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Abstract

The world population is dramatically aging. Several factors affect brain in healthy aging. The
apolipoprotein E (APOE), brain-derived neurotrophic factor (BDNF) and catechol-O-methyl
transferase (COMT) might be involved in neurodegenerative diseases, depression and cognitive
decline in healthy aging. Also, it has been suggested that depression can increase the risk of
dementia and cognitive decline. Furthermore, exposure to childhood maltreatment and chronic

stress increase risks of developing neuropsychiatric disorders, and changes in cognitive functions.

However, our knowledge is limited in first, how the brain changes in healthy aging differ from
pathological aging; second, the effects of APOE, BDNF and COMT polymorphisms on the brain
structures; and third, the underlying mechanisms of major depressive disorder (MDD) and

detrimental effects of early adverse environment.

Amygdala is a group of subnuclei with different connectivity profiles and functions in the limbic
system. Previously, amygdala volumetric changes in both healthy aging and MDD were reported.
However, most of the previous in vivo studies of the human amygdala were at the level of the total
structure and not its subnuclei. Uncinate fasciculus is one of the major limbic tracts which connects
the amygdala to the orbitofrontal cortex. Cingulum bundle is another major tract of the limbic
system which connects the cingulate cortex to its neighboring structures. Healthy aging studies of
limbic white matter tracts can improve our understanding of healthy cognitive aging which might
be related to cognitive decline with advanced age. Also, our knowledge is very limited regarding

the effects of APOE, BDNF and COMT on the limbic tracts.

MDD is one of the major causes of disability worldwide. Reduction in hippocampal volume is one

of the most replicated findings of MDD and childhood maltreatment studies. However, similar to
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the amygdala, the hippocampus consists of different subregions and subfields, and findings
regarding the effects of MDD and childhood maltreatment on the amygdala are inconsistent. All
these studies investigated the total amygdala and not the amygdala subnuclei. Currently, there is a
gap in literature about the effects of MDD and childhood maltreatment on the amygdala subnuclei

and hippocampal subregions/subfields.

The first aim of this thesis was developing a novel segmentation method using ultra-high-resolution
magnetic resonance imaging (MRI) to study five major amygdala subnuclei (basolateral (i.e. lateral,
basal, accessory basal nuclei), cortical and centromedial groups). The results demonstrated the
feasibility of reliable studying of the human amygdala subnuclei groups in vivo which
approximately correspond to the amygdala subnuclei location and orientation in histological

references.

The second aim was investigating the effects of healthy aging, APOE and BDNF polymorphisms
on volumes of amygdala subnuclei in a large cohort of healthy individuals using our new amygdala
segmenting method. We found that amygdala subnuclei were nonuniformly affected by aging and
that age-related associations were sex specific. We also did not find any significant effects of APOE

and BDNF polymorphisms on the amygdala subnuclei volumes.

The third aim was investigating the effects of MDD and childhood adversity on volumes of
amygdala subnuclei and hippocampal subregions/subfields using ultra-high-resolution MRI. We
did not find significant effects of MDD on volumes of the amygdala subnuclei. However, history
of childhood adversity was negatively associated with the anterior hippocampus in both
hemispheres limited to the CA1-3 subfield, while these effects were limited to the basolateral group

of the amygdala in the right hemisphere.
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The fourth aim was investigating the effects of healthy aging, APOE, BDNF and COMT on the
uncinate fasciculus, rostral, dorsal and parahippocampal cingulum in a large cohort of healthy
individuals. We found that while microstructural integrity of the uncinate fasciculus, rostral
cingulum and dorsal cingulum were reduced with age, the parahippocampal cingulum
microstructural integrity did not associate with age. Moreover, the COMT Met/Met genotype was
associated with better microstructural integrity of the right rostral cingulum compared to the Val/+

genotype across life span.

In summary, our experiments revealed: first, susceptibility of the basolateral group to both healthy
aging and childhood maltreatment; second, vulnerability of the CAl-3 and the anterior
hippocampus to childhood maltreatment; third, relative resiliency of the parahippocampal
cingulum, but not uncinate fasciculus, rostral and dorsal cingulum in aging; and finally, the
advantage of the COMT Met/Met over the valine carriers in microstructural integrity of the right

rostral cingulum.
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1. Introduction



Chapter 1: General Overview

1.1. Statement of the problems

Global population is dramatically aging (Broe 2003), and it is predicted that by 2050 more than
400 million people all around the world will be > 80 years of age. There is a consensus that aging
is a major risk factor for neurodegenerative disorders (Vanni et al., 2019). Therefore, it is estimated
that in 21% century, neurodegenerative disorders will gradually become the major cause of death
and morbidity (Broe 2003). Age-related studies have identified different risk factors which might
increase the predisposition of developing dementia and cognitive decline later in life (Fjell and
Walhovd, 2010). Studies demonstrated that apolipoprotein E (APOE), brain-derived neurotrophic
factor (BDNF) and catechol-O-methyl transferase (COMT) are single nucleotide polymorphisms
(SNPs) that might be involved in dementia, Alzheimer disease, Parkinson disease, depression, and
cognitive decline in healthy aging (Dixon et al., 2014; Petrella et al., 2008; Pietzuch et al., 2019).
Moreover, depression is regarded as one of the putative risk factors which can results in cognitive
decline and dementia (Chen et al., 2019). Depression is estimated to have affected over 300 million
people worldwide, and it is predicted that by 2030 it will be the major cause of disease burden
(World Health Organization 2017). Furthermore, it has been demonstrated that chronic exposure
to stressful life events, especially in the forms of childhood and adolescence adversity, not only is
a risk factor for developing depression and other psychiatric disorders (Barzilay et al., 2019;
Hammen et al., 2000; Hoyens et al., 2010; Lindert et al., 2014), but also has detrimental effects on
executive functions, complex reasoning, social cognition and cell senescence (Barzilay et al.,

2019; Epel et al., 2004).



Despite the surge in age- and depression-related research in recent decades, our current knowledge
is limited in separating brain changes observed in healthy aging from the pathological age-related
changes (Vanni et al., 2019). In addition, the underlying biological mechanisms of major

depressive disorder (MDD) still remains uncertain (Schmaal et al., 2016).

Healthy aging does not uniformly affect brain structures. In general, aging is associated with more
decline in cognitive-related functions (i.e. episodic memory, executive function, processing speed)
and less decline in emotional-related ones (Fjell and Walhovd, 2010; Mather 2016; Rodrigue and
Kennedy 2011). In contrast, neuroimaging studies in MDD demonstrated the involvement of the

affective—salience circuit in MDD (Otte et al., 2016).

The limbic system is a group of cortical and subcortical structures (including orbitofrontal and
cingulate cortices, as well as hippocampus, amygdala, hypothalamus, nucleus accumbens, ventral
tegmental area, mammillary bodies and septal area) interconnected by white matter tracts
(including cingulum bundle, uncinate fasciculus, fornix, mammillo-thalamic tract and anterior
thalamic projections) involved in memory, spatial orientation, emotion and motivation, as well as
goal-directed behaviours (Catani et al., 2013; Morgane et al., 2005; Rolls 2015). Neuroimaging
studies of the limbic system in humans indicated the involvement of the limbic structures in both
healthy aging (Fjell and Walhovd, 2010; Lebel et al., 2012; Malykhin et al., 2017; Michielse et al.,
2010; Raz et al., 2005) and MDD (Campbell et al., 2004; Koolschijn et al., 2009; Lorenzetti et al.,

2009; Malykhin and Coupland 2015; Schmaal et al., 2016).

The amygdala is a heterogeneous almond-shaped structure (Swanson and Petrovich 1998) of the
limbic system which is well-known for its major role in mediation of the fear and other emotional-
related functions (LeDoux, 2007). Amygdala involvement in different psychiatric and neurological

disorders such as depression, anxiety, schizophrenia and autism (LeDoux, 2007; Otte et al., 2016),
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as well as Alzheimer's and Parkinson's diseases (Braak et al., 1994; Scott et al., 1992) was reported.
Also, similar to the hippocampus and entorhinal cortex, pathological age-related changes such as
formation of neurofibrillary tangles and neuritic plaques were reported in the amygdala (for
review, see Wright, 2009). However, the amygdala has been less the subject of healthy aging
studies compared to the hippocampus and entorhinal cortex (Allen et al., 2005; Fjell and Walhovd,
2010). Moreover, there is not enough literature about the effects of SNPs’ on the amygdala
structure in healthy aging. Also, although adverse effects of the MDD and childhood maltreatment
might uniformly affect the hippocampal subfields and subregions (Huang et al., 2013; Szeszko et
al., 2006; Teicher et al., 2012), there is a general consensus on the total hippocampal volumetric
reduction in MDD and childhood adversity (Koolschijn et al., 2009; Lorenzetti et al., 2009;
Malykhin and Coupland 2015; Teicher and Samson 2016). However, structural magnetic
resonance imaging (MRI) studies regarding the adverse effects of the MDD and early maltreatment
on even the total amygdala volume have been inconsistent (Andersen et al., 2008; Calem et al.,
2017; Campbell et al., 2004; Cohen et al., 2006; De Bellis et al., 2002; Hajek et al., 2009; Hamilton
et al., 2008; Lupien et al., 2011; Mehta et al., 2009; Schmaal et al., 2016; Tottenham et al., 2010).
Finally, despite the amygdala heterogeneity in terms of structure and function, the vast majority of
previous in vivo studies of the human amygdala were at the level of the total amygdala and not the

level of its subnuclei (LeDoux, 2007).

Amygdala is connected to other limbic structures through its afferents and efferents (Freese and
Amaral, 2009). Uncinate fasciculus is one of the limbic white matter tracts which connects the
rostral portion of the temporal lobe (i.e. temporal pole, uncus, parahippocampal gyrus, and
amygdala) with the lateral and medial orbitofrontal cortex, as well as the frontal pole (BA 10)

(Catani et al., 2002; Catani and Thiebaut de Schotten 2008; Von Der Heide et al., 2013). In addition



to the orbitofrontal cortex and the frontal pole (BA 10), amygdala is also reciprocally connected
with the anterior part of the cingulate cortex (Freese and Amaral, 2009; Vogt and Palomero-
Gallagher 2012). Cingulum bundle is the main white matter tract of the cingulate gyrus located
around the corpus callosum and expands towards medial temporal lobe structures. It mediates
attentional, emotional and memory-related functions (Catani and Thiebaut de Schotten 2008;
Catani et al., 2013). Cingulate cortex is considered as a heterogenous structure due to the variety
of the structural and functional properties, as well as the connectivity profile. Therefore, it has
been suggested to subdivide the cingulate cortex into four subregions including the anterior
cingulate, midcingulate, posterior cingulate and retrosplenial cortices (Vogt and Palomero-
Gallagher 2012). Consequently, the cingulum bundle is also categorized into different subsections
(Catani et al., 2013, Malykhin et al., 2008b) due to carrying afferents/efferents from/to different
structural and functional cingulate cortex subregions. Nevertheless, most of the previous healthy
aging studies of the cingulum bundle have considered the cingulum bundle either as one structure
corresponding to (1) the dorsal cingulum (Lebel et al., 2012), (2) rostral + dorsal cingulum (Sala
et al., 2012; Stadlbauer et al., 2008), (3) a whole cingulum bundle consisting of rostral + dorsal +
parahippocampal cingulum (Voineskos et al., 2012) or as two separate structures that correspond
to the rostral + dorsal cingulum and parahippocampal cingulum (Bennett et al., 2015; Cox et al.,
2016; Westlye et al., 2010). Studies of the effect of healthy cognitive aging on limbic white matter
tracts might help us understand first, the plausible underpinning age-related changes of cognitive
functions; second, the association between the white and grey matter changes in aging; and third,
pathological changes of the white matters in neuropsychiatric and neurological disorders (Yap et
al., 2013). Finally, there is a huge gap in our knowledge about the effects of genes on the brain

white matter tracts and their age-related changes (Kanchibhotla et al., 2013).



In summary, the current gaps in the literature are:

The effects of healthy cognitive aging, as well as the APOE and BDNF polymorphisms on

the amygdala subnuclei;

b. The effects of MDD on the amygdala subnuclei;

c. The effects of childhood maltreatment on the amygdala subnuclei and hippocampal
subregions and subfields in MDD;

d. The effects of healthy cognitive aging as well as APOE, BDNF and COMT polymorphisms
of the cingulum subdivisions and the uncinate fasciculus.

1.2. Objectives

Considering the aforementioned, this research was conducted:

v

First, to develop a reliable manual segmentation MRI method in order to study the five
major amygdala subnuclei including lateral, basal, and accessory basal nuclei, as well as
the cortical and centromedial groups in vivo;

Second, to study the nature of the association between the amygdala subnuclei volumes
and age in a large sample of cognitively healthy adults using an ultra-high-resolution MRI.
In addition, we aimed to study the effects of the APOE and BDNF polymorphisms on the
amygdala subnuclei in this cohort;

Third, to study the effects of MDD on the amygdala and its subnuclei volumes;

Fourth, to study the effects of early maltreatment on the amygdala subnuclei, as well as on
hippocampal subregions/subfields volumes in MDD participants;

Fifth, to study matter microstructural properties of the cingulum bundle and uncinate

fasciculus in a large sample of cognitively healthy adults using deterministic DTI-



1.3.

tractography methods. Moreover, we aimed to study the effects of the COMT, APOE and

BDNF polymorphisms on the cingulum bundle and uncinate fasciculus in this cohort.

Thesis Outline

The present PhD thesis is structured as follows:

Introduction

v

v

Chapter 1 provides a brief overview on the related literatures and describes the current
gaps. In addition, goals of the current research are set in the chapter 1.

Chapter 2 provides an overview of: first, the limbic system structures and their functions;
second, amygdala neuroanatomy in both animals and humans; third, in vivo studies of the
human amygdala; fourth, previous healthy aging studies of the amygdala; fifth, previous
literature on the effects of MDD on the amygdala; sixth, the effects of early adverse
environment on the human amygdala and the hippocampus, as well as the effects of chronic
stress on the amygdala and the hippocampus in animal models; seventh, the anatomy of
the uncinate fasciculus and cingulum bundle, as well as the effects of healthy aging on
these structures; and finally, the APOE, BDNF and COMT polymorphism studies of the
amygdala, cingulum bundle and uncinate fasciculus in healthy aging.

Chapter 3 provides an overview of the proposed hypotheses based on reviewed literature.

Experiments

v

v

Chapter 4 presents a novel MRI method to study the human amygdala subnuclei in vivo.
Chapter 5 describes the method and results related to the effects of healthy aging, APOE

and BDNF SNPs on the total amygdala and its subnuclei.



v Chapters 6 describes the method and results related to the effects of MDD and childhood
maltreatment on the amygdala subnuclei, and hippocampal subregions/subfields.
v Chapter 7 explains the method and results related to the effects of healthy aging and the

APOE, BDNF and COMT SNPs on the cingulum bundle and uncinate fasciculus.

Conclusion

v Chapter 8 summarizes the novelties and scientific contributions of the current research

project.



Chapter 2: Literature Review

2.1. Limbic system

The limbic conception has evolved through years of research. The following paragraph gives a
brief history of the conception of the limbic system. For more details, please see Catani et al.

(2013), Rolls (2015), Roxo et al. (2011), and Nieuwenhuys et al. (2008).

In 1664, for the first time the term “limbic” was used by Thomas Willis to call the cortical border
surrounding the brain stem (Catani et al., 2013). Later, in 1878, Paul Broca called cingulate and
parahippocampal gyri the “Broca’s Great Limbic Lobe”. Although he mentioned that this term
does not represent a homogeneous function, it was thought that it was mainly related to the
olfactory functions since most of its structures received olfactory innervations (Catani et al., 2013;
Nieuwenhuys et al., 2008; Roxo et al., 2011). In 1937, Papez introduced the “Circuit of Papez”
involved in emotional mechanisms through the structural network between the hypothalamus and
mesial cortex with hippocampus and cingulate cortex forming two centres for emotional
processing (Nieuwenhuys et al., 2008). In 1939, the “Circuit of Papez” was supported by Kliiver
and Bucy whose work is known as the Kliiver-Bucy syndrome. Kliiver and Bucy provided the first
evidence of the involvement of the limbic system in emotions (Nieuwenhuys et al., 2008; Roxo et
al., 2011). In 1949 and 1952, Paul Donald MacLean redefined the concept of the limbic system
and so far it has not dramatically changed. He stated that limbic cortex is reciprocally connected
with subcortical structures and they form the limbic system involved mainly in emotions. He
merged the amygdala, septum, and prefrontal cortex to the “Circuit of Papez” structures including
the thalamus, hypothalamus, hippocampus, and cingulate cortex (Rolls, 2015; Roxo et al., 2011).

In 1958 Walle Nauta added the septal and preoptic regions, the hypothalamus, the mesencephalic



central grey and the dorsal raphe nucleus to the telencephalic limbic structures (including the
hippocampus and the amygdala) and proposed the “limbic system—midbrain circuit”. The newly
included structures were suggested to be associated with the regulation of the endocrine
mechanisms related to emotions and behaviour (Nieuwenhuys et al., 2008; Roxo et al., 2011).
Finally, it has been recently suggested that the single limbic system should be considered as the
“emotional limbic system” and the “memory limbic system” (Rolls 2015). Rolls (2015) argued
that rostral limbic structures (e.g. orbitofrontal cortex and the amygdala) are associated with
emotions, reward valuation and reward-related decision-making. However, structures that located
more caudally (e.g. hippocampus, posterior cingulate cortex, fornix-mammillary body-anterior
thalamus-posterior cingulate circuit) are associated with episodic memory (Rolls 2015). However,
it was acknowledged that emotional and reward-related inputs from the orbitofrontal cortex, the
amygdala and the anterior cingulate cortex can be projected to the hippocampus and recalled back

(Rolls 2015).

2.2, Amygdala

The amygdaloid complex is an almond-shape structure located in the medial temporal lobe (Sah
et al., 2003). Amygdala is involved in different types of behaviours and functions such as
motivation, maternal, sexual and feeding behaviours (LeDoux, 2007), as well as different
cognitive-related functions such as goal-directed behaviours (Hampton et al., 2007), social
behaviours (Adolphs, 2009; Bickart et al., 2011), attention, perception and explicit memory
(LeDoux, 2007). However, the most important function of the amygdala is its involvement in
processing of emotional-related behaviours and especially fear (LeDoux, 2007; Sah et al., 2003).
Due to the important role of the amygdala in emotional processing, amygdala impairment is

involved in different psychiatric disorders such as unipolar depression, bipolar disorder, anxiety
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disorders and schizophrenia (Drevets et al., 2002; Drevets 2003; LeDoux, 2007). Amygdala is
considered as a heterogenous region of the brain because of the various structural and functional
features, as well as the developmental origins of its subnuclei groups (Freese and Amaral, 2009;
Swanson and Petrovich 1998; Yilmazer-Hanke, 2012). The number of the amygdala subnuclei
varies from 13 subnuclei in rodents to 36 subnuclei in humans (Yilmazer-Hanke, 2012). However,
all of the subnuclei of the classic amygdala can be categorized either into two major groups based
on the evolutionary features (Johnston 1923; LeDoux, 2007; Swanson and Petrovich 1998) or into
three groups based on the developmental origin and connectivity features (Swanson and Petrovich
1998; Yilmazer-Hanke, 2012) of the amygdala subnuclei. Considering the phylogenetic features,
amygdala is divided into an older evolutionary group called the cortico-medial group including
cortical, medial and central subnuclei, as well as the nucleus of the lateral olfactory tract related to
the olfactory system; and a newly formed group called basolateral complex (BLA) including lateral
(La), basal (B) and accessory basal (AB) nuclei related to the neocortex (Johnston 1923; LeDoux,
2007; Swanson and Petrovich 1998). Considering the developmental and connectivity features,
amygdala is divided into three groups: (1) BLA group including La, B and AB nuclei which is a
ventromedial extension of the claustrum; (2) the superficial or cortical-like group which is caudal
olfactory cortex; and (3) centromedial group (CeM) including central and medial nuclei which is

a ventromedial part of the striatum (Swanson and Petrovich 1998) (Figure 1).
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Involved in autonomic
and hormonal functions

Involved in learning and
memory consolidation-
related mechanisms

Involved in
olfactory-related
functions

Figure 2.1. Three-dimensional reconstructions of the major amygdala groups and their

connectivity profiles and functions.

Key: BLA group (including La, B and AB nuclei) is shown in purple, CeM group is shown in pink
and Co group is shown in green. The figure is adapted from ‘Stress, memory and amygdala’ by
Roozendaal et al., 2009, Nature Review Neuroscience. 10 (6): 423-33; and Yilmazer-Hanke, DM,
(2012): Amygdala. In: Mai JK, Paxinos G, (Eds.), The Human Nervous System3rd ed. Elsevier

Academic Press, London. Page: 759-834.

Each of the aforementioned nuclei of the amygdala has unique connectivity and function. The La
nucleus is considered as the main region in the amygdala that receives sensory information
(LeDoux and Schiller 2009). Considering the connectivity profile, B and AB nuclei have many
common inputs and outputs. For example, both nuclei receive most of their inputs from the La
nucleus and most of their projections terminate in the CeM group of the amygdala (Freese and
Amaral, 2009). Furthermore, both nuclei send their projections to orbitofrontal, medial prefrontal
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and entorhinal cortices, as well as hippocampus (Yilmazer-Hanke, 2012). However, they have
some unique connections as well. The B nucleus is the connector of the amygdala to the rostral
cingulate cortex (Yilmazer-Hanke, 2012) and stratial areas (LeDoux and Schiller, 2009), while AB
nucleus generates one of the major amygdala projections to the perirhinal cortex (Yilmazer-Hanke,
2012). The central nucleus receives the intra-amygdala processed sensory information from the
BLA group and sends its projections which mainly are GABAergic to the hypothalamus, bed
nucleus of stria terminalis (BNST), pons and midbrain (Freese and Amaral, 2009; LeDoux and
Schiller 2009; Roozendaal et al. 2009; Sah et al., 2003). These projections mediate behavioural
response of emotional stimuli (Roozendaal et al., 2009). Medial nucleus is a heterogenous nucleus
(Yilmazer-Hanke, 2012) in the amygdala which has common features with both central nucleus
and the cortical group. Like central nucleus, medial nucleus is involved in the regulation of
autonomic, behavioural and hormonal responses through its projections to the BNST and
hypothalamus (Roozendaal et al., 2009). Also, both of the medial and central extrinsic outputs are
mainly GABAergic (Swanson and Petrovich 1998). Moreover, animal behavioural studies showed
that the medial nucleus is involved in food intake, sexual behaviour, aggression, and defensive
behaviours (Yilmazer-Hanke, 2012). The common aspect of the medial nucleus and the cortical
group (some parts of the cortical group including the anterior cortical nucleus, nucleus of the lateral
olfactory tract, amygdala—piriform transition area and the rostral-superior ventral cortical nucleus
receive the main olfactory bulb projections in primates) is that they both receive the olfactory bulb
projections (Yilmazer-Hanke, 2012). Finally, studies of the cortical group which is often regarded
as a secondary olfactory structure (Doty 2012) indicated that it might be involved in the olfactory
related responses such as olfactory memory, response to pheromones, food-related behaviours and

the sexual function (Yilmazer-Hanke, 2012).
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Most of what we know about the amygdala comes from animal studies and especially rodents
(Adolphs 2010). However, the amygdala has dramatically evolved from rodents to primates
(Freese and Amaral, 2009). For example, Chareyron et al. (2011) indicated that in contrast to the
CeM group which occupies almost the same proportion of the total amygdala in rats and monkeys,
BLA group has evolved dramatically in both humans and non-human primates. While BLA group
occupies only 28% volume of the total amygdala in rats, it occupies 62% and 69% of the total
amygdala volume in monkeys and humans respectively (Chareyron et al., 2011). BLA
evolutionary enlargement in primates is in parallel with the evolutionary enlargement of the
prefrontal region (BAS to 14 and BA44 to 47 as well as the anterior cingulate cortex) which has
evolved more than the other parts of the cortex (Carlén 2017). As mentioned above, amygdala is
reciprocally connected with the prefrontal region through its BLA group. Consequently, BLA
volumetric increase in primates is in parallel with that of prefrontal region (Freese and Amaral,
2009). It suggested that complicated social life of primates is one of the forces for the amygdala
evolution (Bickart et al., 2011). Therefore, like the concern expressed about the prefrontal region
research regarding the translation of rodents’ findings to primates (Carlén 2017), it might be a
valid concern to ask how rodents’ findings on BLA amygdala are transferable to the human

amygdala.
2.3. In vivo studies of the human amygdala

In the past 3 decades, the advent of MRI has made a considerable improvement in the study of the
human brain (Duyn, 2012). Overtime, there has been an improvement in the resolution of MRI
from almost 4mm in the first years of MRI invention to a submillimeter size these days (Duyn,
2012). Despite the technological advances in high-field MRI, most previous structural MRI

researches of the human amygdala have studied the amygdala at the level of the total structure and
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not the subnuclei (Achten et al., 1998; Ancelin et al., 2019; Bickart et al., 2011; Bonilha et al.,
2004; Convit et al., 1999; Makris et al., 1999; Makkinejad et al., 2019; Malykhin et al., 2007,
Matsuoka et al., 2003; Pruessner et al., 2000; Siozopoulos et al., 2017; Watson et al., 1992; Zuo et
al., 2019). The above-mentioned structural and functional heterogeneity of the amygdala subnuclei
causes a concern about all studies that looked at the total amygdala. It might be a valid concern
that the absence of the overall volumetric difference observed between different groups (e.g.
patients vs healthy individuals) might be because different biological changes in the amygdala
subnuclei results in no overall amygdala volumetric differences. Therefore, it is necessary to study
the major amygdala subnuclei instead of measuring the total amygdala volume. In addition,
different connectivity profiles of the amygdala subnuclei underline the functional difference
between them (LeDoux, 2007). This important issue only recently started to get attention in
neuroimaging literature with the implementation of the high-resolution functional MRI methods
designed to measure functional activity in different amygdala subnuclei (for review see Hrybouski
et al., 2016). Also considering the current technological advances, it is feasible to study the major

amygdala subnuclei.

Some recent studies used different methods to segment the amygdala into 2 to 4 subdivisions
(Amunts et al., 2005; Bach et al., 2011; Bzdok et al., 2013; Entis et al., 2012; Prévost et al., 2011;
Saygin et al., 2011; Solano-Castiella et al., 2010; 2011). Probabilistic tractography-based
segmentation method was harnessed in Bach et al. (2011) and Saygin et al. (2011) to segment
amygdala into 2 groups (BLA group and the superficial group including central, medial and
cortical nuclei) and 4 groups (La nucleus, Basal nucleus including B and AB nuclei, central nucleus
and medial nucleus) respectively. Also, Bzdok et al. (2013) used ‘connectivity-derived parcellation

based on whole-brain coactivation patterns to segment amygdala into BLA, CeM and Co groups.
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Solano-Castiella et al. (2010) used diffusion-based segmentation approach to subdivide the
amygdala into medial (i.e ventral, medial and cortical nuclei) and lateral (i.e. BLA group) regions.
Nevertheless, Eickhoff et al. (2015) did a detail review on the major concerns of the connectivity-
based parcellation such as, outlining the initial ROI (e.g. amygdala) for the subsequent
segmentation process, the choice of clustering algorithm (e.g. K-means clustering, spectral
clustering and hierarchical clustering), cluster validity-related issues, and finally, issues related to
using the classical inferential statistics in connectivity-based parcellation. Cytoarchitectonic
mapping-based approach was adopted by Amunts et al. (2005) in which probabilistic map of the
amygdala subnuclei including BLA, CeM and superficial (i.e. Co) groups was developed using
postmortem tissue with subsequent registration to the MNI space. Finally, Solano-Castiella et al.
(2011) aimed to segment the amygdala into BLA, CeM and superficial based on correlations of
the voxels’ intensities within the amygdala acquired on different contrasts (Tt MPRAGE, T»-
weighted TSE and a T2*-weighted GRE). However, the amygdala segmentation output of these
methods does not correspond accurately to the histological references of the amygdala (Brabec et
al., 2010; Garcia-Amado and Prensa, 2012; Mai et al., 2008; Schumann and Amaral, 2005) which

poses problems for a volumetric study of the amygdala.

