all trimesters, addressing previous limitations. Furthermore, we explored sex as a
contributing factor, enhancing our understanding of potential sex differences in
PMDS exposures. Additionally, the inclusion of eye-tracking as a tool for assessing
infant attention is a noteworthy strength. It offers an accurate method for studying
attention and emotional processing in infants who have not yet developed language
skills.

Several limitations are present in this thesis. The manual segmentation protocol
demonstrated high Dice coefficient scores in the intra-rater test. However, when
evaluating inter-rater reliability for the amygdala, the Dice coefficient values were
not as high. This discrepancy is likely linked to systematic variations between raters
and the inherent complexities associated with delineating the amygdala due to its
small size. These limitations could involve DTI's resolution parameters being
insufficient to capture the intricacies of such areas, necessitating improvements in
techniques to overcome these challenges (Salat, 2013).

While we improved data quality using up-sampled high-resolution MRI images
(0.5 mm?3) for amygdala delineation, we only analyzed the entire amygdala without
segmenting its individual nuclei, missing insights into their roles in emotional
processes. The basolateral and central nuclei of the amygdala, for example, are
important in fear learning and the expression of fear reactions (Beyeler & Dabrowska,
2020; Yau et al., 2021), as are the effects of depression on the amygdala, especially
on the medial nucleus (Roddy et al., 2021). However, this is challenging in infants
due to their small brain size and lower brain MR and DTI image resolution.

Another drawback of this thesis is the reliance on self-reported PMDS data, which
may introduce potential biases and inaccuracies due to recall bias or social desirability
bias. Furthermore, the study's geographical focus on a region characterized by high
income and relatively strong social support may restrict the applicability of its
findings to a more diverse population.
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7 Conclusions

Study 1: Accurate segmentation techniques are indispensable for studying developing
brains. The absence of both manual and automated segmentation protocols tailored
for infants poses a significant challenge in the field of pediatric neuroimaging. This
study provides a manual segmentation protocol to create a validation dataset for
neonatal brain imaging. This protocol aims to improve manual segmentation and
assess automated segmentation techniques.

Study 2: This study revealed links between PMDS and infant amygdala
microstructure development. Notably, early pregnancy PMDS was associated with
increased MD in the left amygdala among boys but not girls. Further research is
needed to elucidate the mechanisms and potential impacts of these alterations in the
amygdala on the mental health of offspring.

Study 3: In conclusion, this study explored how amygdala microstructure is related
to attention disengagement, both in response to emotional faces and non-emotional
stimuli during infancy. Higher right amygdala MD was associated with delayed
attention disengagement from fearful faces in the entire sample, and in girls, greater
bilateral amygdala MD facilitated higher disengagement from non-face stimuli.
Future research should explore the underlying mechanisms behind observed results
and the factors influencing predictive value for emotional and social behaviors in
offspring. This includes considerations of genetics, environment, and social dynamics
to enrich our understanding.

7.1 Future directions

Future research should prioritize the development of both manual and automated
segmentation techniques tailored specifically for infant brain imaging. Enhancing
these segmentation methods is crucial for precise brain structure delineation and
advancing our understanding of early neurodevelopment in infants. Enhancing DTI
techniques is essential, and considering biophysical tissue modeling, such as neurite
orientation and dispersion density imaging (NODDI), may be more suitable for
studying gray matter microstructure (Stoye et al., 2020).
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Since the second study was the first to uncover associations between PMDS
measured at different pregnancy time points and infant amygdala MD properties,
further investigations are needed to elucidate the underlying mechanisms and
potential long-term effects. Future research should focus on exploring the long-term
behavioral and mental health outcomes of offspring affected by maternal depressive
symptoms, as this can provide valuable insights into the broader impact of such
conditions. Additionally, given that PMDS was self-reported in the study, it is
imperative to further investigate the precise regulation of the placental barrier for
cortisol through the measurement of 113-HSD2 activity, offering a more accurate
assessment (Acosta et al., 2019). Moreover, integrating markers of the HPA axis
activity alongside psychological assessments can provide a more comprehensive
understanding of the intricate relationship between maternal mental health, placental
function, and its effects on offspring brain measures.

Considering the interplay of genetic and epigenetic factors in offspring, alongside
gene-environment interactions, is essential. This approach allows for a nuanced
examination of how these variables might contribute to the effects of PMDS and the
processing of emotions like fear on offspring brain development, influencing the
likelihood of adverse mental outcomes. Additionally, exploring other factors
alongside PMDS, such as pregnancy-specific anxiety, general anxiety, prenatal
education and income levels that may influence maternal and fetal well-being, can
provide a more comprehensive understanding of the complex interplay between
maternal mental health and pregnancy outcomes.

Additionally, replicating the studies with a larger sample size could enhance their
robustness and reliability. In the field of pediatric neuroimaging, technical challenges
often lead to a substantial reduction in the available data. Therefore, the
implementation of standardized scanning protocols specifically designed to suit the
distinctive features of the pediatric population would enhance data acquisition and
ensure data quality.

The studies in this thesis were the first to report findings in their respective areas.
They have opened doors to future longitudinal research directions aimed at enhancing
our understanding of pediatric brain development, maternal influences on fetal
neurodevelopment, and the early neural basis of emotional processes. These future
directions have the potential to shape clinical practice and interventions, ultimately
benefiting maternal and child well-being.
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