Prévost et al. (2011) and Entis et al. (2012) both used manual segmentation method to subdivide
the amygdala into three (BLA, CeM and Co groups) and four (La + B group, AB nucleus, CeM
and Co groups) subdivisions respectively. The validity of the amygdala segmentation output of
these two methods was better than the above-mentioned approaches. However, the development
of our high-resolution MRI at 4.7T manual segmentation method enables us to reliably delineate

all five major amygdala subnuclei.
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24. Amygdala in healthy aging

In addition to the volumetric changes of the amygdala structure in healthy aging (Brierley et al.,
2002; Fjell and Walhovd 2010; Mather 2016; Raz and Rodrigue 2006; Wright 2009), pathological
age-related changes of the amygdala subnuclei in both Alzheimer’s disease and Parkinson’s
disease have been reported (Braak et al., 1994; Harding et al., 2002; Wright, 2009). Therefore, it
is important to differentiate healthy cognitive age-related changes from the pathological age-
related changes. Majority of the previous healthy aging studies of the amygdala indicated smaller
amygdala volume in elderly individuals compared to young individuals or a negative relationship
between the age and the amygdala volume (Allen et al., 2005; Fjell et al., 2009; Grieve et al., 2011;
Jancke et al., 2015; Heckers et al., 1990; Malykhin et al., 2008a; Mu et al., 1999; Murphy et al.,
1996; Sublette et al., 2008; Yang et al., 2016). However, a few studies did not report any effects
of age on the amygdala volume (Brabec et al., 2010; Good et al., 2001; Jernigan et al., 2001). A
meta-analysis study of the amygdala changes in healthy aging indicated a negative relationship
between age and the amygdala volume (Brierley et al., 2002). All the above-mentioned studies
were at the level of the total amygdala volume. Therefore, how individual amygdala subnuclei are

affected by healthy aging is largely unknown.
2.5. Amygdala and major depressive disorder

The advances in neuroimaging method have improved our understanding of the structural and
functional brain alterations in MDD (Malhi and Mann 2018). MRI studies of MDD demonstrated
volumetric and functional changes in the anterior cingulate cortex, subgenual cingulate, prefrontal
cortex, orbitofrontal cortex, ventral striatum, hypothalamus, pituitary, hippocampus and the

amygdala (Aan het Rot et al., 2009; Koolschijn et al., 2009; Lorenzetti et al., 2009; Malykhin and
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Coupland 2015; Malhi and Mann 2018; Murray et al., 2011; Otte et al., 2016). Regardless of some
contradictory findings, volumetric reduction of the anterior cingulate cortex, subgenual cingulate,
prefrontal cortex, orbitofrontal cortex, hippocampus, ventral striatum, putamen, caudate nucleus,
as well as hyperactivity of the orbitofrontal cortex and the amygdala are more replicated in MRI
studies of the MDD (Aan het Rot et al., 2009; Koolschijn et al., 2009; Lorenzetti et al., 2009;
Malykhin and Coupland 2015; Malhi and Mann 2018; Murray et al., 2011; Otte et al., 2016). In
contrast to the consistent findings on hyperactivity of the amygdala in MDD, structural studies of
the amygdala have been contradictory (Campbell et al., 2004; Hajek et al., 2009; Hamilton et al.,
2008; Schmaal et al., 2016). Previously, volumetric increase (Frodl et al., 2002; Malykhin et al.,
2012; Vassilopoulou et al., 2013), decrease (Kronenberg et al., 2009) or no significant changes
(Frodl et al., 2008; Koolschijn et al., 2009; Zavorotnyy et al., 2017) of the amygdala in MDD were
reported. However, all the above-mentioned studies were at the level of the total amygdala volume
and not the amygdala subnuclei. Therefore, it remains unknown if and how the amygdala subnuclei

are affected in MDD.

2.6. The effects of the early adverse environment on the volumes of the

amygdala and the hippocampus

The detrimental effects of chronic exposure to stressful life events on developing MDD were
reviewed by Kessler (1997). However, a newer approach has focused on chronic exposure to early
stressful life events (Malhi and Mann 2018; Otte et al., 2016). The theoretical concept of latent
vulnerability argues that childhood maltreatment induces biological changes in neurocognition
systems which lead to alter developmental trajectories of stress-related brain structures to maintain
allostasis (i.e. ‘stability through changes’ [Danese and McEwen 2012]) in an early adverse

environment. However, later in life the biological embedding might be maladaptive processes in
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the normal environment, which makes the individual more vulnerable to psychiatric disorders in
adolescence and adulthood (McCrory and Viding 2015). Despite some inconsistent findings,
generally studies suggested that maltreatment histories are associated with smaller volumes of
anterior cingulate, dorsolateral prefrontal and orbitofrontal cortices as well as the hippocampus
(Danese and McEwen 2012; Teicher and Samson 2016). The amygdala structural studies are
inconsistent, although most functional imaging studies of the amygdala reported overactivation of
the amygdala in response to threatening stimuli in maltreated individuals in comparison with non-
maltreated individuals (Hein and Monk 2017; McCrory et al., 2017; Teicher and Samson 2016).
Amygdala volumetric increase (Lupien et al., 2011; Mehta et al., 2009; Tottenham et al., 2010),
decrease (Lim et al., 2014; Paquola et al., 2016), or no significant difference (Andersen et al.,
2008; Calem et al., 2017; Cohen et al., 2006; De Bellis et al., 2002) were reported when maltreated
individuals were compared to non-maltreated individuals. Preclinical studies indicated that chronic
stress mostly affected the BLA group (i.e. La, B and AB nuclei) (for review, see Qiao et al., 2016).
For instance, Vyas et al. (2002; 2003; 2004) reported that while chronic immobilization stress
(CIS) induced dendritic hypertrophy in the BLA amygdala, it did not change dendritic arborization,
number of branch points and the total dendritic length in the central nucleus of the amygdala.
Furthermore, the effects of chronic stress on the structural changes in the medial nucleus of the
amygdala are not conclusive. This is because following chronic restraint stress (CRS), while
Bennur et al. (2007) reported a reduction in medial nucleus spine density, Marcuzzo and colleagues
(2007) did not show significant changes in dendritic spine density of the posterodorsal medial
amygdala neurons. However, there has been no published study about the effects of chronic stress

on the amygdala subnuclei volume in humans to date.
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The hippocampus is an old evolutionary brain structure located in the medial temporal lobe
involved in episodic memory, language and higher-order perception (Insausti et al., 2017; Lee et
al., 2017). Similar to the amygdala, hippocampus is also a heterogenous structure (Lee et al., 2017).
The hippocampus can be subdivided anatomically into three antero-posterior subregions including
the hippocampal head, body and tail (Duvernoy, 2005; Insausti et al., 2017). Furthermore, each of
the above-mentioned antero-posterior subregions can be further studied into different cross-
sectional cellular subfields including dentate gyrus (DG), cornu ammonis (CA1-3) and subiculum
(Insausti et al., 2017). These antero-posterior subregions and subfields can be visualized and
reliably measured with high resolution structural MRI (Malykhin et al., 2007; 2010a; for review
see Yushkevich et al., 2015). Previous MRI studies of early maltreatment reported negative
association between early adverse environment and hippocampal volume (Danese and McEwen,
2012; Teicher and Samson, 2016). However, it has been suggested that the adverse effects of early
maltreatment might affect hippocampus subregions and subfields differently (Szeszko et al., 2006;
Teicher et al., 2012). Also, preclinical studies of the effects of chronic stress on rat hippocampus
in adults showed that the CA3 subfield is the most affected structure and CA1l and DG are

susceptible to more severe forms of chronic stress (Conrad et al., 2017).

Consequently, it is currently unknown what the nature (hypertrophy vs hypotrophy) of the effects
of childhood adversity on the amygdala subnuclei in MDD are, and whether similar effects are

observed in hippocampal subfields as it has been demonstrated in preclinical studies.
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2.7. Limbic white matter tracts and healthy aging

The cingulum bundle is the white matter tract of the cingulate cortex consisting of both short and
long association fibers (Catani and Thiebaut de Schotten 2008). The cingulum bundle
interconnects structures in the frontal, parietal and medial temporal lobes located around the
cingulate gyrus. It also connects different parts of the cingulate gyrus to the subcortical structures
including amygdala, anterior thalamic nuclei and parahippocampal region (Bubb et al., 2018;
Catani et al., 2013 et al., 2013; Vogt and Palomero-Gallagher 2012). Previous studies indicated
the involvement of the cingulum bundle in executive functions, emotions, pain and memory (Bubb
et al., 2018). It has been suggested to divide cingulum bundle into different subcomponents and
studying these subcomponents separately (Bubb et al., 2018). However, except for two studies
(Jang et al., 2013; Michielse et al., 2010), most healthy aging studies of the cingulum bundle
analyzed it as either a single structure that corresponds to (1) the dorsal cingulum (Lebel et al.,
2012), (2) rostral + dorsal cingulum (Sala et al., 2012; Stadlbauer et al., 2008), (3) a whole
cingulum bundle consisting of rostral + dorsal + parahippocampal cingulum (Voineskos et al.,
2012), or as two separate structures that correspond to the rostral + dorsal cingulum and

parahippocampal cingulum (Bennett et al., 2015; Cox et al., 2016; Westlye et al., 2010).

Uncinate fasciculus is one the major white matter tracts of the limbic system whose development
continues into the third decade of life (Lebel et al., 2012). Uncinate fasciculus is an association
fiber tract that connects the anterior part of the temporal lobe including the amygdala, perirhinal
cortex and the anterior part of the parahippocampal gyrus to the lateral orbitofrontal and the
anterior prefrontal cortices (Olson et al., 2015). Considering the gray matter structures that are

inter-connected by the uncinate fasciculus, it has been suggested that the uncinate fasciculus might

21



be involved in social-emotional processing, language and episodic memory (Olson et al., 2015;

Von Der Heide et al., 2013).

Overall, previous DTI studies of healthy aging showed a curvilinear trajectory for both fractional
anisotropy (FA) and mean diffusivity (MD) of the cingulum bundle and the uncinate fasciculus
(Lebel et al., 2012; Westlye et al., 2010). In both uncinate fasciculus and cingulum, FA decreases
and MD increases during mid- and late-adulthood (Lebel et al., 2012; Westlye et al., 2010).
However, some previous studies indicated that the age trajectories of DTI measurements of the
cingulum bundle might be different across its subsections, with more effects of age on the rostral
and dorsal cingulum, but less effects on the parahippocampal cingulum (Bennet et al., 2015; Cox

et al., 2016; Jang et al., 2016; Lebel et al., 2012; Michielse et al., 2010; Westlye et al., 2010).

Therefore, it is important to investigate the nature of age-related changes of the cingulum
subdivisions and uncinate fasciculus in order to understand if they follow similar trajectory as

cortical structures where these tracts originate from or terminate to.
2.8. APOE, BDNF and COMT in healthy aging

The combination of technological advancement in neuroimaging and genomics can explain the
phenotypic effects of genes on brain structures (Petrella et al., 2008). Apolipoprotein E (APOE),
Brain-derived neurotrophic factor (BDNF) and catechol-O-methyl transferase (COMT) are
amongst genetic polymorphisms that have been subjects of imaging genetics due to their
associations with Alzheimer’s disease, neuronal repair, protection and proliferation, as well as

synaptic growth, memory and cognitive functions (Deary et al., 2004; Petrella et al., 2008).

APOE polymorphism has three known allelic variants (¢2, €3 and €4), and it is the most widely

studied example of imaging genetics (Petrella et al., 2008). Studies showed that these different
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alleles have different effects on developing Alzheimer’s disease (Kim et al., 2009). The €3 allele
is considered as the neutral allele (Spinney 2014). The €4 allele increases the risk of developing
Alzheimer’s disease; individuals with one copy and two copies of the €4 are four times and twelve
times greater at risk, respectively (Spinney 2014). In contrast to the €4, the €2 allele is suggested
to be the protective allele against developing Alzheimer’s disease (Kim et al., 2009; Spinney
2014). The primary role of the APOE in the brain is lipoprotein transportation (Petrella et al.,
2008). However, the structural effects of APOE on brain regions are still obscure in healthy
populations (Fjell and Walhovd 2010). Most of the APOE studies have focused on the
hippocampus (Fjell and Walhovd 2010), and data about the effects of APOE alleles on the
amygdala volume in healthy aging is scarce. Previously, significantly smaller amygdala volume
in €4 carriers compared to individuals with €3e3 genotypes was reported (den Heijer et al., 2002).
However, Hibar et al. (2015) and Soldan et al. (2015) did not find any effects of €4 on the amygdala

volume.

BDNF is a neuronal growth factor (Sublette et al., 2008) involved in neuronal survival,
synaptogenesis, proliferation and development and brain aging (Petrella et al., 2008). A common
BDNF polymorphism is an amino-acid substitution of valine (Val) to methionine (Met) at amino-
acid residue 66 (Val66Met) (Petrella et al., 2008). Most neuroimaging-genetics studies of the
BDNF focused on the hippocampus and prefrontal cortex due to high expression of the BDNF in
these structures (Petrella et al., 2008). Therefore, like APOE, we do not know very well how BDNF
affects the amygdala in normal aging. While Hibar et al. (2015) did not find any association
between the total amygdala volume and BDNF, another neuroimaging-genetics study, with a small
sample size, found an inverse correlation between the amygdala volume and age in BDNF

val66met carriers but not in non-carriers (Sublette et al., 2008). Consequently, we do not know if
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APOE and BDNF polymorphisms affect the total amygdala and amygdala subnuclei in healthy

aging.

DTI-genetics may enhance our understanding of the underlying mechanisms of microstructural
changes in white matter tracts associated with healthy and pathological aging. However, there is a
gap in our knowledge about genetic effects on the healthy aging of the white matter tracts
(Kanchibhotla et al., 2013). Similar to the studies of the associations between genetic
polymorphism and brain gray matter, APOE is the most studied gene in genetic studies of white

matter tracts. COMT and BDNF are also amongst the studied genes (Kanchibhotla et al., 2013).

APOE studies of the cingulum bundle and uncinate fasciculus showed that while some studies
reported lower FA in the cingulum (Heise et al., 2011; Smith et al., 2010) or shorter fiber bundle
lengths in uncinate fasciculus (Salminen et al., 2013), others did not find significant differences in
FA and MD in rostral + dorsal cingulum, parahippocampal cingulum and uncinate fasciculus in €4

carriers compared to the €4 non-carriers (Laukka et al., 2015; Wang et al., 2017).

The effects of BDNF on the white matter integrity of cingulum bundle and uncinate fasciculus
have been less studied compared to the APOE. Previously, Voineskos et al. (2011) reported that
while homozygote Val individuals were more at risk than Met carriers for the detrimental effects
of aging on the white matter integrity of the left cingulum bundle (i.e. rostral + dorsal +
parahippocampal cingulum) in late life, BDNF genotype did not interact with uncinate fasciculus

integrity.

The COMT is involved in the neurotransmission and degradation of dopamine and other
catecholamines (Deary et al., 2004; Mier et al., 2009; Petrella et al., 2008). The protective effects

of dopamine on oligodendrocytes (Rosin et al., 2005) and its involvement in oligodendrocytes
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differentiation (Bongarzone et al., 1998) were previously reported. The Vall58Met polymorphism
(rs4680) is a common COMT polymorphism in which amino acid Valine (Val) is substituted with
Methionine (Met) (Goldman et al., 2005). The Val allele has higher degrading activity than the
Met allele which results in lower synaptic dopamine level. Also, it was showed that there is a dose-
dependent fashion in COMT enzymatic activity so that Val/Val > Val/Met > Met/Met (Chen et al.,
2004). COMT enzyme is widely distributed in the brain, but its enzyme and mRNA are mainly
located in first, choroid plexus; second, frontal cortex; and third, cerebellum. However, its mRNA
has low to moderate expression in the human amygdala and hippocampus (Myohidnen and
Mainnisto 2010). Due to the low level of the presynaptic dopamine transporter in the prefrontal
cortex, the COMT is the major regulator of dopamine level in the prefrontal cortex (Sambataro et

al., 2012).

Due to the involvement of dopamine in psychiatric disorders like schizophrenia (Foley 2019),
many of the imaging COMT studies have been related to the aforementioned disorders (for review
see Witte and Floel 2012; van Haren et al., 2008). Also, most healthy aging studies of COMT have
been focused on cognition (for review see Sambataro et al., 2012; Witte and Floel 2012). Overall,
the effects of COMT on both grey and white matter and not brain function have been less studied
so far. Papenberg et al. (2015) has been the only age-related study that investigated the effects of
COMT polymorphism on the brain white matter tracts. Papenberg and colleagues (2015) harnessed
TBSS method in old adults (60-87 years old) and reported higher FA and lower MD in the
cingulum of the Met homozygous compared to Val carriers only in the oldest adult group (81-87

years old).

Therefore, we do not know if APOE, BDNF and COMT polymorphisms affect the cingulum

bundle and the uncinate fasciculus in healthy aging. Interdisciplinary studies combining
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neuroimaging with genetics may help both diagnosing and preventing the disease and enhancing

brain longevity and mental health (Petrella et al., 2008).
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Chapter 3: Hypotheses

Considering the above-mentioned studies, for the current research we hypothesized that:

First, age demonstrates negative associations with the total amygdala and its subnuclei
volumes. However, the associations between the age and individual amygdala
subnuclei might be different.

Second, APOE &4 carriers shows smaller amygdala volume compared to non-¢4
carriers. However, due to our limited knowledge about the effects of the BDNF
polymorphisms on the amygdala, we made no prior hypothesis regarding the effects of
the BDNF polymorphisms on the amygdala subnuclei.

Third, we made no prior hypothesis about the effects of MDD on the volumes of the
amygdala and amygdala subnuclei.

Fourth, childhood adversity is associated with volumetric reductions in the BLA
amygdala and CA1-3 subfield.

Fifth, healthy aging is associated with declining in white matter integrity in the uncinate
fasciculus, rostral and dorsal cingulum, whilst the parahippocampal cingulum is
relatively preserved.

Sixth, €4 allele is associated with the reduction of the white matter microstructural
properties of the uncinate fasciculus and cingulum bundle. However, due to our limited
knowledge about the effects of the COMT and BDNF polymorphisms on the brain
white matter, we made no prior hypothesis related to the effects of COMT and BDNF

polymorphisms on uncinated fasciculus and cingulum bundle.
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II. Experiments
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Chapter 4: In vivo quantification of amygdala subnuclei using 4.7 T fast spin

echo imaging
Abstract

The amygdala (AG) is an almond-shaped heterogeneous structure located in the medial temporal
lobe. The majority of previous structural Magnetic Resonance Imaging (MRI) volumetric methods
for AG measurement have so far only been able to examine this region as a whole. In order to
understand the role of the AG in different neuropsychiatric disorders, it is necessary to understand
the functional role of its subnuclei. The main goal of the present study was to develop a reliable
volumetric method to delineate major AG subnuclei groups using ultra-high resolution high field

MRI.

38 healthy volunteers (15 males and 23 females, 21-60 years of age) without any history of medical
or neuropsychiatric disorders were recruited for this study. Structural MRI datasets were acquired

at 4.7 T Varian Inova MRI system using a fast spin echo (FSE) sequence.

The AG was manually segmented into its five major anatomical subdivisions: lateral (La), basal
(B), accessory basal (AB) nuclei, and cortical (Co) and centromedial (CeM) groups. Inter-(intra-)
rater reliability of our novel volumetric method was assessed using intra-class correlation

coefficient (ICC) and Dice’s Kappa.

Our results suggest that reliable measurements of the AG subnuclei can be obtained by image
analysts with experience in AG anatomy. We provided a step-by-step segmentation protocol and
reported absolute and relative volumes for the AG subnuclei. Our results showed that the

basolateral (BLA) complex occupies seventy-eight percent of the total AG volume, while CeM
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and Co groups occupy twenty-two percent of the total AG volume. Finally, we observed no

hemispheric effects and no sex differences in the total AG volume and the volumes of its subnuclei.

Future applications of this method will help to understand the selective vulnerability of the AG

subnuclei in neurological and psychiatric disorders.

Keywords: amygdala, nuclei, magnetic resonance imaging (MRI), basolateral amygdala,

centromedial amygdala

A version of this Chapter was published in

Aghamohammadi-Sereshki A, Huang Y, Olsen F, Malykhin NV., (2018): In vivo quantification
of amygdala subnuclei using 4.7 T fast spin echo imaging. Neuroimage. 170:151-163. doi:

10.1016/j.neuroimage.2017.03.016.
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4.1. Introduction

The amygdala (AG) is an almond-shaped heterogeneous structure located in the medial temporal
lobe (MTL). The AG is involved in neuronal circuits of fear and reward learning, as well as
aggressive, maternal, sexual, and feeding behaviors (LeDoux, 2007). Moreover, through its
extensive connections with cortical and subcortical areas, the AG plays an important role in stress
response (Davis and Whalen, 2001), goal-directed behavior (Hampton et al., 2007), social behavior
(Adolphs, 2009), attention and perception (Vuilleumier, 2009), processing of facial expression

(Tottenham et al., 2009), motivation and explicit memory (LeDoux, 2007).

Alterations in the AG structure and function have been reported in different psychiatric and
neurological disorders including affective disorders (Hajek et al., 2009), anxiety disorders
(LeDoux, 2007), Alzheimer’s disease (Kromer et al., 1990; Scott et al., 1991), and Parkinson's

disease (Braak et al., 1994).

In human and animal studies the AG is subdivided into at least thirteen different subnuclei and
cortical areas (Amaral et al., 1992; Pitkédnen et al., 1997; Sah et al., 2003). These subnuclei are
further grouped into two major divisions: (1) the cortico-medial region consisting of the cortical
(Co), medial (Me), and central (Ce) nuclei; and (2) the basolateral complex (BLA) consisting of
the lateral (La), basal (B), and accessory basal (AB) nuclei (LeDoux, 2007). Animal studies have
demonstrated that these subnuclei — via their unique connectivity patterns — appear to have
specialized roles in the expression of fear responses as well as the acquisition and storage of a
memory for the conditioning experience (Phelps and LeDoux, 2005). In addition, patients with
focal lesions to the BLA produce hypervigilance to subliminal fearful facial expressions (Terburg

et al., 2012), while bilateral destruction of the entire AG impairs the processing of the fearful facial
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expression as demonstrated by an insensitivity to the intensity of fear expressed by faces (Adolphs
et al., 1995). Recent high-resolution functional Magnetic Resonance Imaging (fMRI) studies of
the AG provide further support for functional specialization of AG subnuclei (Bach et al., 2011;

Boll et al., 2013; Hrybouski et al., 2016; Prévost et al., 2013).

The majority of previous structural MRI volumetric methods for AG measurement have so far
only been able to examine this region as a whole (Achten et al., 1998; Bonilha et al., 2004; Convit
et al., 1999; Makris et al., 1999; Malykhin et al., 2007; Matsuoka et al., 2003; Pruessner et al.,
2000; Watson et al., 1992). For a better understanding of AG subnuclei function, it is crucial to
delineate and measure these structures using volumetric MRI. This could only be achieved by

developing new methods for measuring the AG subnuclei in-vivo.

Improved spatial resolution and contrast of MRI images due to the continued increase in magnetic
field strength have allowed researchers to study very small details of brain anatomy that previously
were not visible on conventional MR images (Duyn et al., 2012). Different MRI techniques with
high spatial resolution have been developed for high-field MRI magnets to visualize different
MTL structures, particularly hippocampal subfields: 3 T (Bonnici et al., 2012; La Joie et al., 2010;
Raz et al., 2014; Winterburn et al., 2013), 4 T (Mueller et al., 2007), 4.7 T (Malykhin et al., 2010),
7 T (Boutet et al., 2014; Henry et al., 2011; Goubran et al., 2014; Kerchner et al., 2012; Parekh et
al., 2015, Wisse et al., 2014) and 9.4 T (Fatterpekar et al., 2002; Yushkevich et al., 2009). Since
visualization of different cell types in-vivo at this resolution is impossible, all methods for
segmentation of the hippocampal subfields are based on visibility of the white matter band called
the stratum lacunosum-moleculare (SLM) (Duvernoy et al., 2005) and combination of known
anatomical landmarks with different geometrical rules to define the boundaries between

neighboring substructures (Yushkevich et al., 2015).

32



Unfortunately, since the AG has low myelin sheath content (Solano-Castiella et al., 2011),
visualization of the intra-white matter borders between AG subnuclei using in-vivo MRI is
problematic. As a result, various strategies and methods have been utilized to segment the AG as
a whole structure or into different subnuclei: manual segmentation (Entis et al., 2012; Prévost et
al., 2011), automated segmentation (Morey et al., 2009; Schoemaker et al., 2016), voxel intensity
based segmentation (Solano-Castiella et al., 2011), spectral clustering algorithm of diffusion tensor
based segmentation (Solano-Castiella et al., 2010), atlas based segmentation (Amunts et al., 2005),
diffusion probabilistic tractography based segmentation (Bach et al., 2011; Saygin et al., 2011),
and resting-state functional connectivity with cortical regions based segmentation (Bickart et al.,

2012).

Despite some limitations of manual segmentation methods, it is still commonly considered the
“gold standard” in neuroimaging research (Despotovi¢ et al., 2015). In contrast to a large number
of protocols for segmentation of hippocampal subfields in-vivo (Yushkevich et al., 2015), there
are only a few studies that aimed to delineate the AG subnuclei in humans and report their
volumetric measurements. In the first study (Amunts et al., 2005) architectonic probabilistic maps
for the BLA, centromedial (CeM) and superficial AG parcellation were developed using ex-vivo
histological data from ten individuals. In a second study (Bach et al., 2011), AG was segmented
into anterior/inferior/lateral and posterior/superior/medial clusters corresponding to the BLA and
the cortico-medial regions respectively. AG subregions were outlined using clustering methods
based on differences in the connectivity profile of the clusters. In a third study (Saygin et al., 2011)
AG was segmented into La, BA (B and AB), superficial (Co and Me) and Ce nuclei using the
differential connectivity patterns of the AG subregions. The last study used high-resolution Ti-

weighted Magnetization Prepared Rapid Gradient-Echo (MPRAGE) MRI scans to manually
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segment the BL group (consisting of the La and B nuclei), basomedial, CeM and Co AG using

external landmarks and geometrical rules (Entis et al., 2012).

Ultra—high resolution T>-weighted images have not been used so far for manual segmentation of
the AG and its subnuclei despite the fact that they provide improved resolution and contrast to
delineate MTL structures compared to Ti-weighted images (Malykhin et al., 2010; Wisse et al.,
2014). Moreover, the accuracy of atlas-based methods crucially depends on the registration
methods (Despotovi¢ et al., 2015) and atlases registration to the MNI reference space omits

individual neuroanatomy differences (Saygin et al., 2011).

Therefore, the main goal of the present study was to develop a reliable volumetric method to
delineate five major AG subnuclei groups using ultra-high resolution T2-weighted images acquired
with a high-field MRI magnet. The second goal was to provide in-vivo volumetric measurements
from the larger cohort of healthy individuals in order to ensure consistency of our AG subnuclei

methodology with histological measurements from post-mortem literature.

4.2. Material and methods

Study participants

Thirty-eight healthy volunteers without any history of medical or psychiatric disorders were
recruited for this study. The sample consisted of 15 males and 23 females, 21-60 years of age, with
a mean age of 34.7 years (SD: 12.4). Our participants were all right-handed. Handedness was
assessed using a 20-item Edinburgh Handedness Inventory and individuals with laterality quotient
> +80 were determined as right-handed (Oldfield 1971). Participants were excluded if they had
any history of psychiatric, psychotic or mood disorders in first-degree relatives as assessed by a

structured interview (Anxiety Disorders Interview Schedule-IV: Brown et al., 2001). They were
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also screened against the use of medications that might affect brain structure. Medical exclusion
criteria were defined as active and inactive medical conditions that may interfere with normal
cognitive function: cerebrovascular pathology, tumors or congenital malformations of the nervous
system, diabetes, multiple sclerosis, Parkinson's disease, epilepsy, dementia, organic psychosis
(other than dementia), schizophrenia, and stroke. Medications that affect cognition, including
alcohol, anti-cholinergic medications, benzodiazepines, antipsychotics, and antidepressants were
also exclusionary. Written, informed consent was obtained from each participant. The study was

approved by the University of Alberta Health Research Ethics Board.
MRI acquisitions and data analysis

Imaging was performed using a 4.7 T Varian Inova MRI system at the Peter Allen MR Research
Centre (University of Alberta, Edmonton, AB). A T>-weighted FSE technique (TE: 39 ms; TR:
11000 ms; FOV: 20x20 c¢m; native resolution: 0.52x0.68x1.0mm?) was utilized with contiguous
I-mm-thick slices with no gap and a 90° excitation followed by a 160° and three 140° refocusing
pulses. In total ninety slices were attained perpendicular to the anterior—posterior commissure (AC-
PC) line in a total acquisition time of 13.5 min. Motion artifacts were checked while the subject
was in the scanner and a second FSE image was acquired if necessary. In order to get intracranial
volumes (ICV) a whole brain Ti-weighted 3D MPRAGE sequence was acquired (TR: 8.5 ms; TE:
4.5 ms; inversion time: 300 ms; flip angle: 10°; FOV: 256x200x180 mm?; voxel size: 1x1x1 mm?).
Every tenth slice was manually traced in the sagittal plane, and the summed total volume was then
multiplied by 10 in order to estimate the intracranial volume (ICV) for each subject (Eritaia et al.,
2000). The inter-rater and intra-rater intraclass correlation coefficients (ICCs) for the ICV were

0.98 and 0.99, respectively.
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The original (before creation of the DICOM files) FSE datasets were interpolated in-plane with
imresize function in Matlab by a factor of 2 to yield a final resolution of 0.26x0.34x1.0 mm?® and
voxel volume of 0.09 ul. DISPLAY (Montreal Neurological Institute, QC, Canada) software was
used to trace the ICV, AG and AG subnuclei. Also, ITK-SNAP (v. 3.2.0; Yushkevich et al., 2006)

was utilized to construct 3D models of the AG and its subnuclei.

AG subnuclei tracing protocol

Nomenclature used for the AG subdivisions

The AG was segmented into its five major subdivisions: The La nucleus, B nucleus, AB nucleus,
as well as the Co and CeM groups (Figs. 4.1, 4.2, 4.3). There are three classification systems
related to the Co, Ce and Me nuclei. The first approach is to assign the Co and Me nuclei to the
superficial nuclei and view the Ce as a separate nucleus (Freese and Amaral, 2009). The second
classification system combines the Ce, Me and Co nuclei into the cortico-medial region (LeDoux,
2007). In the last approach, the Ce and Me nuclei are combined together as the CeM group and Co
nucleus is viewed as part of superficial group (Price et al., 1987; Sah et al., 2003). In our method,
the last approach was used since at this level of MRI resolution, combining the Ce and the Me
nuclei into the CeM group was more accurate and reliable than tracing the Me and Co nuclei as a

part of the superficial nuclei.

It is important to note that there are nomenclature inconsistencies in both human and animal studies
of the AG, and this might lead to confusion. This issue is particularly pronounced when the term
“BLA” is used to refer to both a specific nucleus (the basal or basolateral nucleus) and to the larger
region that includes the lateral, basal and accessory basal nuclei (the basolateral complex)

(LeDoux, 2007). For instance, some anatomical studies (Mai et al., 2008; Paxinos and Watson,
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2005) used the term “basolateral nucleus” to refer to the B nucleus, while other studies (Garcia-
Amado and Prensa, 2012; Sah et al., 2003) used the term “basolateral complex” (BLA) to refer to
a group of evolutionarily newer AG nuclei, consisting of the La, B and AB nuclei (LeDoux, 2007).
Also, the term “basomedial nucleus” is used interchangeably with the term “AB nucleus”
(LeDoux, 2007). In this study, we used classification which combined the La, B and AB nuclei

into the BLA complex (LeDoux, 2007).

Figure 4.1. Sagittal view of the AG with references to coronal slices in figs 4.2, 4.3.

La nucleus is outlined in green; B nucleus is outlined in dark blue; AB nucleus is outlined in light

blue and CeM group is outlined in red.
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No corresponding image

No corresponding image

Figure 4.2. Coronal views of the AG and its subnuclei.

Figs a-e represent coronal views of the AG and its subnuclei on high resolution T>-weighted
structural FSE images. Figs a’-e’ represent the corresponding untouched MRI images of figs a-e.
Figs f-j represent the corresponding coronal schematic views of the AG and its subnuclei from the
Mai (et al. 2008) atlas. Figs k-m represent the corresponding coronal views of the AG and its

subnuclei from the post-mortem study (Brabec et al. 2010). La nucleus is outlined in green, B
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nucleus is outlined in dark blue, AB nucleus is outlined in light blue, Co group is outlined in yellow

and CeM group is outlined in red.

No corresponding image

No corresponding image

Figure 4.3. Coronal views of the AG and its subnuclei.

Figs a-e represent coronal views of the AG and its subnuclei on high resolution T>-weighted
structural FSE images. Figs a’-e’ represent the corresponding untouched MRI images of figs a-e.

Figs f-j represent the corresponding coronal schematic views of the AG and its subnuclei from the
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Mai (et al. 2008) atlas. Figs k-m represent the corresponding coronal views of the AG and its

subnuclei from the post-mortem study (Brabec et al. 2010).

Overview of the geometrical AG segmentation protocol

Delineation of the AG nuclei in the current protocol was not based on the white matter boundaries
between nuclei because myelin sheath inside the AG is too small (Solano-Castiella et al., 2011) to
be visible even with high-field MRI methods. Therefore, we established a method that combines
geometrical rules that approximately match the location and orientation of the AG subnuclei based
on histological references (Brabec et al., 2010; Garcia-Amado and Prensa, 2012; Mai et al., 2008;

Schumann and Amaral, 2005).

The whole AG was manually traced using a method previously described in detail elsewhere
(Malykhin et al., 2007). T>-weighted images provide much better contrast and resolution for the
AG and hippocampus compared to Ti-weighted images. Therefore, T2-weighted images were used

to segment AG into its five major subnuclei.

The measurements started from the most posterior slice of the AG (Fig. 4.2a) continued through
slices where both the AG and the hippocampal head (HH) were present, and ended at the level of
the lateral sulcus closure (Fig. 4.3¢). Once the total AG boundaries were outlined, only the coronal
plane was used to segment the AG into its 5 major subdivisions using a single internal landmark
line (LL), defined on each coronal slice where the AG was present (Figs. 4.2b-e and 3a-d). This
landmark line allowed us to separate the AG into nuclei and groups, approximately matching the
intra-AG anatomy described in the Mai et al. (2008) atlas and postmortem histological studies
(Brabec et al., 2010; Garcia-Amado and Prensa, 2012; Schumann and Amaral, 2005). Segmenting
the AG in the posterior part (coronal slices where HH is present) (Fig. 4.2) is slightly different
from that of anterior part (coronal slices where HH is absent) (Fig. 4.3). The difference mainly
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arises from splitting LL differently in in each part (Figs. 4.2, 4.3). The anatomical landmarks

employed in the present segmentation protocol including reference points and lines are

summarized in the Table 4.1.

Table 4.1. Summary of the landmarks lines and reference points of the AG segmentation protocol.

Landmark Begin End Description and role
LL Before the | When the AG | Imm posterior to | LL is the major landmark of the protocol and it
inferolateral expands towards the | the inferolateral | defines other lines and points for AG subnuclei

expansion of the

AG.

ambient gyrus (Fig.
4.2b).

expansion of the

AG (Fig. 4.2d).

After the
inferolateral
expansion of the

AG.

When the AG
expands
inferolaterally  (Fig.

4.2¢e)

The second most
anterior slice of
the AG (Fig.
4.3d).

segmentation. Before inferolateral expansion of
the AG in, LL is a horizontal line (Figs. 4.2b-d)
that connects the most medial border of the AG
to the most lateral border of the AG. After the
inferolateral expansion of the AG, LL is a
diagonal line that connects the most inferomedial
border of the AG to the most medio-inferior

border of the AG (Figs. 4.2¢ and 4.3a-d).

Point A When the AG | The second most | It divides LL into two equal parts and defines the
expands towards the | anterior slice of | beginning of the line A.
ambient gyrus (Fig. |the AG (Fig.
4.2b). 4.3d).

Point B 2 mm anterior to the | The most | It divides LL into the lateral 1/3 and the medial
AG expansion | anterior slice of | 2/3 and defines the beginning of the line B.
towards the ambient |the HH (Fig.
gyrus (Fig. 4.2d). 4.2e).

Point | Presence of the HH | 1 mm anterior to the | The second most | It is placed in the middle of the line A and it

C AG expansion | anterior slice of | defines the beginning of the line C (Figs. 4.2¢c-
towards the ambient | the AG (Fig. | e).
gyrus (Fig. 4.2¢). 4.3d).

Absence of the HH It is placed on the superior 1/3 and the inferior

2/3 of line A. It defines the beginning of line C
(Figs. 4.3a-d).
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Point D 1 mm anterior to the | 4 mm anterior to | Point D is placed on the medial 1/3 and the lateral
AG expansion | the most anterior | 2/3 of the line C (Figs 4.2c-e, 4.3a-c). It defines
towards the ambient | slice of the HH | the beginning of the line D.
gyrus (Fig. 4.2¢). (Fig. 4.3¢).

Point E 1 mm anterior to the | The second most | Point E is placed on the lateral 1/3 and the medial
most anterior slice of | anterior slice of | 2/3 of the line C (Figs 4.3a-d). It defines the
the HH (Fig. 4.3a). the AG (Fig. | beginning of the line E.

4.3d).

Line | Presence of the HH | When the AG | The second most | It is drawn at a 45° angle (from the horizontal

A expands towards the | anterior slice of | plane) from the point A towards the lateral border
ambient gyrus (Fig. |the AG (Fig. | ofthe AG. It defines the superomedial border of
4.2b). 4.3d). the B nucleus (consequently, the most lateral

border of the AB nucleus) (Figs. 4.2c-e).

Absence of the HH It is drawn at a 45° angle (from the horizontal
plane) from the point A towards the lateral border
of the AG. It defines the superomedial border of
the La nucleus (consequently, the most lateral
border of the B nucleus) (Figs. 4.3a-d).

Line B 2 mm anterior to the | The most | It is drawn at a 45° angle (from the horizontal
AG expansion | anterior slice of | plane) from the point B towards the lateral border
towards the ambient | the HH (Fig. | of the AG. It defines the superomedial border of
gyrus (Fig. 4.2d). 4.2e). the La nucleus prior to the disappearance of the

HH (consequently, the most lateral border of the
B nucleus) (Figs. 4.2d-¢).

Line C 1 mm anterior to the | The second most | Line C is a horizontal line drawn from the point
AG extension | anterior slice of | C towards the medial border of the AG. It defines
towards the ambient |the AG (Fig. | the most inferior border of AB nucleus and Co
gyrus (Fig. 4.2¢). 4.3d). group (Figs 4.2c-e, 4.3a-d).

Line D 1 mm anterior to the | 4 mm anterior to | It is drawn at a 45° angle (from the horizontal

AG extension

the most anterior

plane) from the point D towards the most inferior
border of the CeM group (Figs. 4.2c, 4.3a) or the
superomedial border of the AG (Figs. 4.2¢, 4.3¢).
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towards the ambient | slice of the HH | It defines the most medial border of the AB
gyrus (Fig. 4.2¢). (Fig. 4.3¢c). nucleus (consequently the most lateral border of
the Co group) (Figs 4.2¢c-¢,4. 3a-c).

Line E 1 mm anterior to the | The second most | It is drawn at a 45° angle (from the horizontal
most anterior slice of | anterior slice of | plane) from the point E towards the most inferior
the HH (Fig. 4.3a). the AG (Fig. | border of the CeM group (See fig. 4.3b) or the
4.3d). superior border of the AG (See fig. 4.3d). It
defines the most lateral border of the AB nucleus
(consequently, the most superomedial border of

the B nucleus) (Figs. 4.3a-d).

Geometrical protocol’s landmarks and segmentation description

Initially, the landmark line was horizontal and was drawn by connecting the most medial border
of the AG to the most lateral border of the AG (Figs. 4.2b-d). As soon as the AG expanded in the
inferolateral direction (Fig. 4.2¢), the horizontal landmark was replaced by a diagonal landmark
line, drawn by connecting the most inferomedial border of the AG to the most medio-inferior
border of the AG (Figs. 4.2e and 4.3a-d). On each slice of the AG we placed point A exactly in the
middle of the LL (Figs 4.2b-e and 4.3a-d). On posterior AG slices, where the HH was present the
LL was also split into the lateral 1/3 and the medial 2/3 by point B (Figs. 4.2d, e). These two points
were then used to define two secondary lines. The first line, subsequently called ‘line A,” began
on the AG border, directly above point A, and was drawn at a 45° angle (from the horizontal plane)
towards the lateral border of the AG (See fig. 4.2¢). The second line, subsequently called ‘line B,’
began on the AG border, directly above point B, and was also drawn at a 45° angle (from the
horizontal plane) towards the lateral border of the AG (See fig. 4.2¢). Point C was placed in the

middle of line A prior to the disappearance of the HH (See fig. 4.2¢) and when the HH is no longer
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present it splits line A into the superior 1/3 and the inferior 2/3 (See fig. 4.3a). The AG and its

subdivisions were traced in the posterior to anterior direction.

First, we delineated the CeM group. Next, the La nucleus was defined. Subsequently, the

remaining AG tissue was further subdivided into the B, AB nuclei, and the Co group.

Centromedial group

Delineation of the CeM AG started at the first coronal slice, when the AG appears as a small grey
matter structure superior to the uncal recess just above the HH (Malykhin et al., 2007) (Fig. 4.2a).
The CeM group occupies the entirety of the AG tissue until the AG extends (completely or
partially) towards the ambient gyrus (Fig. 4.2b). In subsequent slices, the CeM group occupies
only the superior portion of the AG, separated from the rest of the AG by a horizontal line, drawn
from the intersection of line A with the lateral border of the AG towards the medial border of the

AG (Figs. 4.2b-e and 4.3a, b).

This rule was used to define the inferior border of the CeM group on all slices anterior to the AG
extension towards the ambient gyrus. The last slice of the CeM group was 3 mm (3 MRI slices)

anterior to the most anterior slice of the HH (Mai et al., 2008) (Figs. 4.3b, g).

Lateral nucleus

Delineation of the La nucleus started 2 mm (2 MRI slices) anterior to the AG extension towards
the ambient gyrus (Fig. 4.2d). Since the La nucleus occupies the inferolateral portion of the AG
(Figs. 4.2d, e and 4.3a-d), our goal was to establish its superomedial border, which separates the
La nucleus from the rest of the AG. Prior to the disappearance of the HH, this was accomplished

using line B (Figs. 4.2d, e). In the anterior part of the AG, where the HH is no longer present, the
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La nucleus extends medially, and line A was used to define the superomedial boundary of the La
nucleus (Figs. 4.3a-d). In the last (i.e. most anterior) slice, all of the AG tissue was assigned to the

La nucleus (Fig. 4.3e).

Basal, accessory basal nuclei, and cortical group

Once the CeM group and the La nucleus were demarcated, the remaining AG tissue was segmented
into the B nucleus, the AB nucleus and the Co group. Since the AB nucleus is situated between
the B nucleus, the Co group and the CeM group, defining the AB nucleus boundaries also
completes boundaries of the B nucleus and the Co group. The B and AB segmentation began on
the slice in which the AG extends towards the ambient gyrus (Fig. 4.2b), and ended in the second
most anterior slice of the AG (See fig. 4.3d). On the first MRI slice where the B and AB nuclei
were present (Fig. 4.2b) they were separated from each other by drawing a vertical line from point
A towards the most inferior border of the CeM group. The lateral part was assigned to the B

nucleus and the medial part to the AB nucleus (Fig. 4.2b).

On the next slice (Fig. 4.2¢) and all the remaining AG slices prior to the disappearance of the HH
(Figs. 4.2d, e), line A established the most lateral border of the AB nucleus and consequently the

superomedial border of the B nucleus.

The most inferior border of the AB nucleus (and the Co group) was formed by line C which is a
horizontal line drawn from point C towards the medial border of the AG (See fig. 4.2¢). Line C
was divided into the medial 1/3 and lateral 2/3 by point D (See fig. 4.2¢e). A line at a 45° angle
from the horizontal plane (line D) was drawn from point D towards the most inferior border of the
CeM group (See fig. 4.2¢) or the superomedial border of the AG (See fig. 4.2¢) and formed the

most medial border of the AB nucleus (consequently the most lateral border of the Co group).
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Delineation of the Co group started 1 mm (one MRI slice) anterior to the AG extension towards
the ambient gyrus (Fig. 4.2¢) and ended 4 mm (4 MRI slices) anterior to the most anterior slice of

the HH (Mai et al., 2008) (Fig. 4.3c, h).

These rules and lines (C and D) were used to define borders between the B nucleus, the AB nucleus

and the Co group in slices prior to the disappearance of the HH (Figs. 4.2c-¢).

In summary, on slices where the HH is present (except for the slice in which the AG extends
towards the ambient gyrus (Fig. 4.2b)): 1) the AB nucleus was defined by lines A, C and D as well
as the most inferior border of the CeM group; 2) the B nucleus was defined by lines A and C as
well as the lateral, the inferior and the medial borders of the AG on slices where the La nucleus is
absent (Fig. 4.2¢) or by lines A, C and B as well as the inferior and the medial borders of the AG
on slices where the La nucleus is present (Figs 4.2d, e); 3) the Co group was defined by lines C

and D as well as the medial border of the AG (See fig. 4.2¢).

Modifications of the segmentation landmarks for the anterior part of the AG

Anterior to the HH we employed similar rules and lines except for some minor modifications. As
previously described, line C defined the most inferior borders of the AB nucleus and the Co group
anterior to the HH (See fig. 4.3a) and line D defined the most medial border of the AB nucleus
(consequently the most lateral border of the Co group) (See fig. 4.3a). The most lateral border of
the AB nucleus (consequently the most superomedial border of the B nucleus) was not defined by
line A anymore. Instead, an additional line (line E) at a 45° angle (from the horizontal plane) was
drawn from the lateral 1/3 of line C (point E) towards the most inferior border of the CeM group

(See fig. 4.3b) or superior border of the AG (See fig. 4.3¢). On the remaining AG slices, anterior
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to the most anterior slice of the Co group (Fig. 4.3¢) and posterior to the most anterior slice of the

AG (Fig. 4.3¢) only three AG subnuclei (L, B and AB nuclei) were delineated (See fig. 4.3d).
Statistics

Inter (intra)-rater reliabilities were analyzed using ICCs for a one-way fixed-effects design
(McGraw and Wong, 1996) and Dice’s Kappa (Dice, 1945). ICC shows the correlation between
the volumetric measurements of tracers while Dice’s Kappa calculates the size of the voxel overlap
of operator’s tracings. Dice’s Kappa values were calculated using the following formula:
([2xa]/[b+c]). Here, “a” represents the number of voxels overlapping between two tracings while
“b + ¢” represents the sum of voxels in the two tracings. For assessing inter-rater reliability two
raters (A.A.S and N.V.M; developers of the AG segmentation protocol) separately performed
manual tracing of the AG in 5 subjects (10 amygdalae) and subdivided it into its subnuclei. Intra-
rater reliability for the total AG and its subnuclei volume measures was assessed by retracing the
images from the same five subjects at a 1-week interval by a single rater (A.A.S) (Table 4.2). The
MRI datasets used to assess the intra/inter- rater reliability were different from the datasets used

for training.

The AG and its subnuclei volumes in the left and the right hemispheres were compared using
paired-samples t-tests. A one-way ANOVA was used to compare the demographic data, ICV and
AG volumes between males and females. Individual raw volumes were normalized to the ICV by
using the following formula: normalized volume = raw volume/ICV 1000 mm?* (Lehericy et al.,

1994).

47



4.4. Results

Reliability tests

Both inter/intra-rater ICCs were high (> 0.84) (Table 4.2). The inter (intra)-rater Dice’s Kappa
values were above 0.81 for the total AG and the La nucleus which is the largest nucleus of the AG
(Table 4.2). However, for the smaller subnuclei it was somewhat lower (0.71-0.81). The

significance level for all ICCs was less than 0.0005.

Table 4.2. Reliability results.

ICCs and Dice’s Kappa values
ICC Dice Kappa
Intra-rater Inter-rater Intra-rater Inter-rater

La .95 .93 .86 .82
B .94 .87 81 .76
AB .96 95 77 71
Co 97 .87 72 72
CeM .86 .85 .79 .76
AG .93 95 93 91

AG subnuclei volumes

Raw (before ICV correction) and ICV adjusted volumes of the AG and its subnuclei are shown in
Table 4.3, including volumes for the left and the right AG, together with the mean values for the
AG average across hemispheres. Total AG and its subnuclei volumes did not differ between
hemispheres: total AG, t = 0.059; p = 0.55; La, t = -1.05; p = 0.29; B, t = 0.60; p = 0.55; AB,

t=0.942, p=0.352; Co, t =-0.97; p=0.33; CeM, t =-1.07; p = 0.29.
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AG subnuclei volumes within the left and the right hemispheres were correlated: La, r = 0.46; p =
0.003; B, r=0.68; p <0.001; AB, = 0.70, p < 0.001; Co, r=0.58; p <0.001; CeM, r=0.51; p =

0.001.

Males had larger ICVs (F=29.73, p<0.001) and raw left and right AG volumes (respectively
F=10.97, p=0.002, and F=17.88, p<0.001) than females (Table 4.3), whilst males and females did
not differ in age (p=0.20) or education (p=0.87). Males also had larger raw volumes of left and
right La (respectively F=7.23, p=0.01 and F=15.24, p<0.001), left and right B (F=10.74, p=0.002
and F=11.55, p=0.002), left and right AB (F=4.79, p=0.035 and F=14.41, p=0.001), and left and
right Co (F=5.49, p=0.025 and F=7.56, p=0.009). CeM volumes did not differ (left p=0.144 and

right p=0.315) (Table 3).

After ICV normalization none of the AG subnuclei volumes or total AG volume differed between

males and females (all ps>0.19).

Relative volume of the AG subnuclei (Table 4.4) and their distribution within the total AG volume
is shown in figure 4.4. Furthermore, our analyses showed that the Pearson's correlation and the
coefficient variation of the relative volume of the AG subnuclei between our study and a
postmortem study of the amygdala subnuclei (Garcia-Amado and Prensa 2012) were 0.963 and

17.4% respectively.

Three-dimensional reconstructions of the AG and its subnuclei from the left hemisphere of a single

volunteer are shown in figure 4.5 to illustrate the structural relationship between subnuclei.
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Table 4.3. Raw (before ICV correction) and ICV adjusted volumes of the AG and its subnuclei.

ICV adjusted
Raw volumes
volumes
Males (15) Females (23) Mean Values (38) ! | Mean Values (38) !
Structure
Mean = SD (mm?®) Mean = SD (mm?®) Mean £ SD (mm?) Mean £ SD (mm?®)
Range 527.3-987.2 372.9-9459 372.9-987.2 241.1- 632
Left 729.5 +£133.8 613.7+127.2 659.4 +140.3 407.3+77.4
La
Right 723.4 + 100 577.5£120 635.1£132.6 3923 +72.7
Average 726.5+73.9 5956 +111.2 6472 +116.7 399.8 £ 62
Range 517.6 - 920.1 361.4 - 846.5 361.4-920.1 241.9 - 265.5
Left 703.6 £117.2 571.8+123.6 623.8 £136.2 385+74.3
B
Right 683.3 +£107.7 568.7+97.5 613.9+1152 380.4 +£68.4
Average 693.4+95.6 570.2+101.9 6189+ 115.5 382.7+64.4
Range 240 -457.2 196 - 379.7 196 -457.2 116.5 - 258.6
Left 317.5+51.3 279.2 £53.6 2943 £554 181.8 £29.7
AB
Right 327 £56.9 261.6 £48.4 287.42 +£60.5 177.7 £33.8
Average 3222 +48.8 270.4 £46.8 290.9 £53.5 179.8 £28.6
Range 113.5-232.6 101.2 - 208.5 101.2 -232.6 64.8 -135.3
Left 165.8 £39.4 141.7 £23.9 151.2+£32.7 93.5+17.7
Co
Right 171.6 £28.6 145.6 £28.4 1559 +£30.9 96.3 £16.7
Average 168.7 £30.1 143.7 £22.6 153.5+28.3 949+ 14.7
CeM | Range 126.1- 440 125.8 -434.5 125.84 - 440 72.1-303.7
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Left 293.9+92.1 260.7 £43.8 273.8 £ 68 169.8 £39.4
Right 300.1 +68.6 2763 +71.1 285.7+70.2 178.1 £48.2
Average 297 £73.3 268.5 £ 48.1 279.7 £ 60.1 174 +38.3
Range 1774.7 - 2789.1 1354.6 - 2583.7 1354.6 - 2789.1 886.9 - 1726.2
Left 2210.2 £309 1867.5+314 2002.5 £351.6 1237.5 +184.6
AG

Right 22053 £251.5 1829.7+277.4 1978 +£322.9 1224.8 +182.6
Average 2207.7 £225.7 1848.4 £280.8 1990.2 £312.8 1231.1 £166.5

! Represents the information for both sexes.
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Table 4.4. Relative volume of the AG subnuclei reported from ex vivo and in vivo human studies.

Studies AG subnuclei/total AG (%) Total AG Age
volume! Mean £ | mean+
SD (mm?) SD
BLA Co CeM
Ex vivo
Amunts et al. 2005 69.5 (La, B, AB) 21.5 9 1521+ 272 64.9+16.
9
La B AB
Schumann and 333 25.8 11 27.5 2.4 (Ce) 44 54+ 6.1 23.9+
Amaral (+remaining 9.6
2005 nuclei)’
Garcla-Amado and 39.4 29.2 15 7.2 9.2 956 + 149 52.1£17.
Prensa 2012 6
In vivo
Bach et dataset 1 | 46.8 (La, B, AB) 54.2 (Ce, Me, Co) 1356+ 209 29.445.8
al. 2011
dataset 2 | 45 (La, B, AB) 55 (Ce, Me, Co) 1048+ 217 23.8+3.7
Saygin et al. 2011 40 33.5(B, AB) 13 13.5 - 25.7+£0.2
(Co and Medial | (Ce)
nuclei)
Entis et Young 64 (La, B) 18.2 8 9.7 1095+ 181.1 23.8+1.3
al. 2012 subjects
Elderly 63.6 (La, B) 18.8 7.95 9.6 1017+ 147.5 74.8+2.6
subjetcs
Current study 32 31 15 8 14 1231+ 166.4
34.7+12.
4

! There are some methodological differences in postmortem studies such as definition of AG border, slice

thickness, number of slice sections per case and distance between two measured sections.
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a. Current study b. Garcia-Amado and Prensa 2012

Figure 4.4. Relative distribution of AG subdivisions within total AG volume for (a) the current

study and (b) Garcia-Amado and Prensa 2012.

Abbreviations: La, lateral nucleus; B, basal nucleus; AB, accessory basal nucleus; Co, cortical

nucleus; CeM, centromedial group.

Figure 4.5. Three-dimensional reconstruction of the amygdala subnuclei groups from a healthy

volunteer.

(a) lateral view; (b) Medial view; (c) Anterior view; (d) Posterior view; (e) Superior view; (f)
Inferior view. La nucleus is in green, B nucleus is in dark blue, AB nucleus is in light blue, Co

group is in yellow and CeM group is in red.
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4.4. Discussion

Using ultra-high resolution structural Tr-weighted MR images, we developed a reliable
segmentation method of the human AG into its five major subnuclei in-vivo for the first time. Our
results suggest that consistent measurements of the AG subnuclei can be obtained by experienced
MTL image analysts in 2 hours. The strength of our method is that it relies on the internal AG
landmarks, not arbitrary boundaries, which are often insensitive to individual brain variations.
Finally, we provided a step-by-step protocol, which explains the entire AG subnuclei tracing
procedure, and it can be applied by other image analysts to segment the AG into its five major

subnuclei with millimeter precision.

Previous methods for the AG segmentation were designed to measure the structure as a whole
(Achten et al., 1998; Bonilha et al., 2004; Convit et al., 1999; Makris et al., 1999; Malykhin et al.,
2008, 2007; Matsuoka et al., 2003; Pruessner et al., 2000; Watson et al., 1992). More recent studies
aimed to segment the AG into its subnuclei and measured the volume of the AG subdivisions

(Amunts et al., 2005; Bach et al., 2011; Entis et al., 2012; Saygin et al., 2011).

Amunts and colleagues (2005) provided for the first time cytoarchitectonically verified
probabilistic maps for the laterobasal, CeM and superficial AG parcellation that were developed
using postmortem histological data from ten human postmortem brains from elderly individuals
(average age 65 years). Because structures in the MTL exhibit significant inter-individual
variability, the signal-to-noise ratio in MNI transformed group analysis is substantially reduced
(Insausti et al., 1998; Prévost et al., 2013). Therefore, the segmentation of the AG in native space

can better account for such individual differences in the AG anatomy.

54



Bach et al. (2011) manually delineated the AG into anterior/inferior/lateral and
posterior/superior/medial clusters corresponding to the BLA and the cortico-medial regions
respectively. The AG subregion boundaries were not based on intra-AG anatomy. Instead, the
authors used a clustering method and probabilistic tractography to segment the AG into the
mentioned subregions based on their cortical connections. Volumetric data shown in Table 4.4

indicate that BLA was somewhat underestimated while cortico-medial region was overestimated.

Saygin and colleagues (2011) employed an automated segmentation for the segmentation of the
total AG and then divided it into La, BA (B and AB), superficial (Co and Me) and Ce nuclei based
on their differential connectivity patterns. Although a connectivity-based segmentation approach
is getting popular amongst neuroimaging investigators, it is prone to potential pitfalls. For
example, initial definition of the ROI, employing the best clustering algorithm, finding an optimal
number of clusters in the defined ROI and assessing the significance of brain parcellation results
by using classical inferential statistics in the absence of the null hypothesis to test against should
be considered (Eickhoff et al., 2015). It is worth noting that tractography-based segmentation does
not necessarily define a real neuroanatomical parcellation. In fact, it is utilized to demonstrate the

best clustering explanation of the data (Eickhoff et al., 2015).

The last study used landmarks external to the AG and geometrical rules on high-resolution Ti-
weighted anisotropic MPRAGE protocol with 380 pm in-plane resolution and slice thickness of
0.8 mm to manually segment the AG into BL (consists of lateral and basal nuclei), basomedial,
CeM and Co subregions (Entis et al., 2012). Despite the fact that Entis et al. (2012) and the present
study employed geometrical approaches to segment the AG into its subnuclei groups, there are
several important differences between the two methods. First, our volumetric protocol employed

T>-weighted ultra-high resolution FSE images that allow much better visualization of the AG
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boundaries, which is a crucial factor for accurate separation of the AG form other MTL structures,
especially the hippocampus. Second, we used an acquisition plane perpendicular to the AC-PC
line — a similar convention was used in the Mai et al. (2008) atlas — while Entis et al. (2012)
acquired MRI data perpendicular to the long axis of the hippocampal formation. Third, our
principal landmark line and different points used for geometrical rules were based on the internal
AG landmarks (medial and lateral borders of the AG; the most inferomedial border and the most
medio-inferior border of the AG), whilst Entis et al. (2012) employed landmarks external to the
AG. In addition, the present method also allows the separation of the B from the La AG, while

Etnis et al. (2012) analyzed these subnuclei as a single structure (BL).

We think that it is important to analyze these structures separately since all of the AG subnuclei
have unique connectivity profile and functions. For instance, the La nucleus is considered the main
region in the AG that receives sensory information from all modalities, whilst the B nucleus is
generally considered the bridge between the La nucleus and CeM group and a connector of the
AG to the orbitofrontal cortex, medial prefrontal cortex, rostral cingulate cortex, and stratial areas
(Freese and Amaral, 2009; LeDoux and Schiller, 2009). Similar to the B nucleus, the AB nucleus
receives most of its inputs from the La nucleus and most of its projections terminate in the Ce
nucleus of the AG (Freese and Amaral, 2009). In addition, the AB nucleus generates one of the
major AG projections to the hippocampal, entorhinal and perirhinal cortices. The AB nucleus also
sends projections to the orbitofrontal/medial prefrontal cortices, but these are less numerous than
projections from the B nucleus (Yilmazer-Hanke, 2012). Ce nucleus is the major site of the AG
output and it mediates behavioral responses to emotional stimuli (Hrybouski et al., 2016) by
sending its projections to the hypothalamus, the bed nucleus of stria terminalis (BNST), the pons,

and the midbrain (Roozendaal et al., 2009). Both the Co and Me nuclei have reciprocal connections
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with the olfactory cortex (LeDoux, 2007), which explains their similar functions. However, the
Me nucleus also projects to the BNST and hypothalamus (Roozendaal et al., 2009). Most of the
findings on AG function come from lesion and animal studies, partially because few patients with
the focal AG lesions were reported (Sah et al., 2003), and partially because of resolution limitations
in functional imaging (Hrybouski et al., 2016). Despite the fact that the current study did not
investigate the function of AG subnuclei, future volumetric and fMRI studies will be able to

address this topic directly.

It is important to emphasize that the design of acquisition protocols to image MTL structures
depends on two major factors that are contingent on the choice of the magnetic field strength and
the acquisition time. First, it depends on the in-plane resolution and whether it is adequate to
visualize the structure of interest. For instance, the optimal in-plane resolution to image
hippocampal subfields in-vivo is within the range of 0.22mm-0.7mm: 0.22mmx0.22mm (Kerchner
et al., 2012), 0.25mmx0.25mm (Henry et al., 2011), 0.4mmx0.4mm (Mueller et al., 2007),
0.52mmx0.52mm (Bonnici et al., 2012), 0.68mmx0.52mm (Malykhin et al., 2010),
0.6mmx0.6mm (Winterburn et al., 2013), and 0.7mmx0.7mm (Wisse et al., 2012). This range of
in-plane resolution is sufficient to visualize SLM in the hippocampal body and to delineate
hippocampal subfields within it. The second parameter that has to be carefully considered is the
slice thickness. Slice thickness also varies between the high-resolution MTL studies from 0.5mm
to 2mm: 0.5mm (Bonnici et al., 2012), 0.6mm (Winterburn et al., 2013), 0.7mm (Wisse et al.,
2012), Imm (Malykhin et al., 2010), 1.2mm (Henry et al., 2011), 1.5mm (Kerchner et al., 2012),
and 2mm (Mueller et al, 2007). Although all aforementioned studies were able to visualize the
subfields within the hippocampal body, the delineation of subfields within the hippocampal tail

and head so far was only possible on MRI images acquired with 1mm (and thinner) slices. The
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major reason is that subfield transition based on the visualization of changes in the shape of SLM
within the HH and tail occurs at least at Imm scale and therefore can only be detected with these
MRI protocols. Unfortunately, the MRI protocols that employed thicker slices are not able to detect
such small changes in the SLM anatomy and as a result SLM is poorly visualized on MRI images.
Similar imaging parameters for in-plane resolution (0.2-0.7) and slice thickness of 1mm would
work for the delineation of the AG subnuclei based on the current volumetric method. In contrast
to the hippocampus with visible white matter (SLM), contrast variations within the AG are low
due to its low myelin sheath content (Solano-Castiella et al., 2011). The AG has fewer myelinated
fibers which are visible on histological images (Brabec et al., 2010; Sims and Williams, 1990),
especially separating the central and the lateral AG from the basal AG (Sims and Williams, 1990).
However, myelinated fibers are not visible on high resolution structural MRI images to allow for
reliable segmentation of the AG subnuclei. At least Imm slice thickness is necessary for the
accurate anterior-posterior transition of the AG subnuclei and the accurate delineation of the AG
boundaries from the HH. It remains to be determined whether further improvements in MRI

resolution would be able to differentiate myelin fibers within the AG in-vivo.

Although several previous volumetric MRI studies reported asymmetry in AG volume between
hemispheres (Achten et al., 1998; Bogerts et al., 1993; Good et al., 2001; Szeszko et al., 1999;
Watson et al., 1992), the majority of the studies did not find any differences in AG volume between
hemispheres (Berretta et al., 2007; Brabec et al., 2010; Brierley et al., 2002; Bzdok et al., 2013;
Chance et al., 2002; Filipek et al., 1997; Heckers et al., 1990; Malykhin et al., 2007; Prestia et al.,

2011; Rogers et al., 2009; Sachdev et al., 2000). Our results are in agreement with the latter studies.

Findings on the effects of sex on the AG volume have been equivocal so far. Although some

studies, both post-mortem (Heckers et al., 1990) and neuroimaging (Brierley et al., 2002; Goldstein
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et al., 2001; Good et al., 2001; Mechelli et al., 2005), claimed that the AG volume is different
between males and females, some other studies, both post-mortem (Berretta et al., 2007; Bogerts
et al., 1985; Brabec et al., 2010; Chance et al., 2002) and neuroimaging (Giedd et al., 1997;
Karchemskiy et al., 2011) did not observe any effect of sex on AG volume. In the present study,
we found that males had larger absolute (i.e. raw) volumes for the total AG, and all its subnuclei
except for the CeM group. However, these differences disappeared when the AG and its subnuclei
volumes were corrected for individual ICVs, suggesting that the relative AG size is similar
between males and females. It is important to mention that most of the studies that reported sex
differences in the AG volume (Brierley et al., 2002; Goldstein et al., 2001; Good et al., 2001;
Heckers et al., 1990), argued that males have larger AG than females. Interestingly, Mechelli and
colleagues (2005) found that there were significant patterns of covariance consistent between men
and women in the size of many structures in the brain except for the left AG. Therefore, in
volumetric studies of AG, it is important to correct AG volume for variations in ICV or total brain

volume.

Since the primary goal of volumetric MRI studies is to provide researchers with accurate structural
measurements, we compared volumes from the present study to postmortem studies (Garcia-
Amado and Prensa, 2012; Schumann and Amaral, 2005) and to the in-vivo MRI study (Entis et
al., 2012) (Table 4). According to human postmortem studies (Garcia-Amado and Prensa, 2012;
Schumann and Amaral, 2005) the La nucleus is the largest nucleus of the AG while the B and the
AB nuclei were the second and third largest nuclei respectively. Our results are in agreement with
these findings. Although Garcia-Amado and Prensa (2012) showed that the Me nucleus is the
smallest nucleus of the AG, we could not replicate this finding since the Me nucleus in our study

was merged together with the Ce nucleus to form the CeM group. However, our results are in
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agreement with the postmortem study by Garcia-Amado and Prensa (2012) with respect to the Co
nucleus, the smallest AG subdivision in our protocol. We were not able to compare volumes of the
CeM and the Co groups in our study with those of the Schumann and Amaral (2005) postmortem

study because they did not measure volumes of the Co and Me nuclei separately.

Our inter/intra-rater reliability results indicated that Dice’s Kappa values were slightly lower than
those of ICCs since they represented the actual overlap between labels and as a result affected the
volume of the smaller AG subnuclei more than its larger subnuclei. However, even the inter-rater
Dice’s Kappa value for AB (.71, the lowest Dice’s Kappa value in the current study) is in the range
(0.61-0.8) of substantial agreement (Landis and Koch, 1977). Moreover, inter/intra-rater Dice’s
Kappa values for the total AG (.91/.93) and La nucleus (0.82/.86) exceed the “almost perfect” (>
.81) level (Landis and Koch, 1977). This can be explained by relatively simple geometrical rules
used in the present segmentation protocol, where all the landmark lines were either 45-degree
angle or horizontal, and the reference points were placed at 1/2 or 1/3 of those lines. The inter
(intra)-rater Dice’s Kappa values for the smaller AG subnuclei were somewhat lower and gradually

increased to the largest AG subnuclei (Table 4.2).

Voxel overlap for both inter and intra-rater Dice’s Kappa reliabilities was usually larger in the
posterior part of the AG where it is surrounded by the hippocampus and white matter and smaller
in the anterior part of the AG where the AG is surrounded by the primary olfactory cortex (periform
and periamygdaloid cortices), and the preamygdalar claustrum (Mai et al., 2008). Delineation of
the anterior AG boundaries is still difficult on MRI images despite recent improvements in
resolution, and it reflects the overall complex anatomy of the temporal pole. For instance, Brabec
and colleagues (2010) used two neuroanatomical definitions for the AG due to the lack of

consensus in measurement of the anterior pole of the AG (Please see figs 4.3 k-m). While our
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geometrical rules are highly reproducible, our method also takes into account the inter-individual
size differences in the AG shape. In particular, the location and the appearance of the landmark
line that corresponds to the inferomedial boundary of the AG is highly consistent across
individuals. The additional lines and landmarks are almost exclusively specific to a particular
subject, since they are based on superomedial, superolateral and inferolateral boundaries of the
AG that showed greater variability in our participants. Furthermore, the appearance and
disappearance of individual AG subnuclei and the transition between subnuclei are also based on

individual anatomy and take into account the size of the AG in all directions.

Conclusion

AG 1is a heterogeneous structure, which plays a critical role in the neuronal pathway of emotions,
social behaviors and cognition. Unfortunately, detailed information about the function, structure
and connection of each of the AG subnuclei and groups in human is very limited. In order to
address this gap, we developed a reliable volumetric protocol to delineate five major AG subnuclei
in vivo on high-resolution T2-weighted MRI images. Our results suggest that reliable
measurements of the AG subnuclei can be obtained by image analysts with experience in AG
anatomy. We provided a step-by-step segmentation protocol and reported absolute and relative
volumes for the AG subnuclei. Finally, we did not observe any hemispheric and sex effects on the
volume of the AG and its subnuclei. Future applications of this method will help to reveal the
selective vulnerability of the AG subnuclei in psychiatric and neurological disorders as well as

functional roles of the AG subnuclei in humans.
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Limitations

4.7 T FSE protocol can provide very high resolution images in relatively short time. However, it
is very sensitive to head motion which causes imaging artefacts and therefore has very limited
application in individuals with reduced cooperation. Current acquisition protocol was designed
with the main goal of the visualization of hippocampal subfields in-vivo across the entire
hippocampal formation regardless of the brain size (9 cm coverage) in a reasonable scan time (13.5
min). Achieving higher in-plane resolution or acquisition thinner slices would result in smaller
coverage and larger acquisition times which was not feasible at the time of the current protocol
design. Although our MRI protocol has an advantage in terms of short acquisition time and
increased coverage, it employs anisotropic voxel which might be more prone to partial volume
effects than isotropic voxel (Amaral et al., 2018). However, it is unlikely that the voxel dimensions
used in the current study would significantly affect the visualization of the white matter boundaries
between the AG subnuclei. For instance, Yushkevich and colleagues (2009) acquired ex-vivo high

resolution images of the MTL structures at 9.4 T with either 0.2mm?

isotropic resolution
(acquisition time to ~ 63 hours) or 0.3x0.2x0.3mm? resolution (acquisition time to ~ 15 hours).
Despite the fact that the SLM was perfectly visible across entire hippocampus, the white matter
fibers within the AG were not visible. Therefore, it is not clear if it is feasible to visualize and

segment AG subnuclei in-vivo based on its white matter boundaries with high resolution MR

images acquired with isotropic voxel size (at the cost of much longer acquisition time).

Although the AG consists of at least 13 different subnuclei, because of resolution limitations of
in-vivo MRI only the five major AG nuclei groups were delineated and other AG subnuclei and
periamygdaloid cortical areas were included as parts of the major subnuclei groups. Furthermore,

volumetric MRI methods that combine geometrical rules can only approximately match the
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location and the orientation of the AG subnuclei based on histological references. The straight-
lines used in the current manual segmentation protocol do not exactly represent curved borders of
the AG subnuclei and consequently might not yield the perfect segmentation. In manual
segmentation protocols, there is sometimes a trade-off between the accuracy of the protocol and
the reliability of the protocol. We think that in the current study, the accuracy of the volumetric
protocol was minimally sacrificed for the sake of achieving high inter (intra)-rater reliabilities by

using straight-lines in outlining boundaries between AG subnuclei.

The current volumetric protocol divided the AG into five subnuclei groups by connecting several
internal landmarks that were drawn from a single main landmark line (LL). Although this landmark
might not represent a perfect boundary like the SLM for separation of hippocampal subfields, there
are several reasons to choose it as the main landmark. First, this is a consistent landmark that can
be visualized across the entire length of the AG and it has very little variability between subjects.
Second, except for the first few MRI slices this inferomedial border of the AG for the entire length
of the AG does not border CSF where usually the first signs of atrophy are visible for both the AG
and the hippocampus. Instead, this border is consistently attached to the HH and the
parahippocampal white matter, that both show preservation with age (Malykhin et al., 2007;
Michelsie et al., 2011). As a result, dramatic age-related changes in the visibility of this LL are not
likely to be expected. In addition, stability of this landmark allows detecting changes in AG
structure in all other directions (superior and lateral), that have much more variability between

subjects and most likely are more prone to shifts associated with age-related atrophy.

Since the current protocol relied on either horizontal landmarks or on lines drawn at a 45° angle
from the horizontal plane, extra time and care is needed to trace cases with significant head

rotations (>10 degrees). Finally, tracing and segmenting the AG subnuclei in both hemispheres
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takes approximately 2 hours for a well-trained rater. However, it is less time consuming compared
to the hippocampal subfield segmentation methods, which delineate the subfields within the entire

hippocampal formation (3 hours plus).
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Chapter 5: Amygdala subnuclei and healthy cognitive aging
Abstract

Amygdala is a group of nuclei involved in the neural circuits of fear, reward learning, and stress.
The main goal of this Magnetic Resonance Imaging (MRI) study was to investigate the relationship
between age and the amygdala subnuclei volumes in a large cohort of healthy individuals. Our
second goal was to determine effects of the apolipoprotein E (APOE) and brain-derived

neurotrophic factor (BDNF) polymorphisms on the amygdala structure.

126 healthy participants (18-85 years old) were recruited for this study. MRI datasets were
acquired on a 4.7T system. Amygdala was manually segmented into five major subdivisions
(lateral, basal, accessory basal nuclei, as well as cortical, and centromedial groups). The BDNF
(methionine and homozygous valine) and APOE genotypes (€2, homozygous €3, and €4) were

obtained using single nucleotide polymorphisms.

We found significant nonlinear negative associations between age and the total amygdala and its
lateral, basal and accessory basal nuclei volumes, while the cortical amygdala showed a trend.
These age-related associations were found only in males but not in females. Centromedial
amygdala did not show any relationship with age. We did not observe any statistically significant
effects of APOE and BDNF polymorphisms on the amygdala subnuclei volumes. In contrast to
APOE €2 allele carriers, both older APOE ¢4 and €3 allele carriers had smaller lateral, basal,

accessory basal nuclei volumes compared to their younger counterparts.

This study indicates that amygdala subnuclei might be non-uniformly affected by aging and that

age-related association might be sex specific.
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5.1. Introduction

The amygdala (AG), a medial temporal lobe brain structure consisting of at least 13 subnuclei
(Freese and Amaral, 2009; Sah et al., 2003; Yilmazer-Hanke, 2012), has been considered as a
heterogenous structure due to its various cytoarchitectonic and functional features as well as its
diverse developmental origin (Freese and Amaral, 2009; LeDoux, 2007; Sah et al., 2003;
Yilmazer-Hanke, 2012). The AG is involved in emotional, social (Adolphs, 2009), and goal-
directed (Hampton et al., 2007) behaviors, as well as motivation, explicit memory (LeDoux, 2007),

attention and perception (Vuilleumier, 2009).

Postmortem studies revealed that pathological age-related changes such as the formation of
neurofibrillary tangles and neuritic plaques were present in the AG, as well as in the hippocampus
and entorhinal cortex (Wright, 2009). However, age-related changes in the AG have been less
studied compared to the hippocampus and entorhinal cortex (Allen et al., 2005; Fjell and Walhovd,
2010). Previous Magnetic Resonance Imaging (MRI) studies of healthy aging reported modest
age-related AG atrophy (Brierley et al., 2002; Fjell and Walhovd, 2010; Mather, 2016; Raz and
Rodrigue, 2006; Wright, 2009). Furthermore, several studies demonstrated that deleterious effects
of aging on the AG volume might not be only cumulative, but also progressive, and become evident
after the age of 60 (Grieve et al., 2011; Mu et al., 1999), suggesting a nonlinear association between
the AG and age. However, the underlying neuroanatomical sources of this age-related atrophy are
not clear (Wright, 2009), since most of the previous MRI studies measured the AG as a single
structure (Bonilha et al., 2004; Malykhin et al., 2008; Matsuoka et al., 2003; Pruessner et al., 2001;
Sublette et al., 2008). Recent technological advances in MRI, due to improvements in spatial
resolution and tissue contrast (Duyn, 2012), made it possible to delineate the AG subnuclei in-vivo

(Aghamohammadi-Sereshki et al., 2018; Entis et al., 2012; Saygin et al., 2017; Tyszka and Pauli,
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2016). Despite the fact that the specific functions of the human AG subnuclei have not yet been
identified (LeDoux and Schiller, 2009), differences in sensory input/output between the AG
subnuclei may underlie their functional role (Freese and Amaral, 2009; LeDoux, 2007; Yilmazer-
Hanke, 2012). Moreover, sexual hormone markers showed a wide distribution in most of the AG
subnuclei in both human and non-human primates (Blurton-Jones et al., 1999; Osterlund et al.,
2000 a, 2000b; Roselli et al., 2001), suggesting possibility of sex-related differences in the effects
of aging on the AG and its subnuclei. However, most of previous age-related studies of the AG
did not investigate sexual dimorphism (Heckers et al., 1990; Laakso et al., 1995; Malykhin et al.,
2008; Mu et al., 1999) or were limited by small sample sizes or narrow age range to find such an

effect (Pruessner et al., 2001; Sublette et al., 2008).

Multiple factors, often called modifiers, including genetic, cardiovascular, lifestyle, physical and
cognitive activities can contribute to the inter-individual variability observed in studies of healthy
brain aging (Fjell and Walhovd, 2010; Raz et al., 2010; Raz and Rodrigue, 2006). Therefore, a
better understanding of these modifiers and their effects on the human brain is critical (Fjell and
Walhovd, 2010; Raz and Rodrigue, 2006). AG is one of the brain structures affected in
Alzheimer’s and Parkinson’s diseases which are the two most common neurodegenerative diseases
(Braak et al., 1994; Casey 2013; Harding et al., 2002; Krasuski et al., 1998; Scott et al., 1992).
Moreover, the apolipoprotein E (APOE) and brain-derived neurotrophic factor (BDNF) are two
most common genetic polymorphisms that have been investigated in a number of neuroimaging
studies due to their associations with Alzheimer’s disease, neuronal repair, protection and
proliferation, as well as synaptic growth and memory function (Deary et al., 2004; Petrella et al.,

2008). A better understanding of APOE and BDNF-related effects on healthy aging of the AG
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might help us to understand protective and/or susceptible factors and mechanisms involved in

neurodegenerative diseases.

APOE polymorphism has three known allelic variants (g2, €3, and €4) (Petrella et al., 2008).
Previous PET studies reported lower rates of glucose metabolism in posterior cingulate, parietal,
temporal, and prefrontal cortex either in the late-middle-aged €4 carriers (Reiman et al., 1996) or
in relatively young adult €4 carriers (Reiman et al., 2004). Moreover, volumetric MRI studies
found e4-related volumetric atrophy in the AG in Alzheimer’s disease (Basso et al., 2006;

Hashimoto et al., 2001) and in non-demented older adults (Honea et al., 2009).

The role of BDNF in healthy brain aging has also been a subject of many studies (Petrella et al.,
2008). A common BDNF polymorphism is an amino-acid substitution of valine (Val) to
methionine (Met) at amino-acid residue 66 (Val66Met). The BDNF is expressed throughout the
brain and abundantly in the hippocampus and the prefrontal cortex (Petrella et al., 2008).
Consequently, most of the previous MRI studies of the BDNF polymorphism focused on those
two structures. However, the number of studies investigating effects of APOE and BDNF
polymorphisms on the AG in healthy subjects is very limited (den Heijer et al., 2002; Hibar et al.,
2015; Soldan et al., 2015, Sublette et al., 2008) and their effects on AG subnuclei have not been

studied so far.

Therefore, the primary goal of the present study was to investigate nature of the AG subnuclei
associations with age in a large sample of healthy individuals across the entire adult lifespan using
recently developed ultra-high-resolution MRI volumetric method (Aghamohammadi-Sereshki et
al., 2018). Our second goal was to determine effects of APOE and BDNF polymorphisms on the

AG and its subnuclei volumes.
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5.2. Material and methods

Participants

Originally 140 individuals (62 men, 78 women) were recruited through online, poster and local
advertisements. However, fourteen participants were later excluded from the initial sample
because of contraindications to the 4.7T scan or because of difficulty in remaining still during the
scanning procedure. Therefore, the final sample consisted of 126 healthy volunteers (58 males, 68
females), between 18 and 85 years of age (mean: 47.6, SD: 18.9). Of those, 96 participants were

Caucasian (76.2%), 23 Asian (18.2%), 7 Latin American (5.6%).

An initial phone interview was conducted to screen candidates for existing neuropsychiatric
disorders, as well as MRI contraindications. Participants were excluded if they or their first-degree
relatives had any history of psychiatric disorders, as assessed by the Anxiety Disorders Interview
Schedule—IV (Brown et al., 2001). Therefore, healthy participants did not have any lifetime
psychiatric disorders including schizophrenia, bipolar disorder, major depressive disorder and
dysthymia, anxiety disorders, substance dependence, anorexia nervosa, antisocial or borderline
personality disorder, panic disorder/agoraphobia, social phobia, specific phobia, and obsessive
compulsive disorder. The exclusion criteria were active and inactive medical conditions that may
interfere with normal cognitive function (cerebrovascular pathology, tumors or congenital
malformations of the nervous system, diabetes, multiple sclerosis, neurodegenerative diseases,
epilepsy, dementia, and stroke) and use of psychotropics medications and non-prescribed
substances that could affect brain function. However, female participants were not controlled for
receiving hormone replacement therapy. Most of the individuals were right-handed (R: 114; L:
12). Handedness was assessed using a 20-item Edinburgh Handedness Inventory and individuals

with laterality quotient > +80 were determined as right-handed (Oldfield, 1971).
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A face-to-face interview was conducted in order to verify that our older volunteers retained healthy
cognitive function. Older subjects (>50 years of age) with Mild Cognitive Impairment and
dementia were excluded from the study. For exclusion, dementia was defined according to the
DSM-IV criteria. Mild Cognitive Impairment was defined based on presence of cognitive
complaints (documented on the AD-8, Galvin et al., 2007) with documented impairment on the
Montreal Cognitive Assessment Test (MOCA) (all included subjects had MOCA score > 26)
(Nasreddine et al., 2005). Furthermore, older participants (>50 years of age) were assessed for
vascular dementia with the Hachinski Ischemic Scale (HIS) (Hachinski et al., 1975). A score above
7 out of 18 has 89% sensitivity (Moroney et al., 1997). All elderly participants included in this

study received a HIS score of 3 or lower.

The Clinical Dementia Rating scale (CDR) was used as an assessment of dementia symptom
severity (Hughes et al., 1982), where subjects are assessed for functional performance in six areas:
memory, orientation, judgment and problem solving, community affairs, home and hobbies, and
personal care. We employed CDR as an additional screening measure for dementia in older
participants. A composite score from 0 to 3 was calculated. All of our subjects met the cutoff score
of < 0.5 for total CDR score. In order to screen older participants for depression, the Geriatric
Depression Scale (GDS) was used (Yesavage et al., 1982). Designed to rate depression in the
elderly, a score of > 5 is suggestive of depression and a score > 10 is indicative of depression. Our

subjects met the cutoff score of 4 and below.

Written, informed consent was obtained from each participant. The study was approved by the

University of Alberta Health Research Ethics Board.
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MRI acquisition and data analysis

Imaging was performed on a 4.7T Varian Inova MRI system at the Peter Allen MR Research
Centre (University of Alberta, Edmonton, AB). A T>-weighted fast spin echo (FSE) sequence [TE:
39 ms; TR: 11000 ms; bandwidth: 34.97 kHz; echo spacing: 19.5 ms; echo train length: 4; FOV:
20x20 cm; native resolution: 0.52x0.68x1.0 mm?] was utilized with contiguous 1-mm-thick slices
and a 90° excitation followed by a 160° and three 140° refocusing pulses. In total ninety slices
were attained perpendicular to the anterior-posterior commissure (AC-PC) line in a total
acquisition time of 13.5 min. All high-resolution FSE images were reconstructed and inspected for
motion artefacts while the subject was in the scanner, allowing a second or a third FSE dataset to
be collected if required. A whole brain Ti-weighted 3D MPRAGE sequence [TR: 8.5 ms; TE: 4.5
ms; inversion time: 300 ms; flip angle: 10°; bandwidth: 80kHz; FOV: 256x200x180 mm?; voxel
size: 1x1x1 mm?®] was acquired for intracranial volume (ICV) estimation. FSE images were
interpolated in-plane by a factor of 2 to yield a final resolution of 0.26x0.34x1.0 mm? and voxel
volume of 0.09 pl. DISPLAY (Montreal Neurological Institute, QC, Canada) software was used
to trace the ICV, and all AG ROIs. 3-dimensional models of the AG and its subnuclei were created

using ITK-SNAP software (v. 3.6.0; Yushkevich et al., 2006).

Detailed reliable protocols for the manual tracing of the total AG (Malykhin et al., 2007) and AG
subnuclei (Aghamohammadi-Sereshki et al., 2018) were previously reported in detail. The AG
was manually segmented using geometrical rules that approximately match the location and
orientation of the AG subnuclei based on histological references (Brabec et al., 2010; Garcia-
Amado and Prensa, 2012; Mai et al., 2008; Schumann and Amaral, 2005). Total AG was manually
traced from the most posterior slice continued through slices where both the AG and hippocampal

head were present and ended at the level of sulcus closure (Malykhin et al., 2007). Subsequently,
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only the coronal plane was used to segment the AG into its 5 major subnuclei groups: The lateral
(La) nucleus, the basal (B) nucleus, the accessory basal (AB) nucleus (these three nuclei form the
basolateral group [BLA]), the cortical (Co) group and the centromedial (CeM) group (Fig. 5.1). A
single internal landmark line which was either a horizontal line that connects the most medial
border of the AG to the most lateral border of the AG, or a diagonal line that connects the most
inferomedial border of the AG to the most medio-inferior border of the AG was used to segment
AG into the aforementioned subnuclei groups (Aghamohammadi-Sereshki et al., 2018). Generally,
consistent measurements of the AG subnuclei can be obtained by a person experienced in medial
temporal lobe anatomy in 2 hours. All measurements were performed by a single rater (A.S.S)
who was blind to all demographic and genotype information. Raw volumetric measurements were
adjusted to the ICV by using the following formula: /CV-adjusted volume = [raw ROI volume
(mm®)/ICV of the same individual (cm®)] % sample average ICV (cm?) (Malykhin et al., 2017).
Also, the normalization method used to compensate for the head size differences between
individuals depends on the linear relationship between ICV and volumes of the amygdala and its
subnuclei (Nordenskjold et a., 2015). Therefore, in order to test the linear relationship between
ICV and volumes of the AG, ROIs Pearson's correlations was used in individuals < 55 years old.
Our analyses showed that the volumes of the total AG (r: 0.629, p < 8.87E-10), La (r: 0.530, p <
7.05E-7), B (r: 0.564, p < 9.49E-8), AB (r: 0.570, p < 6.29E-8), Co (r: 0.544, p <3.15E-7) and the

CeM (r: 0.504, p < 2.94E-6) had significant linear correlations with ICV.

Although both total brain volume (TBV) and ICV are frequently used to correct for individual
differences in the head size (Mankiw et al., 2017; Nordenskjold et al., 2015; Reardon et al., 2016;
Tan et al., 2016), we used ICV to normalize the AG volumes because unlike the TBV, ICV does

not change with age (Michielse et al., 2010, Raz et al., 2004; Shang et al., 2018; Ystad et al., 2009).
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The inter-rater reliability was assessed by two raters (A.A.S and N.V.M; developers of the AG
segmentation protocol), who independently traced the AG and its subnuclei in 5 subjects (10
amygdalae total). Intra-rater reliability for the total AG and its subnuclei volume measures was
assessed by retracing the images from the same five subjects at 1-2 weeks interval by a single rater
(A.A.S) who performed all manual measurements of the current study (Table 5.1). It is important
to mention that the MRI scans used to assess the intra/inter- rater reliability were different from

the datasets used for training.
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Figure 5.1. Segmentation of the amygdala (AG) subnuclei on a sagittal (a), coronal (b-f) and axial
(g and h) views is shown on T>-weighted FSE images with inverted contrast.

Three-dimensional reconstructions of the AG and its subnuclei from a healthy volunteer are shown
from the superior (i), the lateral (j), and the anterior (k) views. Lateral (La) nucleus is outlined in
green, basal (B) nucleus is outlined in dark blue, accessory basal (AB) nucleus is outlined in purple,
cortical (Co) group is outlined in yellow and centromedial (CeM) group is outlined in red. Dashed

lines indicate the corresponding slice locations.

Table 5.1. Reliability results.

ICCs and Dice’s Kappa values
ICC Dice Kappa
Intra-rater Inter-rater Intra-rater Inter-rater

La 95 93 .86 .82
B .94 .87 81 .76
AB .96 95 7 71
Co 97 .87 12 72
CeM .86 .85 .79 76
AG 93 95 93 91

Key: AB: accessory basal; AG: amygdala; B: basal; CeM: centromedial; Co: cortical; La: lateral.

Genetic analysis

The genotypes for our genes of interest were obtained using single nucleotide polymorphisms
(SNPs) derived from cheek swabs from our participants. Primer3PLUS was used to generate
primers using sequence data from dbSNP. Primers were positioned to generate a clean single PCR
product with the variant in a position near the centre of the read to avoid common technical artifacts
that can occur during the sequencing step. All primers were purchased from Integrated DNA

Technologies (Coralville, IA). APOE polymorphisms were determined on the basis of two SNPs:
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rs7412 (C; T), which ancestral nucleotide is C and rs429358(T; C) which ancestral nucleotide is
T. The presence of rs7412-T and rs429358-T indicates an €2 allele; the presence of rs7412-C and
rs429358-T indicates an €3 allele; and the presence of rs7412-C and rs429358-C indicates an €4
allele. BDNF polymorphisms were obtained using rs6265(G; A), where the G allele encodes Val,
and the A allele encodes Met. The BDNF Met zygosity was collapsed into a single group due to
few homozygous Met/Met genotypes (n=4). For our final analysis, we, therefore, created two
groups: Met carriers or “Met/x” (i.e. Met/Val and Met/Met) and homozygous “Val/Val”. APOE
genotype groups were created according to the presence of either the €2 or €4 alleles to test for
preservative or deleterious effects. As such, three groups were created for the final analysis: “g2/x”
(€2 carriers), homozygous “€3/€3”, and “e4/x” (&4 carriers). Participants who possessed both €2
and &4 alleles were excluded from the analysis since we observed no statistically significant
differences between their inclusion and exclusion, and their frequency was small (n=3). All
genotype frequencies are reported in the results section.

Statistics

Demographic information and descriptive AG volumes analyses

All descriptive and inferential statistics other than regression models for age effects were
calculated using IBM SPSS Statistics (Version 24.0 for Windows). Group characteristics such as
age, education, and ICV were analyzed by a one-way analysis of variance (ANOVA) and with sex
as the independent variable. Moreover, demographic information (sex, age, education) of BDNF
(Methionine [met+/+; met+/-] and homozygous Valine [+/+] carriers) and APOE (€2 [€2/x],
homozygous €3 [e3/e3], and &4 [e4/x] carriers) polymorphisms were analyzed using a one-way
ANOVA. In addition, the chi-squared test was used to evaluate deviation from the Hardy—

Weinberg equilibrium. To analyze the effects of genetic polymorphism on the AG volumes, we
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used a one-way ANOVA with polymorphism as the between-subject factor and the AG ROI
volumes as the dependent variables. To avoid independence assumptions inherent to simple
Bonferroni-related correction techniques (i.e., absence of any relationship among AG
subdivisions’ volumes), permutation tests (100,000 shuffles) were used to generate Holm-
Bonferroni corrected null distributions when correcting for multiple comparisons [1 test for total
AG; 3 tests for CeM, Co, and BLA groups; 3 tests subnuclei groups within the BLA group (i.e.

La, B, and AB nuclei)].

Hemispheric effects analysis

A general linear model (GLM) was used to assess the main effect of age and age x sex interaction
on asymmetry indices [({(Right volume) / (Left volume)} x 100) -100] as well as the hemispheric
effects on the AG ROIs’ volumes (within-subjects factor) in males and females (between-subjects
factor). Since our statistical analyses did not reveal any significant effects of age (all ps > .05) and
age X sex interaction (all ps > .14) on AG ROIs’ asymmetry indices as well as significant effect of
hemisphere on AG ROIs’ volumes (all ps > .29), left and right AG volumetric data were averaged

for analyses.

Modeling age relationships for the AG ROIs

Low-order regressions impose severe shape restrictions (e.g. straight line for linear models and a
parabola for quadratic models), while higher-order functions may lead to overfitting and poor
generalizability. Here, we relied on multi-model inference to overcome those limitations. Multi-
model inference does not assume that a single model is the ‘optimal’ or ‘true’ fit to the dataset.

Instead, each model receives a likelihood estimate and models are subsequently averaged, based
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on their likelihoods (Burnham and Anderson, 2002; Ziegler et al., 2012). All of the ensuing

computations were performed using in-house custom-written MATLAB (v. 2016b) programs.

Constructing models that explain the AG ROIs’ age relationships

In order to estimate the relationship between age and the volumetric variations of the total AG and
the AG subnuclei in males and females we first generated a complete set of 16 parameters
incorporating age, sex, and age by sex interactions up to polynomial order 5 (1. Sex 2. Age 3. Age
by sex [male] 4. Age by sex [female] 5. Age? 6. Age? by sex [male] 7. Age? by sex [female] 8.
Age’ 9. Age’ by sex [male] 10. Age® by sex [female] 11. Age* 12. Age* by sex [male] 13. Age* by
sex [female] 14. Age® 15. Age’ by sex [male] 16. Age’ by sex [female]). Second, all possible
combinations of these parameters were computed to build a complete set of all possible models
containing at least one of the aforementioned parameters. Third, models with severe
multicollinearity (i.e. containing parameters with Variance Inflation Factor [VIF > 10]) were
excluded, since severe multicollinearity can result in complex and unstable regression solutions
(Ziegler et al., 2012), and the intercept terms was added to all remaining models. Finally, a single
model containing only the intercept term was added to the trimmed model set, to reduce the risk
of overfitting in case our data contained no evidence for age- or sex-related effects. The entire
model generation produce produced 456 potential polynomial regression models, up to 5
polynomial order, with various combinations of sex, age, and interactions terms (Fig. 5.2).

Next, we used non-parametric bootstrap to estimate relative model likelihoods for each of the
aforementioned 456 models (Burnham and Anderson, 2002). Model likelihoods were estimated
separately for each AG ROI. First, we generated a total of 10,000 paired (i.e., keeping age and
volume together) bootstrap samples! from the original dataset. For each bootstrap sample the

model with the lowest small-sample Akaike Information Criterion (AICc) score was selected.

79



'Bootstrapping: randomly sampling data, with replacement, from the original dataset (i.c., a data
point is put back into the original dataset before drawing another data point). Therefore, each
data point can be sampled several times or not at all. Each bootstrap sample had the same sample

size as the original dataset (see Hesterberg et al., 2009 for further details).

Since males and females were modeled simultaneously, any sex differences or age x sex
interactions were detected automatically by the AICc algorithm. From each bootstrap sample we
built a list of model selection frequencies, which were used as estimates model likelihoods to
compute model-averaged fits for relationships between age and AG ROI volumes in males and in
females. Furthermore, since each bootstrap sample generated estimates of AG ROI volumes for
the entire age range, we were able to construct 95% percentile intervals around our model-averaged
fits. Next, we computed R? values for our model-averaged fits, as well as ‘Prediction R*’ using
.632+ bootstrap technique (Efron and Tibshirani, 1997) (Fig. 5.2). These ‘Prediction R*’ values
represent how much of variation in the volumes of the AG ROIs we expect to explain in new data
by our model-averaged fits. Traditionally cross-validation techniques have been used for
estimating model performance on new data. Although prediction error acquired by k-fold cross-
validation is fairly accurate, it can be quite variable, requiring repeated random partitioning of the
data into different folds, leading to computation constraints for computationally-heavy model
fitting procedures like ours. The .632+ bootstrap is competitive and can even outperform cross-
validation techniques (Efron and Tibshirani, 1997) when estimating out-of-sample Residual Sum

of Squares (RSS), but is less computationally demanding than repeated cross-validation.

Finally, age at which AG ROIs’ volumes reach maximum volume was estimated for each bootstrap
sample. From these, percentile intervals for age at which the AG and the AG subnuclei volumes

are at their peak were constructed (Fig. 5.2). The 99% two-tailed thresholds from these percentile
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intervals were used to partition the data into two groups: (1) prior to age-related volumetric decline,

and (2) after the onset of age-related volumetric decline.
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Figure 5.2. Flow chart depicting bootstrap methodology used to model the AG ROIs’ relationship

to age and their prediction R values.

Assessing the statistical significance of the AG ROIs’ model-averaged regression fits.

To evaluate the statistical significance of our model-averaged regression fits, Monte Carlo
permutation tests? (25,000 simulations) were used to construct ‘R?’ distributions under the null
hypothesis (Fig. 5.3a). It should be noted that due to computational constraints, we were unable to

employ resampling techniques to estimate model likelihoods for each of the 25,000 shuffled
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datasets (it would result in 25,000 x 10,000 x 456 GLM estimations per each AG ROI). Instead,
we used a theoretical framework (i.e., Akaike weights), which generally produces similar model
likelihoods as bootstrap-based resampling techniques (Burnham and Anderson, 2002). Because
the number of effective degrees of freedom is ambiguous when employing model averaging, we
used R? distributions under the null hypothesis to conduct significance tests. Because the ratio of
R?/ (1- R?) is proportional to F-statistic scores, p-values estimated from R? distributions under the
null hypothesis are mathematically equivalent to p-values from F-statistic distributions (Moore et
al., 2009). In total, we simulated five R? distributions under the null hypothesis aimed at evaluating
the statistical significance of (1) the entire regression model; (2) presence of any relationship
between the AG ROI volumes and age, regardless of sex; (3) significance of main sex effects;
significance of age relationships in (4) males and (5) females separately (Fig. 5.3a).

Finally, to assess the statistical significance of age x sex interactions, ROI volume shuffling was
restricted to individuals of similar age (age difference < 3 years). Subsequently, AICc model
selection with model averaging based on Akaike weights was performed under two sets of criteria:
(1) from the entire set of 456 models, and (2) from a reduced set of 17 models, containing only
main effect terms. For each randomized dataset, the likelihood ratio (LR) for the reduced over full
model was computed. These LRs were converted to conventional -2log (LR) test statistic scores,
which, in turn, were used to build the -2log (LR) distribution under the null hypothesis for age x

sex interaction (Fig. 5.3b).

2 Permutation test: assessing statistical significance using data randomization. Typically, this
involves decoupling of the dependent variable from the independent variable by, for example,
randomly assigning data points from the former to the data points of the latter [25,000 shuffles
for each ROI in our pipeline]. This generates data samples of any possible association [positive,

negative or neutral] between the dependent and independent variables.
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Similar to conventional GLM procedures, we tested for the overall regression significance (i.e.,
significance of at least one of the following: main age effect, main sex effect, sex-specific age
effect) first. These tests revealed the probability that variance explained by age or sex-related
effects in the AG ROIs could have arisen due to chance. Next, we tested for significance of age,
sex, and interaction effects. Last, we tested whether associations with age were statistically
significant in each sex. We applied the Holm-Bonferroni procedure to correct for type I error
inflation due to multiple hypothesis testing at the level of regression significance [1 test for total
AG; 3 tests for CeM, Co, and BLA groups; 3 tests subnuclei groups within the BLA group (i.e.
La, B, and AB nuclei)]. Similar to factorial designs, no correction for multiple comparisons was
used when evaluating the significance of main effects or interactions within each AG ROI.
However, a second Holm-Bonferroni correction for multiple comparisons was applied when
examining age relationships in each sex separately (2 tests for each AG ROI). Finally, we also

calculated Likelihood Ratios (LRs) for model-averaged relative to linear regression fits.
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Figure 5.3. Flow chart depicting permutation methodology used to build null distributions to

assess the statistical significance of the AG ROIs’ (a) overall model significance, age and sex

Fits with interaction parameters

Fits. withaut interaction parametors

BoglLRy

effects, as well as (b) age by sex interactions. LR: likelihood ratio.

5.3. Results

Demographics and descriptive statistics

Participants’ characteristics for the entire sample is shown in the Table II. Males had larger ICVs
[F (1, 124) = 99.5, p < .0001] than females whilst males and females did not differ in age, and

education (all ps > .18) (Table 5.2). Furthermore, demographic characteristics were not different
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between carriers of the BDNF genotypes (all ps > .23), and between carriers of the APOE
genotypes (all ps > .08) either in the younger (< 55 years old) or in the older (> 55 years old)
participants. ICV-adjusted AG and AG subnuclei volumes for the left hemisphere, the right
hemisphere, and the average, as well as ICV for the young adults (18-39 years old), the middle age

(40- 59 years old) and the old adults (> 60 years old), are shown in the Table 5.3.

Table 5.2. Demographic information.

Variable Male Female Total F-Value p-value
Number 58 68 126 - -
Age in 4833+ 19.7 | 47.13£18.34 | 47.68+18.91 0.124 0.73
years (mean =+

SD)

Education in 16.26+ 2.44 15.68+2.44 15.94+2.45 1.782 0.18
years (mean =+

SD)

ICV volume 1740.36+ 1520.26+ 1621.57+ 99.5 0.000
mean + SD 136.88 110.75 165.07

(cm’)

Key: ICV: intracranial volume.
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Table 5.3. ICV-adjusted AG and its subnuclei volumes (mean £+ SD) in young, middle-age, and

older adults.
Young adults (18-39 years, Middle age (40-59 years, Older adults (60-8S years,
AG ROIs (mm’) S Female = Female e Female
Male (n=23) (n=27) Male (n=15) (n=20) Male (n=20) (n=21)
656.8 = 590.8 + 639.3 +
Left 2001 632+£116.1 | 669.8+107.4 | 652.2+91.6 34 s
. 641.2 + 669.1 + 650.6 + 556.4 + 587.9+
La | Right 143.6 138.7 639.6 £ 91.4 102.4 141.9 101.7
648.9 = 650.5 + 573.6 +
Average 1073 J08.7 664.7+82.1 | 651.4+78.8 013 613.6+92.4
612.4 + 593.6 +
Left 622.1+99.4 Lonn 614+62.1 | 641.3+98.1 | 521.5+£89.5 I
B | Right A5 | 63084987 | 61744856 | 61815919 [ 51294985 | 57894866
628.8 +
Average 37 621.6+945 | 6157649 | 629.7+833 | 5172+85 | 586.3+92.6
Left 285.6+445 | 278.8+46 | 285.8+39.6 | 291.5+43.3 | 248.8+46.3 | 269.4 + 54.1
AB | Right 2803592 | 2842+40 | 2833+44.6 | 282.8+342 | 245+53.6 | 259543722
Average | 282.9+48.4 | 281.5+37.6 | 284.5+382 | 287.1£31.5 | 246.9+44.4 | 264.4 £38.2
Left 165.7+222 | 163.8+29.6 | 176.1+39.9 | 174.6 +31.5 | 153.6+30.6 | 159.8 +30.7
Co | Right 159.4+33.8 | 163.3+243 | 159.6+31.8 | 168.2+23 | 1433+23.9 | 153.4+24.7
Average | 162.6+24.7 | 163.5+21.4 | 167.8+30.1 | 171.4+21.6 | 148.4+223 | 156.6+21.8
Left 282 +44.1 | 29254704 | 3192902 | 308.9+61.3 [ 291.5+62.3 | 302.5+67.9
CeM | Right 299.9+66.6 | 319.2+43.7 | 303.1+56.8 | 320.5+56.5 | 290.9+55.5 | 301.9 + 54.3
Average | 291403 [ 3059+47.1 | 311.1£599 | 3147466 [ 29122405 | 3022+52
Loft 2012.2 + 1979.5 + 2065.1 + 2068.6 + 1806.3 + 1964.6 +
227.1 253.9 212.6 251.1 268.8 292.2
Total [ . @ 2016.4 + 2066.7 + 2023.5 + 2040.4 + 1748.7 + 1881.8 +
AG & 376.7 253.8 262.3 242.1 301 242.6
Averase | 20143 % 2023.1 + 2044.1 + 2054.5 + 1777.5 + 19232+
g 279.8 237.6 219.1 209.1 256.5 242.4
ICV 1514.1 + 1752.8 + 1522.2 + 1694.7 + 1526.4 +
(cm?) | Average | 1771.9 %142 126.2 134.6 95.8 126.4 107.5

Key: AB: accessory basal; AG: amygdala; B: basal; CeM: centromedial; Co: cortical; ICV: intracranial

volume; La: lateral; n: number of individuals; ROIs: regions of interest.

86




Age and sex effects on the AG ROIs
Age and sex effects on the total AG

The total AG volume showed a statistically significant relationship to age [R’ = .15, p < .002;
Prediction R*> = .06] (Fig. 5.4), as was the age x sex interaction [p < .024]. Consequently, we
examined age relationships in males and females separately, which revealed a significant
association between the total AG volume and age in males [R° = .25, p < .001; Prediction R? =
.13], but not in females [p > .57]. However, after controlling for age, males and females had similar

ICV-adjusted total AG volume [p > .60].

Lastly, non-linearity LR for the relationship between total AG volume and age in males was 55.44,

indicating that the association between age and total AG volume is likely to be nonlinear.

R?0.2456, p: < 0.001.

28r R*0.01, p: > 0.57.
26
24rF
22F

20
18F

Volume (cm3)

16F

1.4F
12F

1.0 . 4 1 ! . . . !
10 20 30 40 50 60 70 80 90
Age (years)
Figure 5.4. Regression plot showing the relationship between age and the ICV-adjusted total AG
volume. Model-averaged estimates for men (blue) and women (red) are shown separately. Shaded

areas represent the 95% bootstrap percentile confidence interval for each fit.
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Age and sex effects on the AG subnuclei groups

Next, we investigated how age and sex related to the three major AG subnuclei groups: BLA, Co,
and CeM. We found significant association between age and volume of the BLA group [R’ = .16,
p < .001; Prediction R*> = .05], while the Co group showed a trend towards significance for age
association [R’ = .08, p < .092; Prediction R*> = -.02]. However, the CeM group did not show any
age- or sex-related effects [p > .48] (Fig. 5.5). Consequently, the CeM results were not investigated
further. Both the BLA and the Co groups showed significant age x sex interaction effects (both ps
< .050). Analysis of age-related effects in each sex separately revealed that both AG subnuclei
groups displayed significant relationships to age in males [BLA: R’ = .26, p < .001, Prediction R?
=.14; Co: R? = .13, p < .021, Prediction R? = .03], but not in females (both ps > .40). No global
sex differences, after accounting for age-related effects, were present in any of the AG groups (i.e.
BLA, Co, and CeM; all ps > 0.50). Non-linearity LRs for age relationship in males were 35.53 for

the BLA group and 10.86 for the Co group.
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Figure 5.5. Regression plots showing the relationship between age and the ICV-adjusted volumes
of the AG subnuclei groups: Basolateral (BLA) (a), Co (b) and CeM (c) subnuclei groups. Model-
averaged estimates for men (blue) and women (red) are shown separately. Shaded areas represent

the 95% bootstrap percentile confidence interval for each fit. P-values are corrected for multiple

comparisons.
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Age and sex effects on the BLA AG

Our multi-model regressions between age and BLA nuclei volumes were statistically significant
for the La [R’ = .12, p <.006; Prediction R*> = .01], B [R’ = .16, p < .002; Prediction R*> = .07] and

AB [R? = .12, p < .007; Prediction R?> = .02] nuclei (Fig. 5.6). Age X sex interactions were
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statistically significant for the B and the AB nuclei (both ps < .035) and showed a trend towards
significance for the La nucleus (p <.076). Analyses of age-related effects for each sex separately
demonstrated significant associations between age and each of the BLA nuclei in males [La: R =
22, p <.003, Prediction R* =.12; B: R’ = .26, p <.001, Prediction R>=.16; AB: R* = .19 p <.003,
Prediction R? = .06,], but not in females (all ps > .44). After statistically controlling for age-related
effects, ICV-adjusted La, B, and AB nuclei showed no volumetric differences between males and
females (all ps > .46). Non-linearity LRs for age relationship in males were 75.85 for the La, 6.94

for the B, and 19.04 for the AB nuclei.

All regression-related results and linear vs. non-linear likelihood ratio estimations are presented in

table 5.4.

Table 5.4. Summary of all regression models-related R?, p-values and likelihood ratios (LR).

Entire model* Men Women Asgeexx
ROI
S A p- Mode N p- Mode o p- Mode p-
R? P;fld;:ztl value* 1 R? Prfld;:ztm value* 1 R? Pzzd;:ztl value* 1 value*
* LR * LR * LR *
Tota < 0.2 < <
1AG 0.15 0.06 0.002 71.90 5 0.13 0.001 55.44 0.010 0 >0.57 0.93 0.024
Ce 0.0 >
M 0.03 0 >0.48 2.24 3 0 >0.41 2.16 0.005 0 > (.66 1.08 0233
C 0.08 0 < 15.75 0.1 0.03 N 10.86 0.002 0 >0.90 1.06 <0.05
0 ' 0.092 : 3 ’ 0.021 ’ ’ ’ : :
BLA | 0.16 0.05 < 39.56 0.2 0.14 < 35.53 0.017 0 >0.40 091 <0.03
: : 0.001 : 6 ’ 0.001 ’ ’ ’ : :
La |o12 | oo01 < e | %2 o2 = | 7585 | 0.014 0 >046 | 0.82 N
a ' ’ 0.006 : 2 ’ 0.003 ’ ’ ’ : 0.076
< 0.2 < <
B 0.16 0.07 0.002 7.09 6 0.16 0.001 6.94 0.016 0 >0.44 0.99 0.024
< 0.1 < <
AB 0.12 0.02 0,007 34.95 9 0.06 0.003 19.04 0.01 0 >0.57 1.05 0035

Key: *Entire regression model represents significance of at least one of the followings: main age effect,

main sex effect, sex-specific age effect. ** p-values are corrected for multiple comparisons.
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(b) The volume of B nucleus and age

Figure 5.6. Regression plots showing the relationship between age and the ICV-adjusted volumes
of BLA nuclei including La (a), B (b) and AB (c). Model-averaged estimates for men (blue) and
women (red) are shown separately. Shaded areas represent the 95% bootstrap percentile

confidence interval for each fit. P-values are corrected for multiple comparisons.

Effects of BDNF and APOE genetic polymorphism on the AG

The chi-squared test showed that our sample for both APOE (y%: 5.39, p: .37) and BDNF (y*: 0.07,
p: .97) was in Hardy-Weinberg equilibrium. Also, we observed with a 99% confidence that in all

AG subnuclei, which demonstrated significant relationship to age, most of age-related atrophy
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occurs after the age of 55. Therefore, we divided our sample into two separate groups: prior to age-
related volumetric decline (18-54 years), and (2) post-age-related volumetric decline (> 55 years).
This categorization allowed us to investigate whether effects of genetic polymorphisms were
different in younger or older individuals. The AG ROIs’ volumetric analyses did not show any
significant statistical differences in any of the AG ROIs’ volumes between the carriers of BDNF
and between the APOE allelic variants neither in the younger nor in the older groups (all
uncorrected ps >.08) (Tables 5.5 and 5.6). However, volume of the total AG (p =.09) in older Met
carriers showed a trend towards larger volumes compared to older homozygous Val carriers. Since
previous literature indicated that the APOE €2 allele was associated with positive survival and
longevity effects in elderly individuals (Corder et al., 1996; Schéchter et al., 1994; Wisdom et al.,
2011), while APOE ¢4 allele carriers are more likely to develop the late onset Alzheimer's disease
(Farrer et al., 1997) we also compared AG subnuclei volumes between younger and older carriers
of the same allele to determine if age-related volumetric atrophy was present in all APOE allele
carriers. Younger and older individuals within each APOE allele did not differ in ICV (all ps >.18)
or sex (all ps >.1). We found that older APOE ¢2 allele carriers did not differ in any AG subnuclei
volumes from younger counterparts, whilst both older APOE ¢4 allele carriers and older APOE €3
allele carriers had smaller BLA volumes (with the difference driven by all of its subnuclei; i.e.,
La, B, AB), which in turn translated to relatively smaller total AG volumes among older APOE &4
and APOE €3 allele carriers compared to their younger counterparts. Furthermore, the effects size

of age-related volumetric differences was largest among the APOE &4 carriers.
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Table 5.5. ICV-adjusted AG and its subnuclei volumes (mean = SD) for the BDNF Met carrirs

[met+/+; met+/-] and homozygous Val [+/+]) individuals.

Alleles’ frequency in the total sample
Met =~ 0.19 Val = 0.81
Number of different BDNF genotypes carriers within the total sample (n=126)
Met/ Met Met/ Val Val/ Val
Observed genotypes 4 39 83
()’
Expected genotypes 4.55 38.78 82.67
(n)*
Younger individuals (< 55 years old)

BDNF phenotypes Effect Size
éfm%OIS Met (n = 26) Val (n =51) F-value p-value (Cohen’s d)
La 662.1 + 88.96 653.22 +£105.09 136 71 0.091
B 643.92 +91.10 618.61 £96.23 1.234 27 0.27
AB 284.91 £ 40.46 283.52 +£40.12 021 .88 0.035
BLA 1590.93 £ 190.52 | 1555.35+225.94 0.47 49 0.17
Co 164.47 +£21.28 164.93 +24.05 .007 93 0.02
CeM 303.14 £41.75 303.44 £ 49.95 .001 97 0.007
Total AG 2058.54 £210.71 | 2023.71 £262.15 345 55 0.15

Older individuals (= 55 years old)

BDNF phenotypes Effect Size
énGml})OIs Met (n =17) Val (n =32) F-value p-value (Cohen’s d)
La 623.58 £ 103.99 585.02 + 82.78 2.013 .16 0.41
B 589.37 £92.27 544.50 £ 87.17 2.825 .09 0.5
AB 270.02 £+ 42.56 254.86 +39.96 1.528 22 0.37
BLA 1482.96 +£226.47 | 1384.38 + 188.51 2.64 11 0.47
Co 160.58 +20.18 154.48 +£27.48 .649 42 0.25
CeM 313.37+£37.9 293.83 £52.29 1.848 18 0.43
Total AG 1956.92 £270.29 | 1832.7 +225.84 2.928 .09 0.5

Key: ' Observed genotypes represent the number of carriers for each genotype in the current sample. >

Expected genotypes represent the number of carriers for each genotype calculated using Met and Val

frequencies.
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Table 5.6. ICV-adjusted AG and its subnuclei volumes (mean + SD) for the APOE €2 [2/x],

homozygote €3 [€3/e3], and &4 [e4/x]) carriers.

Alleles’ frequencies in the total sample

| £2 = 0.09 \ | £3=080 | g4 =0.11
Number of different APOE genotypes carriers within the total sample (n=126)
€2/ €2 €2/ €3 €2/ €4 €3/e3 €3/ ¢4 &4/ €4
Observed 3 14 3 84 20 2
genotypes (n)
Expected 1.02 18.14 2.49 80.44 22.18 1.52
genotypes (n)
Younger individuals (< 55 years old)
3
JU. APOE phenotypes Effect size
_ — — _ _ 2
(mm3) €2 (n=11) €3 (n =53) t4 (n=13) F-value | p-value M)
La 624.54 + 99.54 6165(')261: 658.6 £ 96.85 .652 52 0.017
B 628.14 = 84.96 | 629.22 +£99.83 617.9 £86.5 .073 .93 0.002
AB 282.31 +£30.35 284.6 £43.4 282.95+34.41 .02 98 0.001
1534.99 + 1576.02 = 1559.44 +
BLA 201.43 222.71 200.11 174 84 005
Co 167.49+ 1897 | 162.97+24.5 | 169.84 +20.12 .548 58 0.015
CeM 322.15+£26.79 | 295.1+48.34 | 321.01 +48.36 2.727 .07* 0.69
2024.64 + 2034.09 = 2050.29 =
Total AG 219.19 259 02 200 42 .034 97 0.001
Older individuals (= 55 years old)
3
T APOE phenotypes Effect size
= = — _ _ 2
(mm3) €2 (n =6) €3 (n =31) €4 (n =9) F-value | p-value M)
La 662.01 £82.98 | 594.05+93.03 | 560.69 + 88.12 2.26 12 0.095
B 606.79 = 71.97 | 558.55+97.04 | 521.97 + 82.82 1.54 23 0.067
AB 278.59+37.76 | 258.25+42.45 | 250.23 £44.93 .86 44 0.037
1547.39 + 1410.84 = 1332.89 +
BLA 185.19 215.6 184.19 1.95 16 083
Co 169.89 +21.21 152.67+27.4 158.04 £21.4 1.16 32 0.051
CeM 328.3+21.04 | 292.08 +£50.52 | 317.67 £ 50.64 2.04 .14 0.087
2045.58 = 1855.59 + 1808.6 =
Total AG 213.41 260.56 22716 1.81 18 0.078
Young vs Old*
€2 (n=17) €3 (n =84) €4 (n =22)
AG ROIs I Effect Size I Effect Size | Effect Size
(mm3) p-value (Cohen’s d) p-value (Cohen’s d) p-value (Cohen’s d)
La .679 0.41 .005 0.7 .047 1.06
B 762 0.27 .005 0.72 .039 1.13
AB .826 0.11 .009 0.61 .067 0.82
BLA .902 0.06 .004 0.75 .039 1.18
Co 943 0.12 .0127 0.4 321 0.57
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CeM 923 0.26 785 0.06 .88 0.07

Total AG .85 0.1 .003 0.69 .022 1.08

Key: ! Observed genotypes represent the number of carriers for each genotype in the current sample. 2

Expected genotypes represent the number of carriers for each genotype calculated using €2, €3 and €4
frequencies. * £2/e4 (N= 3) genotype was excluded from the volumetric analysis. 4 All p-values are corrected
for multiple comparisons. * A post hoc comparisons, using the LSD test did not show any significant

difference in the volume of the CeM group between APOE polymorphism carriers.

5.4. Discussion

This is the first in-vivo study that examined the effects of healthy aging on the AG subnuclei. First,
we found that volumes of the total AG, its BLA group, including the La, B and AB nuclei showed
significant nonlinear negative relationships with age, while the Co group demonstrated a trend
towards significance. In contrast, the CeM group volume was not associated with age. Second,
these age-related associations were found only in males, but not in females. We did not find any
statistically significant effects of APOE and BDNF polymorphisms on the total AG and its
subnuclei neither in younger nor older adults. Nevertheless, both older APOE ¢4 and €3 allele
carriers had smaller lateral, basal, accessory basal nuclei volumes compared to their younger
counterparts. In contrast, older and younger APOE €2 allele carriers did not differ in any AG

subnuclei volumes.

Aging trajectory of the total AG

Previous in-vivo structural MRI (Allen et al., 2005; Laakso et al., 1995; Malykhin et al., 2008; Mu
et al., 1999; Murphy et al., 1996; Sublette et al., 2008) and postmortem (Heckers et al., 1990)
studies reported a negative relationship between the AG volume and age, or smaller AG volumes
in older compared to younger participants with volumetric reduction becoming more pronounced

in advanced age (Grieve et al., 2011; Mu et al., 1999). In contrast, several other studies, including
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both in-vivo MRI, (Jernigan et al., 2001; Pruessner et al., 2001) and postmortem (Brabec et al.,
2010) did not observe any effects of age on the AG structure. Some of the discrepancies between
our findings and the after-mentioned studies are likely driven by methodological differences. For
instance, Pruessner et al. (2001) investigated the effects of age and sex on the AG and hippocampal
volumes in individuals who were between 18 and 42 years old; however, no association between
the AG volume and age was reported separately for men and women. In contrast, the present study
suggests that age-related volumetric reduction in the AG starts in mid-fifties. The most important
difference between the present study and Jernigan and colleagues (2001) is the definition of the
AG boundary. Jernigan and colleagues (2001), combined the AG tissue with adjacent entorhinal
and perirhinal cortices and used this “amygdala +” volume in their analysis, whilst in the present
study these cortices were excluded from AG ROlIs.

Although a published meta-analysis by Brierley and colleagues (2002) and a recent review article
(Fjell and Walhovd, 2010) both suggested that the relationship between the AG volume and age is
linear, our results demonstrated nonlinear correlations between age and volumes of the total AG
as well as the AG subnuclei. Such inconsistencies could have arisen by infrequent use of nonlinear
regression fits by other research groups: the majority of previous age-related MRI studies of the
AG tested for linear correlations only (Brabec et al., 2010; Laakso et al., 1995; Mu et al., 1999;
Pruessner et al., 2001; Sublette et al., 2008). A few previous studies, which used a limited number
of nonlinear regression models (Allen et al., 2005; Jernigan et al., 2001; Murphy et al., 1996),
found no improvement in model fit by adding nonlinear terms to the model. However, two
structural MRI studies, employing automated segmentation methods to estimate the AG volumes,
showed that the rate of AG atrophy is not constant in advanced age (Fjell et al., 2009; Grieve et

al., 2011). Therefore, future structural MRI studies of the relationship between the AG volume and
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age would need to test non-linear models in addition to linear models in order to further address
these discrepancies between studies.

It is important to mention that differences in MRI segmentation methods (e.g., manual versus
automated) can lead to discrepancies in volumetric measures. Findings from studies that employed
automated segmentation methods, such as the FreeSurfer and FSL-FIRST, need to be interpreted
with caution because these software packages tend to overestimate both the AG and hippocampal
volumes (Morey et al., 2009; Schoemaker et al., 2016). Discrepancies between manual
segmentation and automated techniques are usually larger for the AG than for the hippocampal
formation (Morey et al., 2009; Schoemaker et al., 2016). Furthermore, the accuracy of automatic
segmentation methods might be further reduced in brains with noticeable atrophy (Sénchez-

Benavides et al., 2010).

Aging patterns of the AG subnuclei

Results of the present study demonstrated a mosaic pattern of relationships between the AG
subnuclei volumes and age. While the volumes of the La, B and AB nuclei showed significant
negative nonlinear associations with age, the CeM group did not correlate with age and the Co
group showed a trend towards significance. The exact underlying reasons for the observed non-
uniform correlations between the AG subnuclei volumes and age are not known. We speculate that
these differences in vulnerability of the AG subnuclei to aging might be related to their
heterogeneous connectivity profiles and function as well as evolutionarily features and

developmental origins.
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The number of the AG subnuclei varies from 13 subnuclei in rodents to 36 subnuclei in humans
(Yilmazer-Hanke, 2012). Each of the main AG subnuclei has specific functions through their
unique anatomical connections (LeDoux, 2007).

The BLA group is connected to regions in the brain involved in learning and memory (Roozendaal
et al., 2009) and these regions are vulnerable to the age-related changes (Fjell et al., 2013; Fjell
and Walhovd, 2010; Jernigan et al., 2001; Looi and Sachdev, 2003; Malykhin et al., 2008;
Malykhin et al., 2017; Raz and Kennedy, 2009; Walhovd et al., 2005). In contrast to the BLA, the
CeM group is connected to the brain regions involved in regulation of autonomic functions and
mediating intrinsic behaviors (Roozendaal et al., 2009) which are resilient to age-related adversity
(Doraiswamy et al., 1992; Fjell and Walhovd, 2010; Luft et al., 1999; Raz, 2000; Roberts et al.,
2012). Finally, age-related findings on the olfactory bulb which projects to the Co group remain
inconsistent with both preservation and decrease in volume with age (Mobley et al., 2014).

The second possible explanation for differential effects of aging processes on the AG subnuclei
might be due to the ontogenetic (an individual's development) and phylogenetic (evolutionary
history) properties of various brain regions (Raz et al., 1997). All of the AG subnuclei can be
categorized based on either their evolutionarily features (LeDoux, 2007; Swanson and Petrovich,
1998) or their developmental origins (Swanson and Petrovich, 1998; Yilmazer-Hanke, 2012).
According to phylogenetics, the AG is divided into two major groups: (1) the cortico-medial region
including Co, medial (Me) and central (Ce) subnuclei which is a primitive division of the AG; and
(2) the BLA group consists of the La, B and AB nuclei which is a phylogenetically newer division
of the AG (LeDoux, 2007; Swanson and Petrovich, 1998). In the present study, the CeM group
was the only sub-region in the AG that did not show any relationship with age. Chareyron et al.

(2011) showed that the Me and Ce nuclei comprise a conservative group that exhibited relatively
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a small size difference between rats and monkeys. In contrast, the BLA group (that showed
significant negative correlations with age in the present study) is noticeably more developed in
monkeys and humans than in rats. While the BLA group comprises 62% and 69% of the total AG
volume in monkeys and humans respectively, it comprises only 28% of the total AG volume in
rats (Chareyron et al., 2011). Therefore, it is likely that age-related susceptibility of the AG
subnuclei might have phylogenetic underpinnings. In addition, the present finding on the
preservation of the CeM group with age is consistent with the conservation of the autonomic AG
[including Ce and Me nuclei that project to autonomically-related structures in the brain
(Roozendaal et al., 2009)] during the evolution (Moreno and Gonzélez, 2007). CeM group is
critically important in mediating the behavioral response to environmental stimuli (Moreno and
Gonzélez, 2007). Furthermore, the previous behavioral study showed that elderly adults have
similar responses in detecting potentially threatening stimuli as young adults (Mather and Knight,
20006).

The AG subnuclei can also be categorized according to their developmental origins and
preferential connections into 3 major groups: (1) the BLA group; (2) the superficial or Co-like
group; and (3) the CeM group which includes the Ce and Me nuclei (Yilmazer-Hanke, 2012). The
development of the AG subnuclei and their aging patterns may follow the notion that the last
regions in the brain to mature are among the first to show the signs of aging (Raz et al., 2005,
1997).

Amongst the AG subnuclei, the Co and Me nuclei develop first (Humphrey, 1968). However, the
Ce nucleus develops considerably later than the Co and Me nuclei. The BLA group also
differentiates into its constituent nuclei much later than the Co and Me nuclei (Humphrey, 1968).

Therefore, developmental patterns of the AG subnuclei might explain their aging patterns to some
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extent. Despite the developmental timing of the Co and Ce nuclei, the former showed a negative
relationship with age and the latter did not correlate with age, which contrasts the “last in, first
out” hypothesis (Fjell and Walhovd, 2010). It is important to mention that although we did not
segment Ce and Me nuclei separately, due to the larger volume of the Ce compared to Me (almost
2 times) (Garcia-Amado and Prensa, 2012); we think that if the Ce nucleus indeed underwent
volumetric atrophy with age, the CeM group would also show such effect.

In summary, in our view, heterogeneous connectivity profiles and phylogenetic properties of the
AG subnuclei might play a more important role in their differential vulnerability to aging than

their ontogenetic properties.

Sexual dimorphism in the association of AG ROIs’ volumes with age

In the present study, we found significant age X sex interaction in the total AG, the BLA and Co
groups, as well as the B and AB nuclei, while the La nucleus showed a trend towards significance
for this interaction (p <.076).

The existence of a sex bias (Jazin and Cabhill, 2010) in brain structures and functions as well as a
healthy behavior across the lifespan has been previously suggested (Cosgrove et al., 2007; Gur et
al., 2010; Jazin and Cahill, 2010). The effects of aging on the global gray matter volume and on
other brain structures were previously compared between men and women (Abe et al., 2010;
Coftey et al., 1998; Cowell et al., 1994; Good et al., 2001; Murphy et al., 1996; Raz et al., 2004)
and only few brain structures showed greater volumetric reduction in women compared to men (L1
et al., 2014; Murphy et al., 1996). In general, studies that reported age-specific differences between
the two sexes, claimed that the effects of aging were more pronounced in men compared to women

(Allen et al., 2005). It is important to note that, in contrast to the observed sex bias in aging patterns
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of the AG and its subnuclei, ICV-adjusted volumes of the AG and the AG subnuclei did not differ
between men and women. This is in agreement with both postmortem (Brabec et al., 2010) and
neuroimaging (Aghamohammadi-Sereshki et al., 2018; Giedd et al., 1997; Karchemskiy et al.,
2011; Laakso et al., 1995; Mu et al., 1999; Murphy et al., 1996; Pruessner et al., 2001; Sublette et
al., 2008) studies. Although Brabec et al. (2010) did not find any associations between the AG
volumes and age in both males and females, a negative correlation between age and a portion of
the AG volume that represented the difference between the AG with wider borders (“V ciass+ Add”)
(Brabec et al., 2010) and the classical definition of the AG (“Vciass”) (Brabec et al., 2010) was
reported in males, but not in females. In the present study, the location and orientation of the AG
subnuclei corresponded to the classical definition of the AG (“Vciass”) (Brabec et al., 2010).
However, due to lack of visible landmarks on MRI for delineation of the anterior AG from the
periamygdaloid cortices (Aghamohammadi-Sereshki et al., 2018; Allen et al., 2005), inclusion of
some of the “Vadq” (Brabec et al., 2010) tissue in our AG subnuclei segmentation method was
inevitable. Therefore, our findings on age-related sexual dimorphism are partially in agreement
with Brabec et al. (2010). Moreover, Giedd and colleagues (1997) reported sex differences in the
AG maturation among 115 healthy children and adolescents with greater age-related volumetric
increase in males than in females (Giedd et al., 1997).

The etiology of sexual dimorphism in neuroscience is not clear for two main reasons: first, the
widespread use of male animals in preclinical studies; and second, a false conception that considers
sex bias as minor and unimportant (Cahill and Aswad, 2015).

In general, the most plausible explanations for sexual differences are (1) estrogen and androgen-
dependent mechanisms (Behl, 2002; Cosgrove et al., 2007), and (2) sexual regulatory mechanisms

independent of sexual hormones (Jazin and Cahill, 2010; Cahill, 2006). Sex hormones have
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considerable effect on the AG (Hamann et al., 2004). In human and non-human primate AG, the
Ce nucleus is the only major nucleus without any report of estrogen receptor alpha (ERa) -
immunoreactive neurons, mRNA expression of ERa and estrogen receptor beta (ERP) in both
sexes; and also, without any report of cytochrome P450 aromatase and androgen receptor mRNA
expressions in males (Blurton-Jones et al., 1999; Osterlund et al., 2000a, 2000b; Roselli et al.,
2001). However, these sexual hormones markers are differentially distributed in the rest of the AG
subnuclei (Blurton-Jones et al., 1999; Osterlund et al., 2000a, 2000b; Roselli et al., 2001). Age-
related decrease of the ERp mRNA expression was reported in B nucleus and nucleus of the lateral
olfactory tract [a part of the Co group (Sah et al., 2003)] of female rats (Yamaguchi-Shima and
Yuri, 2007), while the La, anterior and posterior cortical, and Ce nuclei showed reduced ERf
mRNA expression in male rats (Yamaguchi and Yuri 2012), suggesting that these effects were
sex-dependent (Yamaguchi and Yuri 2012).

Estrogen can also enhance neuron longevity via its neurotrophic and antioxidant roles or suppress
apoptosis (Behl, 2002). Future studies would need to determine neuroprotective effects of estrogen

on human AG in aging.

Imaging genetics of the AG

In the present study, we did not find any statistically significant effect of the BDNF and APOE
polymorphisms on the AG and its subnuclei volumes.

The main objective of neuroimaging genetics is to identify genes that either precipitate or lessen
deleterious age-related effects on brain structures and their functions (Fjell and Walhovd, 2010).
Although lipoprotein transport and neuronal health are the two primary functions of APOE in the
brain (Petrella et al., 2008), structural effects of APOE on brain regions are still poorly understood

in healthy populations (Fjell and Walhovd, 2010). Most of the APOE studies have focused on the
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hippocampus, though findings are contradictory. While some studies found negative effects of
APOE ¢4 alleles on the hippocampal volumes in the elderly, other studies did not report
hippocampal volume differences between healthy APOE €4 carriers vs. non-carriers in
nondemented older adults (Fjell and Walhovd, 2010). However, the data about the AG and APOE
genetic polymorphisms in healthy aging is scarce. One study, which used a manual segmentation
procedure on 428 non-demented elderly individuals found that carriers of €4 had significantly
smaller bilateral AG than e€3e3 genotype carriers. Furthermore, although €2 carriers had more
atrophy than those with the £3¢3 genotype, the difference was not significant (den Heijer et al.,
2002). A large neuroimaging-genetics study (30,717 individuals from 50 cohorts), which used
automated segmentation tools (FSL-FIRST and FreeSurfer) did not find any association between
the AG volume with either APOE or BDNF, and the AG showed the least heritability (h? = 0.43;
confidence interval = 0.39, 0.48) amongst all the examined subcortical regions (Hibar et al., 2015).
Finally, Soldan and colleagues (2015) demonstrated that the AG volume estimated using a semi-
automated technique (n=245) did not depend on APOE-¢4 genotype.

BDNF is the most abundant neuronal growth factor (Sublette et al., 2008) which plays a key role
in neuronal survival, synaptogenesis, proliferation and development (Petrella et al., 2008). Several
studies showed that Val66Met genotype is associated with decreased volume in the hippocampus,
prefrontal cortex, as well as temporal and occipital gray matter (Petrella et al., 2008; Sublette et
al., 2008). Like APOE, the relationship between BDNF and AG has been less studied. In addition
to Hibar and colleagues (2015), Sublette et al. (2008) explored the relationship between age, BDNF
and AG volumes among 55 healthy right-handed volunteers using a manual tracing procedure.
They found no difference in the raw and ICV-adjusted bilateral AG volumes between BDNF

val66met allele carriers and non-carriers and reported an inverse correlation between the AG
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volume and the age in BDNF val66met carriers but not in non-carriers. However, the authors
suggested that these results should be interpreted with caution due to the small sample size, limited
age range and inadequate statistical power to detect sex differences (Sublette et al., 2008).

Our findings are consistent with previous results reported by Hibar et al. (2015) and Sublette et al.
(2008), which reported absence of a relationship between the AG volume and APOE or BDNF
polymorphisms. Our results are also in partial agreement with those by Soldan and colleagues
(2015) who demonstrated that the AG volume did not differ between APOE-¢4 carriers and non-
carriers. However, the current study differs from previous research by den Heijer et al. (2002),
which indicated €4 carriers have more AG atrophy than €3¢€3 carriers.

Our result on relative preservation of AG subnuclei in €2 carriers versus €4 is in line with previous
research, which indicated that the APOE €2 allele can reduce the risk of developing Alzheimer's
disease since it has positive survival and longevity effects in elderly individuals (Corder et al.,
1996; Schichter et al., 1994; Wisdom et al., 2011), while homozygous APOE ¢4 allele carriers are
10-12 times more likely to develop the late onset Alzheimer's disease (Farrer et al., 1997).
However, volumes of the AG subnuclei in €2 carriers were not statistically different form
participants with the most common €3 variant of APOE that is not associated with Alzheimer's
disease (Corder et al., 1996; Labhiri et al., 2004; Wisdom et al., 2011). Although, in the present
study €3 carriers did not differ in any AG subnuclei volumes from €4 carriers, and the age-related
decline in AG volume was found in both groups, the larger effect size of AG volume decline with
age in €4 carriers could indicate that cognitively healthy participants with APOE €4 allele were
more vulnerable to aging then €3 carriers and especially more than €2 carriers. Since our sample

size of €2 and €4 carriers in aging subgroups was relatively small, future studies with substantially
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larger samples are needed in order to provide a conclusive evidence of neuroprotective effect of

€2 on the AG subnuclei.

It is important to mention that gene x environment interactions might also obscure effects of a
specific gene on individual brain structures (Fjell and Walhovd, 2010). Finally, considerable
differences in gene expression of various age cohort (e.g., old vs. young adults) further challenge
our ability to detect the effect that a single gene has on each individual brain structure (Reinvang

etal., 2010).

Limitations and future directions

This study was cross-sectional and therefore future longitudinal studies would have to address the
nature and rate of the AG volume loss in healthy aging. Modest sample size for the genetic
component of our study, particularly the number of €2 carriers, could have prevented us from
detecting any significant protective effects of this allele against aging. However, larger
neuroimaging genetic studies might require the application of automated segmentation methods
which might reduce the accuracy of the segmentation of the medial temporal lobe structures. The
current manual segmentation protocol of the AG subnuclei is based on geometrical rules dependant
on internal AG landmarks since the AG myelinated fibers are not visible even at 4.7 T FSE images
(Aghamohammadi-Sereshki et al. 2018). Therefore, our macroscopically defined AG subnuclei
are only an approximation of the individual microscopical subnuclei. Despite the fact that 4.7 T
system is quite rare similar high-resolution MRI protocols have been successfully employed in
aging studies of hippocampal subfields that used both lower (3T) and higher (7T) field strength

magnets (see Malykhin e t al. 2017). Future volumetric MRI studies would also need to determine
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whether the reported differences in aging patterns between the AG subnuclei are associated with

differences in cognitive or affective functions.
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Chapter 6: Effects of childhood adversity on the volumes of the
amygdala subnuclei and hippocampal subfields in major

depressive disorder

Abstract

Background: Reductions in total hippocampus volume have frequently been reported in Magnetic
Resonance Imaging (MRI) studies in major depressive disorder (MDD), while total amygdala
volume differences have been inconsistent. Childhood maltreatment is an important risk factor for
MDD in adulthood and may affect hippocampus and amygdala volumes. Here we compared the
volumes of amygdala subnuclei and hippocampal subfields in MDD and controls and examined

their relationship with childhood maltreatment.

Method: Thirty-five patients meeting DSM-IV criteria for MDD were recruited and also 35 healthy
controls. MRI datasets were acquired on a 4.7T Varian Inova scanner. The amygdala subnuclei
(lateral, basal, accessory basal nuclei, cortical and centromedial groups) and hippocampal
subfields (cornu ammonis (CA1-3), subiculum and dentate gyrus) were manually delineated using
reliable volumetric methods. Childhood maltreatment was assessed on the Childhood Trauma

Questionnaire (CTQ) in MDD-participants.

Results: We did not find significant effects of MDD or antidepressant treatment on volumes of the
amygdala and its subnuclei. However, history of childhood maltreatment was negatively
associated with the anterior hippocampus bilaterally limited to CA1-3 subfield, while in the

amygdala these effects were limited to basal, accessory basal, and cortical amygdala subnuclei
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within the right hemisphere, implying that maltreatment might potentially lead to reduced

development of these areas.

Limitations: This study was cross-sectional.

Conclusions: These results provide evidence of the negative associations between history of
childhood maltreatment and the volumes of amygdala subnuclei and hippocampal subfields. This

has implications for potential mechanisms for maltreatment to lead to subsequent clinical impacts.

Keywords: amygdala subnuclei, hippocampal subfields, depression, childhood maltreatment,

stress, magnetic resonance imaging (MRI).
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6.1. Introduction

Major Depressive Disorder (MDD) causes worldwide disability (World Health Organization
2016), but the aetiology of MDD remains uncertain although changes in the hippocampus and
amygdala have been suggested as potentially important (Schmaal et al., 2016). Volumetric
reductions in the hippocampus have been often reported in Magnetic Resonance Imaging (MRI)
studies of MDD (Koolschijn et al., 2009; Lorenzetti et al., 2009; Malykhin and Coupland, 2015;
Schmaal et al. 2016). While the amygdala is an important structure in neuronal circuits of emotion,
fear and stress (Davis and Whalen, 2001, LeDoux, 2007; Sah et al., 2003), the results of volumetric
MRI studies of the amygdala in MDD have been inconsistent (Campbell et al., 2004; Hajek et al.,
2009; Hamilton et al., 2008; Schmaal et al., 2016). The amygdala consists of several functionally
different subnuclei groups (Price et al., 1987; Sah et al., 2003): (1) the basolateral complex (BLA),
including lateral (La), basal (B) and accessory basal (AB) nuclei; (2) the cortical group (Co); and
(3) the centromedial group (CeM), including the central and medial nuclei. Generally, the BLA
amygdala is involved in learning and memory through its connections with prefrontal cortex and
hippocampus (Roozendaal et al., 2009). Animal studies indicate that during chronic stress, the
BLA amygdala undergoes adaptive plastic changes (McEwen et al., 2015; Qiao et al., 2016). In
contrast, CeM amygdala is involved in the regulation of the behavioural, autonomic and hormonal
responses to emotional stimuli, via its connections with the hypothalamus (Roozendaal et al.,
2009); whilst Co group is involved in the olfactory-related responses (Yilmazer-Hanke, 2012).
Until recently, MRI studies of the amygdala have studied amygdala at the level of its total volume
(Schmaal et al., 2016). However, recent advances in MRI (Duyn, 2012) have enabled researchers

to measure amygdala subnuclei in vivo (Aghamohammadi-Sereshki, 2018).

109



Childhood adversity, including trauma and maltreatment, has been recognized as an important risk
factor for developing MDD in adulthood (Hammen et al., 2000; Hovens et al., 2010; Lindert et al.,
2014). It can induce biological changes in stress-related brain structures, which may then become
maladaptive in adult environments and make individuals more vulnerable to psychiatric disorders
(McCrory and Viding, 2015). Previous MRI studies have found that childhood adversity was
associated with smaller volumes of the anterior cingulate, dorsolateral prefrontal and orbitofrontal
cortices, and hippocampus (Danese and McEwen, 2012; Teicher and Samson, 2016). The effects
of childhood adversity might not be uniform across the entire structure of the hippocampus
(Szeszko et al., 2006; Teicher et al., 2012). The hippocampus can be subdivided into subregions
(head, body and tail) along its antero-posterior axis and into cellular subfields, including dentate
gyrus (DG), cornu ammonis (CA1-3) and subiculum, along its cross-sectional axis (Duvernoy,
2005; Insausti et al., 2017). Animal models of adult chronic stress indicate that the CA3 subfield
is most susceptible to cellular changes associated with prolonged stressors and glucocorticoid
exposure (Conrad et al., 2017; Sapolsky, 2000). Additional changes include dendritic retraction
and suppressed adult neurogenesis in the DG subfield (Leuner and Gould, 2010; Pittenger and

Duman, 2008).

Previous human studies suggested that the adverse effects of psychological stress and childhood
adversity were more pronounced in the anterior hippocampus (Szeszko et al., 2006; Vythilingam
et al., 2002) and CA2-3, CA4-DG subfields (Teicher et al., 2012). The results of individual studies
of the relationships of total amygdala volume to childhood adversity have been inconsistent
(Andersen et al., 2008; Calem et al., 2017; Cohen et al., 2006; De Bellis et al., 2002; Lupien et al.,
2011; Mehta et al., 2009; Tottenham et al., 2010). However, two meta-analyses showed that

maltreated individuals regardless of the absence or presence of psychiatric disorders had
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significantly smaller total amygdala volume than non-maltreated individuals (Lim et al., 2014;

Paquola et al., 2016).

While most of the work on the impact of stress on the amygdala and hippocampal substructures
has been conducted in animals (Conrad et al., 2017; Qiao et al., 2016), recent advances in high
resolution MRI (Aghamohammadi-Sereshki, 2018; Duyn, 2012) allowed researchers to test the

impact of the stressful events on these structures in humans.

In this study we aimed to (1) investigate volumetric differences in amygdala subnuclei between
MDD and healthy participants and (2) determine the relationships between childhood
maltreatment, as measured using Childhood Trauma Questionnaire (CTQ) and amygdala
subnuclei and hippocampal subfield volumes, using ultra-high resolution 4.7T MRI methods

developed by our group (Aghamohammadi-Sereshki, 2018; Malykhin et al., 2010a).

Considering findings from two previous meta-analyses on the total amygdala volumes in MDD
(Hajek et al., 2009; Schmaal et al., 2016), which did not show any effects of MDD, we made no
prior hypothesis in this regard. However, based on the previous animal (Conrad et al., 2017,
McEwen et al., 2015; Qiao et al., 2016; Sapolsky, 2000; Vyas et al., 2002) and human studies (Lim
et al.,, 2014; Paquola et al., 2016; Teicher and Samson, 2013, 2016), we hypothesized that
childhood adversity would be associated with volumetric reductions in the BLA amygdala and in
the CA1-3 and DG subfields, especially within the anterior hippocampus in the MDD participants.
Furthermore, considering previous studies (Lim et al., 2014; Mehta et al., 2009; Paquola et al.,
2016) that showed that the effects of childhood maltreatment were more pronounced on the right
amygdala, we hypothesized that the effects of childhood adversity on the BLA amygdala would

be more pronounced in the right hemisphere.
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6.2. Material and methods

Participants

A total of 35 MDD participants were included in the study. These consisted of 12 males and 23
premenopausal females aged 18-49 who met DSM-IV criteria for MDD with moderate or severe
episodes, based upon full clinical assessment and the Anxiety Disorders Interview Schedule for
DSM-IV-Lifetime Version (ADIS-IV-L) (Brown et al., 1994). There were 35 age-, sex- and
education-matched healthy controls (12 males, 23 premenopausal females). Written informed
consent was obtained and the study was approved by the University of Alberta Health Research

Ethics Board.

Among MDD participants, 25 reported continuous use of antidepressant treatments for more than
6 months and 10 were either antidepressant-naive (7 MDD participants), or medication free > 6
months (3 MDD participants). MDD exclusion criteria were mild depressive episodes, psychotic
or atypical features, seasonal affective disorder, lifetime schizophrenia, bipolar disorder, alcohol
or substance dependence, anorexia nervosa, predominant personality or anxiety disorders,
antipsychotic or mood stabilizer treatment, corticosteroid use, significant medical or neurological
diseases. Healthy controls did not have any lifetime psychiatric disorders, as assessed by the ADIS-

IV-L, or reported psychosis or mood disorders in first-degree relatives.

The severity of depressive symptoms was assessed using the 17-item Hamilton Depression Rating
Scale (HAM-D). Childhood maltreatment was assessed using the 28-item CTQ, which includes
five 5-item subscales; emotional abuse (EA), physical abuse (PA), sexual abuse (SA), emotional
neglect (EN) and physical neglect (PN) and 3 validity items (Bernstein and Fink, 1998; Bernstein

et al., 2003).
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MRI Data Acquisition and Analysis

Images were acquired using a 4.7 T MRI system (Varian, Palo Alto, CA). A T>-weighted fast spin
echo (FSE) MRI sequence (an echo time of 39 ms, repetition time of 11000 ms; FOV: 20%20 cm;
native resolution: 0.52x0.68x1.0 mm?) was used to obtain ninety contiguous slices perpendicular
to the anterior—posterior commissure line (AC-PC) in a total acquisition time of 13.5 min. The
original FSE datasets were interpolated in-plane by a factor of 2 to yield a final resolution of
0.26x0.34x1.0 mm?® and voxel volume of .09 pl. In order to estimate intracranial volumes (ICV),
a whole-brain Ti-weighted 3D Magnetization Prepared Rapid Gradient Echo (MPRAGE)
sequence (axial, echo time/repetition time = 8.5 ms/4.5 ms; FOV: 256x200x180 mm?; voxel size:
1x1x1 mm®) was acquired. The program DISPLAY (Montreal Neurological Institute, QC,
Canada) was used to manually trace ICVs on the Ti-weighted MPRAGE images and amygdala
and hippocampus on the T>-weighted FSE images. Raw volumetric measurements of the amygdala
and hippocampus were then normalized to ICV by using a proportional method: normalized
volume: (raw volume (mm?)/ICV (cm’)) % sample average ICV (cm?).

We have previously published detailed protocols for the manual delineation of the total amygdala
(Malykhin et al., 2007), amygdala subnuclei (Aghamohammadi-Sereshki et al., 2018),
hippocampal subregions (Malykhin et al., 2007), and hippocampal subfields (CA1-3, DG, and Sub
(Malykhin et al., 2010a) (Figure 6.1). Two raters performed amygdala (A.A.S) and hippocampal
measurements (Y.H). ICV was measured using the method of Eritaia et al. (2000). The volumetric
results on hippocampal subfield volumes from this MDD cohort were previously reported
elsewhere (Huang et al., 2013; Travis et al., 2015). The inter/intra-rater reliabilities and Dice
Kappa coefficients for the total amygdala and its subnuclei, as well as the total hippocampus and

its subfields are reported in Table 6.1.
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Figure 6.1. Three-dimensional reconstructions of the hippocampal subfields and subregions as
well as the amygdala and its subnuclei from a healthy individual.

Key: 3-D images are shown from the medial (a), the superior (b), and the lateral (c) views were
created using ITK-SNAP software (v. 3.8.0). Segmentation of the hippocampal subfields and
subregions as well as the amygdala subnuclei on coronal (d-1) views is shown on T>-weighted
FSE images with inverted contrast. For the hippocampal subfields: the cornu ammonis (CA1-3)
is outlined in red, dentate gyrus is outlined in blue, and subiculum is outlined in green.
Hippocampal subfields along the antero-posterior axis of the hippocampus (head, body and tail)
are shown with different colour intensity. For the amygdala subnuclei: lateral (La) nucleus is
outlined in pink, basal (B) nucleus is outlined in dark purple, accessory basal (AB) nucleus is
outlined in light purple, cortical (Co) group is outlined in orange and centromedial (CeM) group

is outlined in yellow. Dotted lines indicate the locations of corresponding MRI slices.
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Table 6.1. Reliability results.

ICCs and Dice’s Kappa values
ICC Dice Kappa
Intra-rater Inter-rater Intra-rater Inter-rater

La 0.95 0.93 0.86 0.82
B 0.94 0.87 0.81 0.76
AB 0.96 0.95 0.77 0.71
Co 0.97 0.87 0.72 0.72
CeM 0.86 0.85 0.79 0.76
AG 0.93 0.95 0.93 0.91
HC head 0.92 0.95 0.90 0.89
HC body 0.93 0.83 0.87 0.86
HC tail 0.88 0.95 0.82 0.80
CA1-3 0.92 0.92 0.75 0.73
DG 0.84 0.86 0.81 0.81
Sub 0.95 0.87 0.74 0.74
Total HC 0.97 0.95 0.90 0.89

Key: AB: Accessory Basal; AG: amygdala; B: basal; CA 1-3: Cornu Ammonis; CeM: centromedial; Co:
cortical; DG: Dentate Gyrus; HC: hippocampus; La: lateral; Sub: subiculum.

Statistics

All analyses were carried out in IBM SPSS Statistics 25.0. One-way ANOV A was used to compare
age, education, MDD characteristics and ICV in MDD and controls. We used analysis of
covariance (ANCOVA) to compare amygdala volumes between MDD and healthy controls and

between medicated and unmedicated MDD and control subjects. ANCOVAs included volume as
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the dependent variable, diagnosis (or treatment) as a between-subject factor, hemisphere as a
within- subject factor, the diagnosis (or treatment) hemisphere interaction and ICV as covariate.
For the factor of diagnosis these were two-group analyses. For the factor of treatment, these were
three-group analyses followed by pairwise ANCOVA of subgroups. Correlations between
normalized volumetric measurements, CTQ scores, and clinical characteristics in MDD
participants were tested using Pearson or Spearman correlations, as appropriate. Due to our priori
hypotheses, for the amygdala, we examined effects of childhood adversity, first, on the total
amygdala volume; and second, on the volumes of the BLA, Co and CeM groups. Similarly, for the
hippocampus, we examined effects of childhood adversity, first, on the total hippocampal volume;
and second, on the total subregion and subfield volumes. The Holm-Bonferroni correction for type
[ error inflation due to multiple hypothesis testing was used: for CeM, Co, and BLA groups (n=3),
for the hippocampal subregions (n=3) and for the total subfield volumes (n=3). P-values survived
Holm-Bonferroni correction were shown with a bold asterisk in the tables and the result section.
The Levene’s test was used to check the homogeneity of variance; and a significant level was p-
value < 0.05 two-tailed test for all analyses, except for the associations between childhood
adversity and the amygdala- and hippocampal-related volumes which was p-value < 0.05 one-

tailed (e.g. negative correlations were hypothesized).

6.3. Results

Demographic and clinical characteristics

There were no significant differences in age, sex, education and ICV between MDD participants
and healthy controls, or in demographic and clinical characteristics between unmedicated and

medicated MDD participants (Table 6.2). ANOVA did not show significant effect of sex (all ps >
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0.1) (Table 6.3) on CTQ measurements indicating that male and female MDD participants did not

differ from each other.

Table 6.2. Demographic and clinical characteristics.

General demographic characteristics
. Healthy MDD P-values
Demographic
. . controls Three
Characteristics (N=35) Total | Medicated | Unmedicated | Controls OUDS
(N=35) | (N=25) (N=10) vs MDD | TP
Sex
(Female/Male) 23/12 23/12 17/8 6/4 1.0 091
323+ 349+
Age 10.0 27 36.1+7.7 31.9+10.8 0.25 0.25
Education | 5 o D34% 1 50, 15| 146222 055 | 0.19
(years) 1.8
1599 + 1561 +
. 3
ICV in cm 172 154 1537 + 156 1622 + 141 0.33 0.24
MDD clinical characteristics
Medicated Unmedicated F Povalues
(N=25) (N=10)
HAM-D 17.0+ 8.4 20.0+2.6 3.04 0.0977
MDD duration 46437 45447 0.004 0.95
(years)
Recurrent/non- 20/5 713 NA 066"
recurrent
Number of
MDEs 25+1.1 23+1.1 0.30 0.59

Key: Values are mean =+ standard deviation. MDD: major depressive disorder; MDE: major depressive
episode; ICV: intracranial volume; T Three groups comparison between healthy controls, Medicated and
Unmedicated MDD; "'Due to the violation of the homogeneity of variance, P-value is adjusted for Welch
F test. T'Chi-square P-value is adjusted for the Fisher’s exact test due to Pearson Chi-square assumption

violation.
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Table 6.3. Childhood Trauma Questionnaire (CTQ) scores.

CTQ MDD-patients .
factors * Total (n = 33) Male (n = 12) Female (n = 21) Proalues

Total 50.1+19.0 44.7+17.8 53.2+19.4 0.18
EA 11.7+54 9.7+58 12.9+5.0 0.08
PA 83+4.1 74+33 8.8+4.5 0.35
SA 8.4+62 78+58 8.8 +6.5 0.65
EN 13.5+54 129+4.9 13.8+5.8 0.66
PN 82+38 6.9+33 9.0+3.9 0.06

Key: CTQ: Childhood Trauma Questionnaire; EA: emotional abuse; PA: physical abuse; SA: sexual abuse;
EN: emotional neglect; PN: physical neglect. T Since the total CTQ scores and all CTQ factors except for

the EN were not normally distributed, males and females were compared using Mann-Whitney test.

Amygdala volumetric analyses

Diagnosis (MDD vs. control subjects) hemisphere, or treatment (unmedicated MDD vs. medicated
MDD vs. control subjects) hemisphere interactions were not significant for any amygdala
measurement (all ps > 0.23), indicating that any group differences were not lateralized. There were
no main effects of diagnosis in the two-group analyses for total amygdala volume and the total
volume of each subnuclei group (Table 6.4). Exploratory analysis or the BLA subnuclei also did
not reveal significant effect of diagnosis or treatment (all ps > 0.16) on the total volume of each
subnuclei. Correlational analyses did not reveal any significant relationships between the volumes
of the amygdala or its subnuclei with HAM-D score, MDD duration, or number of major

depressive episodes (all ps > 0.16).
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Table 6.4. Analysis of covariance (ANCOVA) and descriptive statistics for the amygdala

measurements.
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Key: ANCOVA of volumes (mm?) of the total amygdala (AG), basolateral (BLA), cortical (Co) and the

centromedial (CeM) groups of the AG as well as the lateral (La), basal (B) and accessory basal (AB) nuclei

of the BLA (covariate, intracranial volumes). Group (Diagnosis or Treatment) X hemisphere interactions
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were not significant; volumes are mean + SD of both hemispheres. T Diagnosis main effect in two-group
comparison: Healthy controls and MDD. ' Treatment main effect in three-group comparison: Healthy

controls, U-MDD and M-MDD.

Childhood adversity and amygdala volumes in MDD

The average total amygdala volume showed a trend towards significant negative relationship with
the total CTQ-25 score (p < 0.089). Analyses within the left and right hemispheres showed that the
aforementioned relationship was mainly driven by the right amygdala (rs: -0.324, p < 0.033) and
not the left amygdala (p > 0.35). The total CTQ-25 did not correlate with the average volumes of
BLA, CeM and Co groups (all ps > 0.09), but analyses within the left and right hemispheres showed
that the total CTQ-25 had a negative relationship with the right BLA (rs: -0.311, p < 0.040) and not
the left BLA (p > 0.29).

Exploratory analyses within BLA group showed that average volumes of the AB (rs: -0.351, p <
0.023) and B (rs: -0.297, p < 0.047) nuclei showed negative correlations with the total CTQ-25
score. Analyses within the left and right hemispheres showed that the total CTQ-25 had negative
correlations with the right AB (1s: -0.361, p < 0.020) and B (rs: -0.288, p < 0.052) and not with the
left nuclei (both ps > 0.11).

Exploratory analyses of the CTQ factors showed that only EA had negative correlations with the
average volumes of the total amygdala (rs: -0.278, p < 0.059), AB (rs: -0.429, p < 0.007), B (1s: -
0.389, p<0.013) and Co (15: -0.312, p <0.04) nuclei. Analyses within the left and right hemispheres
showed that the aforementioned correlations were mainly driven by the right amygdala ROIs (Table
6.5). However, none of the above-mentioned correlations remained significant after Holm-

Bonferroni correction.
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Childhood adversity and hippocampal volumes

Correlations between all CTQ-related scores and hippocampal measurements were present in both
hemispheres. Therefore, we used average volumes for further analyses.

The total hippocampal volume showed a trend towards significant negative relationship with total
CTQ-25 score (rs: -0.286, p < 0.054). Amongst hippocampal subregions, only the head (rs: -0.404,
p < 0.010%), but not the body or tail (both ps > 0.36) significantly correlated with total CTQ-25
score. Amongst hippocampal subfields, the total CA1-3 (rs: -0.505, p < 0.0014%*), but not the total
DG or subiculum (both ps > 0.27) showed a significant negative correlation with total CTQ-25
score.

Exploratory analyses amongst hippocampal subfields within the hippocampal head showed that
only CA1-3 (rs: -0.512, p < 0.0012%), but not the total DG or subiculum (both ps > 0.17) showed a
significant negative correlation with total CTQ-25 score (Table 6.5).

Exploratory analyses for the CTQ factors showed that EA, PA, EN and PN showed strong negative
relationships with volumes of hippocampal head and CA1-3 in the hippocampal head. Weaker
negative associations were found for the DG of the hippocampal head and body with PA and SA,

but they did not survive the Holm-Bonferroni correction (Table 6.5).
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Table 6.5. Summary of all p-values for relationships between CTQ factors scores and volumetric

measurements in MDD participants.
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Key: AB: accessory basal; AG: total amygdala; B: basal; BLA: basolateral group; CA1-3: cornu ammonis,

CeM: centromedial group; Co: cortical group; DG: dentate gyrus; La: lateral. NS: not significant, '
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Spearman’s correlation, 2 Pearson’s correlation. P-values shown in bold* remained significant after Holm
p

Bonferroni correction.

6.1. Discussion

This is the first structural in vivo MRI study that examined amygdala subnuclei in MDD and the
effects of childhood adversity on both amygdala subnuclei and hippocampal subfield volumes.
Although, we did not find any significant effect of MDD or long-term antidepressant treatment on
amygdala subnuclei, we found that the childhood adversity was negatively associated with both
hippocampal and amygdala volumes. The negative effects of childhood adversity measured by
total CTQ-25 score were observed bilaterally within the anterior hippocampus (i.e. hippocampal
head) and were limited to CA1-3 subfield, while in the amygdala these effects were limited to

BLA amygdala within the right hemisphere.

Amygdala volume in MDD

Although previous meta-analyses did not find significant differences in the amygdala volume
between MDD participants and controls (Campbell et al., 2004; Hajek et al., 2009; Hamilton et
al., 2008; Koolschijn et al., 2009; Schmaal et al., 2016), individual studies reported increased
(Frodl et al., 2002; Malykhin et al., 2012), decreased (Kronenberg et al., 2009), or no effect of
MDD on the total amygdala volume (Frodl et al., 2008; Koolschijn et al., 2009; Zavorotnyy et al.,
2018). Some of the confounding variables which might contribute to conflicting results include
the age and sex of participants, age of onset of MDD, illness duration, medication status, and
anatomical definition of the amygdala (Hajek et al., 2009; Hamilton et al., 2008; Koolschijn et al.,
2009; Lorenzetti et al., 2009; Schmaal et al., 2016). In our previous study (Malykhin et al., 2012)

we found larger amygdala in MDD participants. Although in the present study we employed
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identical anatomical definition of the amygdala, differences in participant characteristics, field
strength of MRI scanners between our studies (4.7T vs 1.5T), and higher resolution might have
contributed to the discrepancies. Our results are in agreement with some previous studies (Hajek
et al., 2009; Schmaal et al., 2016) that demonstrated similar amygdala volumes between MDD

participants and healthy individuals.

Several previous postmortem studies investigated amygdala changes in MDD. Bowley et al.
(2002) showed no significant volumetric and neuronal density difference in the amygdala between
MDD participants and controls. However, MDD participants showed a significant reduction in the
glial density and glial/neuron ratio in the left amygdala compared to controls (Bowley et al., 2002).
Bielau et al. (2005) reported a trend towards amygdala volume reduction in MDD individuals,
while Rubinow et al. (2016) reported a modest (11%) volumetric increase in the La nucleus with
an increase in the number of neurovascular cells in the BLA group in MDD individuals without
significant differences in the total number and densities of neurons and glia of the BLA group. The
average age of MDD individuals in these postmortem studies was 10 to 40 years older compared
to our study. This is an important issue since possible different neuronal and glial cell pathology

has been suggested for young and old MDD participants (Khundakar et al., 2014).

Previous meta-analysis by Hamilton et al. (2008) reported larger amygdala volume in medicated
MDD patients while reductions in the amygdala volumes were observed in unmedicated MDD
patients. However, other meta-analyses (Hajek et al., 2009; Schmaal et al., 2016) and postmortem
study (Rubinow et al., 2016) did not find either association between the medication status and the
amygdala volume or effects of antidepressant treatment on BLA group, respectively. These

findings agree with our current findings and also with our previous study (Malykhin et al., 2012).
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Like previous studies (Frodl et al., 2003, 2008; Kronenberg et al., 2009; Saleh et al., 2012; Schmaal
et al., 2016), we did not find any correlations between the amygdala and MDD duration/severity.
However, Lorenzetti and colleagues (2009) indicated that the amygdala volume is increased during

the early phase of MDD and then endures volumetric reduction during its late phase.

Effects of adverse childhood/adolescence experiences on amygdala and hippocampus

Both amygdala and hippocampus are regarded as targets of childhood adversity (Lupien et al.,
2009; Teicher et al., 2003; Teicher and Samson, 2013, 2016) since they exhibit a protracted
postnatal development, a high density of glucocorticoid receptors, and postnatal neurogenesis
(Kempermann et al., 2018; Lupien et al., 2009, 2018; Patel et al., 2000; Teicher et al., 2003). The
present study confirmed the negative effects of childhood adversity on both structures, and further
emphasized the fact that these effects were limited to CA1-3 hippocampal subfield and BLA

amygdala, structures shown to be affected by chronic stress in preclinical studies.

Amygdala functional MRI studies have consistently showed hyperactivity of the amygdala in
response to threatening stimuli in maltreated individuals (Hein and Monk, 2017; McCrory et al.,
2017; Teicher and Samson, 2016). In contrast, findings of structural studies of the amygdala in
maltreated individuals are heterogenous. Some studies did not observe any significant effects of
maltreatment on the amygdala volume either in healthy individuals (Calem et al., 2017; Cohen et
al., 2006), or in psychiatric patients (Andersen et al., 2008; De Bellis et al., 2002). Others have
reported either volumetric reduction (Lim et al., 2014; Paquola et al., 2016), or volumetric increase
(Lupien et al., 2011; Mehta et al., 2009; Tottenham et al., 2010), although the timing and type of
exposure to the early adverse environment may accounted for these heterogenous results (Teicher

and Samson, 2016). The authors noted that volumetric enlargement was reported by studies that
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investigated the effects of early maltreatment (mainly emotional and/or physical neglect) on the
amygdala, while amygdala volumetric decrease was reported by studies with older adolescent or
adults with more psychopathological symptoms exposed to different types of maltreatment across
development (Teicher and Samson, 2016). Consequently, they hypothesized that early adverse
environment might increase the amygdala volume during childhood, but further exposure to
stressful environment during adulthood could cause volumetric reduction in the amygdala due to
the biological embedding induced by early adverse environment exposure (Teicher and Samson,

2016).

Our finding on the negative relationship between the amygdala volume and childhood adversity is
in line with our previous study (Malykhin et al., 2012), which showed that the amygdala volume
in MDD participants with history of childhood sexual/physical abuse was smaller than in MDD
participants without such history. Moreover, the current study provided first evidence on the
underlying neuroanatomical sources of these changes within the amygdala structure and
emphasized that history of EA was particularly detrimental. Our results demonstrated that the AB
and B and Co nuclei are the main targets of the EA. Previous studies showed that childhood
adversity induced abnormal changes in fronto-limbic regions (Hart and Rubia, 2012; Lim et al.,
2014; Paquolaet al., 2016). The majority of the amygdala reciprocal connections with other fronto-
limbic regions including the CA1-3 hippocampal subfield, caudate, nucleus accumbens,
orbitofrontal, medial prefrontal and anterior cingulate cortices run mainly through the AB and B
nuclei and only to a lesser degree through the Co group (Freese and Amaral, 2009; Roozendaal et
al., 2009; Yilmazer-Hanke, 2012). Finally, although the La nucleus has some common
connectivity profile with B and AB nuclei, our findings did not show any significant effect of

childhood adversity on this structure.
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The negative associations between EA (and total abuse history) and the amygdala volumes were
mainly observed in the right amygdala. Although, in agreement with our previous studies
(Aghamohammadi-Sereshki et al., 2018, 2019) we did not find any hemispheric effects on the total
amygdala and its subnuclei volumes in either group, while other studies have reported hemispheric
asymmetries for emotional processing in the amygdala (Gainotti, 2018; McMenamin and
Marsolek, 2013). It has been suggested that the right amygdala is involved in the rapid detection
of threatening-related or early processing of affective stimuli via right hemisphere subcortical
circuits, while the left amygdala is preferentially activated during decoding of cognitive-related
emotional stimuli via left hemisphere’s slower cortical feedback mechanisms (Gainotti, 2018).
Moreover, in response to sad stimuli, activation of the right amygdala had positive correlations
with CTQ factors, especially with PA (Grant et al., 2011). Furthermore, larger amygdala volume
in adopted adolescents with severe early institutional deprivation was more pronounced on the
right hemisphere than the left hemisphere compared to the non-institutionalized counterpart
(Mehta et al., 2009). Recent meta-analysis demonstrated that the individuals with childhood
maltreatment had smaller amygdala in both hemispheres, but the effect sizes for the right amygdala
were larger in men (Paquola et al., 2016). Finally, our findings are consistent with the meta-
analysis that showed that individuals with childhood maltreatment had significantly smaller right
amygdala volume than individuals unexposed to childhood maltreatment (Lim et al., 2014).
Therefore, we speculate that the observed negative relationships between the right amygdala
volumes and specifically volumes of B and AB nuclei with the history of abuse that is considered
as a threat (Humphreys and Zeanah, 2015; McLaughlin et al., 2014; Teicher and Samson, 2013)

might be due to the critical role of the right amygdala in processing threat-related stimuli (Gainotti,
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2018). Threatening stimuli sensitizes the right amygdala to stressful situations later in life

consequently causing its volumetric reduction (Paquola et al., 2016; Teicher and Samson, 2016).

Animal models of chronic stress (Vyas et al., 2002, 2003, 2004) reported that while chronic
immobilization stress induced dendritic hypertrophy in the BLA group, it did not change dendrites
of the central amygdala. Chronic restraint stress showed both reduction (Bennur et al., 2007) and
no significant change (Marcuzzo et al., 2007) in dendritic spine density in medial amygdala. While
our findings of a negative correlation between the BLA group and CTQ scores differ from animal
studies, most of these studies (Qiao et al., 2016) used rodents whose age are relevant to human
adults (Dutta and Sengupta, 2016; Sengupta, 2013), but not to childhood. Therefore, future animal
studies for comparison could investigate the effects of chronic stress in adult animals exposed to
chronic stress during their weaning and adolescent periods. Although we did not segment central
and medial nuclei separately, due to the larger volume of the central compared to the medial
(Garcia-Amado and Prensa, 2012), we believe that if the central nucleus had any associations with

CTQ, the CeM group would also show such effect.

Hippocampus and adverse childhood/adolescence experiences

Our findings indicated that amongst all hippocampal subfields and subregions, the CA1-3 and the
anterior hippocampus showed the strongest negative associations with childhood adversity. In
contrast to our amygdala findings that were limited to history of emotional abuse, our findings on
the effects of childhood adversity in relationship to hippocampus includes histories of both

emotional and physical abuse and neglect.

It has been suggested that hippocampus might be the most vulnerable brain region to stress

(Teicher and Samson, 2013). Previous studies have reported hippocampal volumetric reduction in
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maltreated healthy individuals (Calem et al., 2017), MDD participants (Otte et al., 2016), and
maltreated individuals regardless of the absence or presence of psychiatric disorders (Chaney et
al., 2014; Opel et al., 2014; Paquola et al., 2016; Teicher and Samson, 2013, 2016; Vythilingam et
al., 2002). Therefore, the hippocampal volume can be affected by childhood adversity, MDD itself,

or both.

The results of our current study agree with previous studies in MDD participants (Vythilingam et
al., 2002) and healthy controls (Szeszko et al., 2006) that suggested that childhood adversity affects
anterior hippocampus (Malykhin et al., 2010b; Szeszko et al., 2006; Vythilingam et al., 2002). In
addition, our previous study showed that cortisol levels negatively correlated with anterior

hippocampus and CA1-3 volumes in both MDD and healthy participants (Travis et al., 2016).

Our results agree with previous findings on the negative relationships between childhood
maltreatment and the CA2-3 subfield volumes (Teicher et al., 2012). Although we did not find
statistically significant associations between DG and total CTQ-25 score, we think that these
differences could be partially explained by different samples characteristics and the effects of

antidepressant treatment on the DG in our current MDD cohort (Huang et al., 2013).

Animal models of chronic stress (Conrad et al., 2017) demonstrated that whilst chronic stress
induced dendritic atrophy in both dorsal and ventral hippocampus, the CA3 was the most
vulnerable hippocampal subfield. These agrees with our results. Dendritic retraction in CA1 and
DG in animals occurred in response to more severe chronic stress (Conrad et al., 2017). Previously
we demonstrated that the largest portion of the CA1-3 subfield is in the anterior hippocampus
(Malykhin et al., 2010a, 2017) probably making this subregion a main target of chronic stress. In

contrast, the largest portion of the DG is in the posterior hippocampus (i.e. body) that is particularly
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affected by MDD (Huang et al., 2013) suggesting that impacts of MDD diagnosis and stress history

may be distinct.

In contrast to the amygdala, our findings on hippocampal changes related to childhood adversity
are in accordance with preclinical studies. The explanation might arise from the different
vulnerability windows in postnatal development of these structures. While the hippocampus
achieves dramatic growth in the first two years of life, the amygdala still develops until young
adulthood (20s) (Lupien et al., 2009, 2018). Therefore, the childhood adversity exposure most
likely does not correspond to hippocampal vulnerability postnatal window but could occur

simultaneously with amygdala development.

In conclusion, this study provides the first in vivo evidence that childhood adversity has negative

impacts on specific brain subregions, namely the BLA amygdala and CA1-3 hippocampal subfield.

Limitations

Our study sample was cross-sectional. Studies that incorporate a treatment-naive group of MDD
patients with/without history of childhood adversity are needed in order to separate the effects of
MDD, history of abuse, and antidepressant treatment on hippocampal subfields and amygdala
subnuclei. Future MRI studies would also need to combine cortisol measurements with childhood
adversity assessment in both MDD patients and healthy subjects in order to evaluate if volumetric

changes related to abuse history could be linked to cortisol overexposure.
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Chapter 7: Healthy cognitive aging and limbic white matter tracts

Abstract

Cingulum and uncinate fasciculus are major limbic tracts involved in emotion, memory and

cognition.

The goals of this diffusion tensor imaging (DTI) study were first, to investigate the relationship
between age and the DTI-measurements of the uncinate fasciculus and the cingulum divided into
the rostral, dorsal and parahippocampal cingulum in a large cohort of healthy individuals; and
second, to determine effects of the catechol-O-methyl transferase gene (COMT) polymorphisms

on the DTI-measurements of the uncinate fasciculus and cingulum.

One hundred and forty healthy participants (18-85 years old) were recruited and scanned on a 1.5
T system. Cingulum and the uncinate fasciculus were delineated using deterministic tractography
to measure fractional anisotropy (FA), mean (MD), radial (RD) and axial (AD) diffusivities, tract
volumes, linear (Cj), planar (Cp), and spherical (Cs) tensor shapes. The COMT (methionine

homozygous and valine carriers) was obtained using single nucleotide polymorphisms.

We found that age was negatively associated with FA and C,, but positively associated with MD,
RD and C; for the rostral cingulum, dorsal cingulum and uncinate fasciculus but not for the
parahippocampal cingulum. Furthermore, individuals with the COMT methionine homozygous
had higher FA and lower MD and RD values in the right rostral cingulum compared to the valine

carriers across the entire life span.
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7.1. Introduction

The universal percentage of people at 65 years and older will be 16.7 % by 2050 (He et al., 2016).
Therefore, it is imperative to broaden our understanding of healthy aging of the brain in order to
have a better understanding of pathological age-related changes (Allen et al., 2005). Studies of
age-related changes in brain white matter allow us to investigate the plausible underlying
mechanisms of cognitive decline with aging, the differences between the aging trajectories of the
white and grey matter; and compare it to pathological changes associated with different
neuropsychiatric and neurological disorders (Yap et al., 2013). Overall, previous aging studies of
white matter demonstrated a decrease in fractional anisotropy (FA) with an increase in mean (MD),
radial (RD) and axial (AD) diffusivities from mid-adulthood to old age (Yap et al., 2013).

The limbic system is a group of cortical and subcortical structures interconnected by white matter
tracts involved in memory, spatial orientation, emotion and motivation as well as goal-directed
behaviours (Catani et al., 2013; Morgane et al., 2005; Rolls 2015). The cingulum and uncinate
fasciculus are two major white matter tracts of the limbic system (Catani et al., 2013). The
cingulum located all around the corpus callosum consisting of short and long association fibers as
well as striatal, commissural, and subcortical fibers associated with emotional, attentional and
memory-related mechanisms (Catani and Thiebaut de Schotten 2008; Schmahmann and Pandya
2006). All cingulate gyrus afferents and efferents move through the cingulum. Based on the
connectivity profile, structural and functional properties, the cingulate cortex is divided into four
subregions including the anterior cingulate, midcingulate, posterior cingulate and retrosplenial
cortices (Vogt and Palomero-Gallagher 2012). Therefore, cingulum is also considered as a
heterogenous tract since it carries white matter tracts from structurally and functionally distinct

cingulate cortex subregions. However, most of the studies of healthy aging have analyzed the
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cingulum either as a single structure that corresponds to (1) the dorsal cingulum (Lebel et al.,
2012), (2) rostral + dorsal cingulum (Sala et al., 2012; Stadlbauer et al., 2008), (3) a whole
cingulum bundle consisting of rostral + dorsal + parahippocampal cingulum (Voineskos et al.,
2012) or as two separate structures that correspond to the rostral + dorsal cingulum and
parahippocampal cingulum (Bennett et al., 2015; Cox et al., 2016; Westlye et al., 2010).

The second tract; uncinate fasciculus arises from the temporal pole, uncus, parahippocampal gyrus,
and the amygdala (Catani et al., 2013). It connects the anterior portion of the temporal lobe to the
inferior frontal gyrus and the orbital surface of the frontal lobe (Nieuwenhuys et al., 2008). It has
been suggested that uncinate fasciculus might be involved in emotion, memory and language
functions (Catani and Thiebaut de Schotten 2008).

Previous diffusion tensor imaging (DTI) studies of healthy aging generally reported that FA and
MD of the uncinate fasciculus and cingulum follow curvilinear trajectory with age (Lebel et al.,
2012; Westlye et al., 2010). For both uncinate fasciculus and cingulum, while FA and MD reach
their maximum and minimum values respectively around 30s and 40s, FA decreases and MD
increases during late adulthood (almost after 60 years of age) (Lebel et al., 2012; Westlye et al.,
2010). However, other studies did not report any associations between age with either cingulum
FA (Michielse et al., 2010; Stadlbauer et al., 2008) or MD (Stadlbauer et al., 2008).

Genetic studies of brain white matter tracts in healthy aging may help us to link white matter
related changes in normal and pathological aging (Kanchibhotla et al., 2013). Budisavljevic et al.
(2016) illustrated the genetic and familial factors had high effects on the FA and MD of the
uncinate fasciculus and dorsal cingulum while these effects on the FA and MD of ventral cingulum
(i.e. parahippocampal cingulum) were moderate. The catechol-O-methyl transferase gene (COMT)

is involved in dopamine neurotransmission and degradation (Deary et al., 2004; Mier et al., 2009;
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Petrella et al., 2008). Previously, dopamine protective effects on oligodendrocytes (Rosin et al.,
2005) and its involvement in oligodendrocytes differentiation (Bongarzone et al., 1998) were
suggested. The Vall58Met polymorphism (rs4680) is a common COMT polymorphism in which
the amino acid Valine (Val) is substituted with Methionine (Met) (Goldman et al., 2005). The Val
allele has higher degrading activity than the Met allele which results in lower synaptic dopamine
level. Since the presynaptic dopamine transporter in the prefrontal cortex is low, the COMT is
major regulator of the dopamine level in the prefrontal cortex (Sambataro et al., 2012). It was
showed that there is a dose-dependent fashion in COMT enzymatic activity so that Val/Val >
Val/Met > Met/Met (Chen et al., 2004). Previous studies of Vall58Met polymorphism focused on
gray matter structures, found effects on volumes of the hippocampus, temporal and frontal lobes,
as well as anterior cingulate and dorsolateral prefrontal cortices, thickness of the right inferior
prefrontal and the right superior temporal sulci (for review see Sambataro et al., 2012; Witte and

Floel 2012).

Considering the aforementioned, the primary goal of the present study was to investigate if
different anatomical subdivisions of cingulum bundle and the uncinate fasciculus follow similar
relationship with age in a large sample of healthy individuals across the entire adult lifespan using
DTI deterministic tractography method (Malykhin et al., 2008). We hypothesized that the
parahippocampal cingulum would show relative preservation with age, compared to the rostral
cingulum, dorsal cingulum and uncinate fasciculus. Our second goal was to determine whether
COMT polymorphism is associated with the microstructural properties of the cingulum bundle
and the uncinate fasciculus. Due to a limited knowledge about the effects of the COMT
polymorphisms on brain white matter tracts, we made no prior hypothesis regarding this

investigation.
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7.2. Material and methods

Participants

140 healthy volunteers (62 men, 78 women), between 18 and 85 years of age (mean: 48.27, SD:
18.47) were recruited through online, poster and local advertisements. Of those, 106 participants
were Caucasian (75.7%), 26 Asian (18.6%), 7 Latin American (5%) and 1 African (0.7%). An
initial phone interview was conducted to screen candidates for existing neuropsychiatric disorders,
as well as MRI contraindications. Participants were excluded if they or their first-degree relatives
had any history of psychiatric disorders, as assessed by the Anxiety Disorders Interview
Schedule—IV (Brown et al., 2001). The exclusion criteria were active and inactive medical
conditions that may interfere with normal cognitive function (cerebrovascular pathology, tumors
or congenital malformations of the nervous system, diabetes, multiple sclerosis, neurodegenerative
diseases, epilepsy, dementia, and stroke) and use of psychotropics medications and non-prescribed
substances that could affect brain function. Most of the individuals were right-handed (R: 124; L:
16). Handedness was assessed using a 20-item Edinburgh Handedness Inventory and individuals

with laterality quotient > +80 were determined as right-handed (Oldfield, 1971).

A face-to-face interview was conducted in order to verify that our older volunteers retained healthy
cognitive function. Older subjects (>50 years of age) with Mild Cognitive Impairment and
dementia were excluded from the study. For exclusion, dementia was defined according to the
DSM-IV criteria. Mild Cognitive Impairment was defined based on presence of cognitive
complaints (documented on the AD-8, Galvin et al., 2007) with documented impairment on the
Montreal Cognitive Assessment Test (MOCA) (all included subjects had MOCA score > 26)
(Nasreddine et al., 2005). Furthermore, older participants (>50 years of age) were assessed for

vascular dementia with the Hachinski Ischemic Scale (HIS) (Hachinski et al., 1975). A score above
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7 out of 18 has 89% sensitivity (Moroney et al., 1997). All elderly participants included in this

study received a HIS score of 3 or lower.

The Clinical Dementia Rating scale (CDR) was used as an assessment of dementia symptom
severity (Hughes et al., 1982), where subjects are assessed for functional performance in six areas:
memory, orientation, judgment and problem solving, community affairs, home and hobbies, and
personal care. We employed CDR as an additional screening measure for dementia in older
participants. A composite score from 0 to 3 was calculated. All of our subjects met the cutoff score
of < 0.5 for total CDR score. In order to screen older participants for depression, the Geriatric
Depression Scale (GDS) was used (Yesavage et al., 1982). Designed to rate depression in the
elderly, a score of > 5 is suggestive of depression and a score > 10 is indicative of depression. Our

subjects met the cutoff score of 4 and below.

Written, informed consent was obtained from each participant. The study was approved by the

University of Alberta Health Research Ethics Board.

MRI acquisition and data analysis

Participants were scanned on a 1.5T Siemens Sonata MRI. A cradle and bilateral head supports
were used to minimize subject motion in the MRI scanner. A whole brain Ti-weighted 3D
MPRAGE sequence [TR: 2080 ms; TE: 4.38 ms; inversion time: 1100 ms; flip angle: 15°;
bandwidth: 130 Hz/Px; FOV: 256x192x144 mm?; voxel size: 1x1x1 mm?; scan time: Smin 49sec]
was acquired for intracranial volume (ICV) estimation (Eritaia et al., 2000). DISPLAY (Montreal
Neurological Institute, QC, Canada) software was used to trace the ICV. DTI data sets were
acquired using twice refocoused spin echo, echo planar imaging sequence (Reese et al., 2003) with

the following parameters: TR=7700 ms, TE= 94 MS, 5 non-diffusion weighted (b = 0 s/mm?) and
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30 diffusion directions (b= 1,000 s/mm?), FOV: 212x212x111 mm?, voxel size: 2.2x2.2x2.2 mm?,
with full brain coverage without gap and a scan time of 4min 39sec. The diffusion tensor datasets
were pre-processed by the rigid body co-registering to b0 image using Automatic Image

Registration.

Detailed reliable protocols for the manual tracing of the uncinate fasciculus and cingulum bundle
including rostral cingulum, dorsal cingulum and parahippocampal cingulum were previously
reported (Malykhin et al., 2008) (Figure 7.1). The program DTI-studio V2.40 (Johns Hopkins
University, Baltimore, MD) was utilized to quantify fractional anisotropy (FA), mean diffusivity
(MD), axial diffusivity (AD), radial diffusivity (RD), and tract volume. In addition, linear (C; =
(A1 —A2) / A1), planar (Cp = (A2 - A3) / A1), and spherical (Cs = A3 / A1) measures were calculated
as representations for geometrical shape of diffusion tensor (for more details, see Westin et al.,

2002).

All measurements were performed by a single rater (A.S.S) who was blind to all demographic and
genotype information. Raw tract volumetric measurements were adjusted to the ICV by using the
following formula: ICV-adjusted volume = (Raw tract volume (mm?) / ICV of the same individual
(cm?)) x sample average ICV (cm ®) (Aghamohammadi-Sereshki et al., 2019). Fiber tracking
parameters were > 0.2 for FA threshold to initiate and continue tracking and the angular deviation
of the propagating line > 60°. An FA threshold of 0.2 was chosen to prevent inclusion of grey
matter and CSF voxels (Hecke and Emsell 2015). An FA threshold of 0.2 is generally regarded as
optimal threshold while FA=0.1 or FA=0.3 may increase inclusion of nonwhite matter voxels or

regarded as a strict threshold (Caan 2015; Tournier et al., 2011).
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The inter-rater reliability was assessed by two raters (A.A.S and N.V.M), who independently
traced the rostral cingulum, dorsal cingulum, parahippocampal cingulum and uncinate fasciculus
in 5 subjects in both hemispheres. Intra-rater reliability for the aforementioned tracts was assessed
by retracing the images from the same five subjects at 1-2 weeks interval by a single rater (A.A.S)
who performed all DTI-measurements of the current study (Table 7.1). It is important to mention
that the DTI images used to assess the intra/inter- rater reliability were different from the datasets

used for training.

Genetic analysis

The genotypes for our genes of interest were obtained using single nucleotide polymorphisms
(SNPs) derived from cheek swabs from our participants. Primer3PLUS was used to generate
primers using sequence data from dbSNP. Primers were positioned to generate a clean single PCR
product with the variant in a position near the centre of the read to avoid common technical artifacts
that can occur during the sequencing step. All primers were purchased from Integrated DNA
Technologies (Coralville, [A).

COMT polymorphisms were obtained using rs4680 (G; A), where the G allele encodes Val, and
the A allele encodes Met. Due to the first, above mentioned dose-dependent COMT enzymatic
activity; and second, the possible advantage of the Met allele over the Val allele in cognitive-
related functions (Dixon et al., 2014; Mier et al., 2009; Petrella et al., 2008), the effects of COMT
polymorphism on the DTI-measurements were studied between homozygous “Met/Met” vs.
“Val/x” (i.e. Val/Val and Met/Val) individuals. All genotype frequencies are reported in the results

section.

139



Figure 7.1. Three-dimensional reconstructions of the cingulum bundle and
uncinate fasciculus.

Key: uncinate fasciculus is shown in pink, rostral cingulum is shown in cyan,
dorsal cingulum is shown in purple and parahippocampal cingulum is shown

in lime green.
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Table 7.1. Inter/Intra-rater intra class correlation coefficients (ICC) and percent coefficient of

variation (CV) for DTI-metrics.
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Statistics

Demographic information

All inferential statistics other than regression models for age and COMT effects were carried out
using IBM SPSS Statistics 25.0. Group characteristics such as age, education, and ICV were
analyzed by a one-way analysis of variance (ANOVA) and with sex as the independent variable.
Sex differences in DTI-measurements were tested using the independent sample T-test within 3
age groups including young (18-39 years old), middle age (40-59 years old) and old (60-85 years
old) adults. Demographic characteristics between COMT (Met/Met vs. Val/x) polymorphisms was
also analyzed using a one-way ANOVA. In addition, the chi-squared test was used to evaluate

deviation from the Hardy—Weinberg equilibrium.

Hemisphere-related effects analysis

In order to investigate whether or not the left and right hemispheres age differently, first, we
calculated asymmetry indices for each DTI parameter using following formula: [({(Right
measurement) / (Left measurement)} % 100) -100]; and second, we tested the relationship between
age and asymmetry indices using Pearson correlation coefficient. In addition, the inter-hemispheric

differences in DTI-measurements were tested using the paired sampled T-test.

Modeling age and COMT relationships with the cingulum and Uncinate fasciculus

Lower order regression models (i.e. linear, quadratic, cubic) tend to impose severe shape
restrictions to trendlines in regression analyses. Fjell et al. (2010) illustrated that studies utilizing
quadratic models to estimate the parabolic appearing age trajectory of brain structures are
significantly influenced by the age range of the subjects measured. Therefore, Fjell and colleagues

(2010) recommended the use of non-parametric smoothing splines; however, since a smoothing
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spline is a local non-parametric regression model, it is not well suited for inferential statistics.
Also, using non-parametric smoothing splines on smaller sample sizes may produce higher-order
functions, leading to overfitting and poor generalizability (Fjell et al., 2010; Royston and Sauerbrei
2008a). Considering the aforementioned limitations, we used multivariable fractional polynomial
regression (MFP) modelling to assess the relationship between DTI-measurements and age
(Royston and Sauerbrei 2008b).

To analyze the associations between age and COMT polymorphisms with the DTI-measurements
of the cingulum bundle and uncinate fasciculus, DTI-measurements were selected as dependent
variables and ‘Age’ (scaled), dummy-coded variables for the ‘Sex’ and COMT (Met/Met and Val/
x) as well as ‘Age x Sex’ and ‘COMT x Age’ interaction terms were selected as independent
variables in MFP. MFP regression models were analyzed by STATA 15.

The MFP method consists of two simultaneous components, the selection of independent variables
using the backward elimination (BE) method at o levels (< 0.05 for ‘Age’, ‘Sex’ and ‘COMT”’
terms; and <0.01 for ‘Age x Sex’ and ‘Age x COMT’ interaction terms), and selection of functions
for continuous independent variables using the function selection procedure (FSP) at the o> level
(< 0.05) (Royston and Sauerbrei 2008b). Since interaction term might increase the risk of
overfitting, it has been suggested to include them only if they have stronger effects (e.g. p <0.01)
(Royston and Sauerbrei 2008c¢).

The BE method was used for the variable selection (Royston and Sauerbrei 2008b). First, a linear
model with all independent variables is fitted. The strongest and weakest independent variables
are then determined by excluding each independent variable using BE. The strongest and weakest
continuous independent variables are checked first and last for selecting the best power(s)

respectively. However, if a variable is a binary (e.g. Sex or COMT), it does not undergo FSP,
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instead the BE approach assesses whether or not including its dummy variable in the model is
significant while other variables are in the models as adjustment terms.

The MFP method selects a functional form (i.e. power) for each continuous independent variable
from a restricted set of powers S: {-2, -1, -0.5, 0, 0.5, 1, 2, 3} within Bo + Bi(x") regression
framework (i.e. fractional polynomial degree 1 [FP1]). The best fitting model is chosen based on
the maximum likelihood of all generated models using powers from S (Royston and Sauerbrei
2008d).

FP1 can be extended to the higher orders such as FP2, or FP3, etc. (Royston and Sauerbrei 2008b).
For example, an FP2 regression framework is: if P; # P2, then we have “Bo + B1 (x*!) + B2 (xF2)”,
or if P; = P2, then we have “Bo + p1 (x*1) + B2 (x*!) x (log x)”. However, since using higher orders
than FP2 (e.g. > FP3) rarely improves the MFP model and reduces the generalizability (Royston
and Sauerbrei 2008d), we restricted the MFP method to FP1 and FP2.

MPF method generates the best FP1 and FP2 models selecting the best power(s) from S. The FSP
then selects the most suitable model (i.e. FP2, FP1, linear or null models) by approximate
likelihood ratio chi-square ()?) tests measuring deviance (-2 log likelihood) differences between
models. The analysis by FSP is as follow (Royston and Sauerbrei 2008d): (1). The overall
relationship between DTI-measurements and independent variables are tested. To do so, the best
FP2 model with 4 degrees of freedom is tested against the null model at the a level. If the test is
not significant, the null model is selected, otherwise the analysis continues to the next step. (2)
The best FP2 model with 3 degrees of freedom is tested against a straight line (P = 1) at the a level.
This step statistically tests the linearity vs. nonlinearity nature of the relationship by comparing a
linear model (with P = 1) against nonlinear models (with P # 1). If the test is not significant, a

straight line is selected as the final model, otherwise the analysis continues to the next step. (3).
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The best FP2 model with 2 degrees of freedom is tested against the best FP1 model at the a level.
If the test is not significant, the FP1 model is selected as the final model, otherwise FP2 model is
selected. This step determines whether a more complicated nonlinear model (e.g. FP2) is
statistically better than a simpler nonlinear model (e.g. FP1) in explaining the association between
DTI-measurements and independent variables.

During FSP, the other independent variables are included in the model as adjustment terms; if an
FP model with specific power is selected for the first examined independent variable, the
independent variable is transformed (i.e. x;¥) to the model for the subsequent analyses. This
procedure runs for other continues variables.

The MFP procedure might follow more iteration(s) until the fractional polynomial models for
continuous independent variables do not change, up to 4 cycles may be necessary (Royston and
Sauerbrei 2008b). In the current study, the default cycle (n = 5) of STATA was adopted.

Finally, Holm-Bonferroni correction for type I error inflation due to multiple comparisons was
used. Since previous published literature (Hasan et al., 2009; Lebel et al., 2012; Michielse et al.,
2010; Sala et al., 2012; Yap et al., 2013) demonstrated the age-related effects on the DTI-
measurements of the cingulum bundle and uncinate fasciculus, Holm-Bonferroni correction was
used for the tensor shape- and genetic polymorphism-related analyses and not for the relationships
between age and diffusion-related properties (e.g. FA, MD, RD and AD) and tracts’ volumes. P-
values survived Holm-Bonferroni correction were shown with a bold asterisk in the tables and

the result section.
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7.3. Results

Demographics

Participants’ characteristics for the entire sample is shown in the Table 7.2. Males had larger ICVs

[F (1, 138) = 118.6, p <.0001] than females whilst males and females did not differ in age, and

education (both ps > .09) (Table 7.2). Furthermore, demographic characteristics were not different

between carriers of the COMT genotypes (“Met/Met” vs “Val/x) (all ps > .19). Moreover, the

chi-squared test showed that our sample for the COMT (y*: 0.38, p: .54) was in Hardy-Weinberg

equilibrium.

Table 7.2. Demographic information (mean + SD).

Variable Male Female Total F-Value | p-value
Number 62 78 140 - -
Age in years 48.31 +£19.51 48.24+17.72 4827 +18.47 0.000 0.98
Ed“;’z:r‘;n 16,19 £2.44 15.50 + 2.46 1581 +£2.46 | 2.722 0.10
1,739.75 + 1,509.89 + 1,611.68 +
ICV volume 137.03 112.74 168.56 118.58 2.58E-20

Key: ICV: intracranial volume in cm?.

Hemispheric differences and asymmetry analysis

Asymmetry for the rostral cingulum for the RD (p <.0004%*) and MD (p < .008*) had significant

relationships with age, whilst the rest of the asymmetry indices for all white matter tracts did not

correlate with age (all corrected ps > .19). Therefore, we analyzed DTI-measurements of the left

and right rostral cingulum separately in our regression analyses, whilst the averaged values of DTI-
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measurements of the dorsal cingulum, parahippocampal cingulum and the uncinate fasciculus were

used in the regression analyses.

The paired sampled T-test showed that first, for the uncinate fasciculus while the left FA was
significantly higher than the right FA (p < 4.54E-12%), MD, RD, AD, volume and Cs were
significantly higher in the right hemisphere compared to the left hemisphere (all ps < 8.22E-6*).
There were no significant differences in the Ciand Cp between the left and right hemispheres (both
ps > 0.058). Second, for the dorsal cingulum while the left hemisphere had significantly higher
FA, volume and C; than the right hemisphere (both ps < 3.29E-8%), the right hemisphere had
significantly higher MD, RD, and C;sthan the left hemisphere (all ps < 2.96E-20%). There were no
significant differences in the AD and Cp between hemispheres (corrected p > 0.10). Third, for the
parahippocampal cingulum, while the right hemisphere had significantly higher FA, volume and
Ci than the left hemisphere (all ps < 8.05E-5%), the left hemisphere had significantly higher MD,
RD, AD, and Csthan the right hemisphere (all ps < 1.53E-10%). However, there were no significant
differences in the C, between hemispheres (p > 0.29). Finally, due to the above-mentioned
significant relationships between the age and asymmetry indices of the DTI parameters of the
rostral cingulum, hemispheric differences of the rostral cingulum were analyzed separately for the
young, middle-age and old adults. We found that across all three age groups while the left
hemisphere had significantly higher FA than the right hemisphere (all ps < 6.81E-13%), the right
hemisphere had significantly higher MD, RD, AD and C; than the left hemisphere (all ps <4.47E-

9%),
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Age-, Sex- and COMT-related effects on the DTI-measurements

FA

Age effect: The effects of age were significant for the rostral cingulum in both hemispheres, dorsal
cingulum and the uncinate fasciculus (all ps < 3.45E-5), but not for the parahippocampal cingulum.

All the significant relationships were negative and linear (Figures 7.2, 7.4).

Sex effect: While men showed higher FA in the left rostral cingulum and the dorsal cingulum
(both ps < 1.93E-2), sex term was not significant for the right rostral cingulum, parahippocampal
cingulum and uncinate fasciculus. However, neither cingulum bundle nor uncinate fasciculus

showed significant sex difference for the FA in 3 age groups (all corrected-ps > .29).

COMT effects: Met/Met individuals had higher FA in the right rostral cingulum compared to the
Val carriers (p < 2.17E-5). Group comparisons between two genotypes showed that Met/Met
individuals had higher FA in the right rostral cingulum compared to the Val carriers (non-corrected
p < .034) (Table III). However, COMT polymorphism effects were not present in other white

matter tracts.

MD

Age effect: The effects of age were significant for the left rostral cingulum, dorsal cingulum and
the uncinate fasciculus (all ps < 3.52E-3), but not on the right rostral cingulum and
parahippocampal cingulum. Furthermore, while age and MD of the dorsal cingulum and uncinate
fasciculus showed positive nonlinear effects, the relationship for the left rostral cingulum was

positive and linear (Figures 7.2, 7.4).
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Sex effect: Sex had effects only on the MD in the dorsal cingulum (p < 4.94E-2) in which women
showed higher MD values. However, neither cingulum bundle nor uncinate fasciculus

demonstrated significant sex difference for the MD in 3 age groups (all ps > .21).

COMT effects: Val carriers had higher MD in the right rostral cingulum compared to the Met/Met
individuals (p < 7.71E-5). Group comparisons between two genotypes showed that Val carriers
had significantly higher MD in the right rostral cingulum compared to the Met/Met individuals (p
<.0001%*) (Table III). However, we did not find significant effects of the COMT polymorphism

on the MD in other white matter tracts.

RD

Age effect: The effects of age were significant for the left rostral cingulum, dorsal cingulum and
the uncinate fasciculus (all ps < 1.63E-7), but not for the right rostral cingulum and
parahippocampal cingulum. Furthermore, while age and RD of the dorsal cingulum and uncinate
fasciculus showed positive nonlinear associations, the relationship for the RD in the left rostral

cingulum was positive and linear Figures 7.2, 7.4).

Sex effect: The sex term was not significant for the cingulum bundle and uncinate fasciculus.

COMT effects: Val carriers had higher RD in the right rostral cingulum compared to the Met/Met
individuals (p < 1.91E-4). Group comparisons between two genotypes showed that Val carriers
had significantly higher RD in the right rostral cingulum compared to the Met/Met individuals (p
<.0002%*) (Table III). However, we did not find significant effects of the COMT polymorphism

on the RD in other white matter tracts.

AD
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Age effect: The associations between age and AD were significant for the dorsal cingulum,
parahippocampal cingulum and the uncinate fasciculus (all ps < 1.12E-2), but not for the rostral
cingulum. Furthermore, while age and AD of the dorsal cingulum and uncinate fasciculus showed
positive nonlinear associations correlation, the relationship for the parahippocampal cingulum was

negative and linear (Figures 7.3, 7.4).

Sex effect: The sex term was not significant for the cingulum bundle and uncinate fasciculus.

COMT effects: Val carriers had higher AD in the right rostral cingulum compared to the Met/Met
individuals (p < 8.68E-3). Group comparisons between two genotypes showed that Val carriers
had higher AD in the right rostral cingulum compared to the Met/Met individuals (non-corrected
p <.0087) (Table 7.3). We did not find significant effects of the COMT polymorphism on the RD

in other white matter tracts.

Tract volume

Age effect: The effects of age were significant for the dorsal cingulum and the parahippocampal
cingulum (all ps < 6.85E-3), but not for the uncinate fasciculus and the rostral cingulum.
Furthermore, the tract volume of both dorsal cingulum and parahippocampal cingulum showed

negative linear relationships with age (Figure 7.3).

Sex effect: Sex had effects only on the rostral and dorsal cingulum (all ps < 1.51E-2) in which
men had bigger tract volume. However, neither cingulum bundle nor uncinate fasciculus had

significant sex difference for the volume in 3 age groups (all ps > .20).

COMT effects: We did not find significant effects of the COMT polymorphism on the tract volume

of the cingulum bundle and uncinate fasciculus.
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Linear geometry (Ci)

Age effect: The effects of age were significant for the left rostral cingulum, the dorsal cingulum
and uncinate fasciculus (all ps < 1.71E-3), but not on the right rostral cingulum and
parahippocampal cingulum. Furthermore, the linear tensor shape of the left rostral cingulum,
dorsal cingulum and uncinate fasciculus had negative linear relationships with age (Figures 7.3,

7.4).

Sex effect: The sex term was not significant for the cingulum bundle and uncinate fasciculus.

COMT effects: We did not find significant effects of the COMT polymorphism on linear geometry

of the white matter tracts.

Planar geometry (Cp)

We did not find any age-, sex- or COMT-related effects for the Cp in the studied tracts.

Spherical geometry (Cs)

Age effect: The effects of age were significant for the rostral cingulum in both hemispheres, dorsal
cingulum, and the uncinate fasciculus (all ps < 2.99E-3), but not for the parahippocampal

cingulum. All the significant relationships were positive linear (Figures 7.3, 7.4).

Sex effect: While women showed higher Cs in only the left rostral cingulum and the dorsal
cingulum (both ps < 1.38E-2), sex term was not significant for the right rostral cingulum,
parahippocampal cingulum and uncinate fasciculus. However, neither cingulum bundle nor
uncinate fasciculus had significant sex difference for the Cs in 3 age groups (all corrected-ps >

16).
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COMT effects: Val carriers had higher Cs in the right rostral cingulum compared to the Met/Met
individuals (p < 2.52E-5). However, group comparisons between two genotypes showed that the
Cs in the right rostral cingulum was marginally different between Met/Met individuals and the Val

carriers (Val/+ > Met/Met, non-corrected p > .06) (Table 7.3).

We did not find any effects of ‘Age % Sex’ or ‘Age x COMT"’ interactions on any of the DTI-
measurements of the cingulum bundle and uncinate fasciculus. Finally, we did not find any effects
of ‘APOE’, ‘BDNF’ ‘Age x APOE’, and ‘Age x BDNF’ interactions on any of the DTI-
measurements of the cingulum bundle and uncinate fasciculus (results are not shown). All
regression-related results of DTI-measurements are presented in Table 7.4.

Table 7.3. DTI-measurements of the cingulum bundle and uncinate fasciculus (mean + SD) for

the COMT Val/+ [Val/Val; Val/Met] and homozygous Met [Met/Met]) individuals.

Alleles’ frequency in the total sample
Met = 0.464 Val = 0.536
Genotype comparisons
COMT genotypes
Tract of Interest DTI-metrics p-value | Cohen's d
Met/Met (n = 32) Val/+ (n = 108)

FA 0.410+0.025 0.410+0.018 97¢ 0
MD 0.809 + 0.031 0.811 +£0.028 72 0.068
RD 0.616 +0.035 0.617 £ 0.029 .82 0.031
. AD 1.194 £ 0.035 1.198 £ 0.035 .62 0.114

Uncinate

Fasciculus Volume 2579 + 774 25174712 67 0.083
G 0.412 £ 0.027 0.414 £ 0.030 .80 0.070

Co 0.144 £ 0.012 0.144 £ 0.029 .94 0
(0N 0.444 £ 0.025 0.442 £ 0.025 71 0.080
Right rostral FA 0.358 +£0.031 0.345+£0.028 .034 0.440
cingulum MD 0.783 + 0.060 0.822 + 0.043 .0001* 0.747
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RD 0.632 % 0.052 0.668+0.045 | .0002* 0.740
AD 1.100 = 0.073 1.131 £ 0.055 0087 0.480
Volume 863 + 393 830 + 389 67 0.084
C 0.354 = 095 0.329 £ 0.063 082 0.310
C, 0.167+0.111 0.167 £ 0.062 1.00 0.090
C, 0.479 £ 0.073 0.504 + 0.028 064 ¢ 0.452
FA 0.400 + 0.032 0.405 + 0.037 58 0.116
MD 0.702 + 0.053 0.700 + 0.042 82 0.042

RD 0.540 + 0.051 0.540 + 0.046 98 0
Left rostral AD 1.026 + 0.068 1.019 = 0.054 54 0.114
cingulum Volume 989 + 320 994 + 451 95 0.013
C 0.383 £ 0.036 0.376 + 0.043 41 0.177
C, 0.182 +0.027 0.185 + 0.027 54 0.111
C, 0.435 £ 0.033 0.439 + 0.038 62 0.112
FA 0.459 + 0.032 0.461 + 0.027 81 0.068
MD 0.747 + 0.038 0.745 + 0.031 72 0.058
RD 0.541 + 0.043 0.540 + 0.036 88 0.025
AD 1.157 +0.038 1.156 + 0.034 88 0.028

Dorsal cingulum

Volume 2854 + 799 2970 + 790 48 0.146
C 0.462 + 0.047 0.457 + 0.034 57 0.122
C, 0.149 + 0.037 0.153 + 0.024 50 0.128

C, 0.389 £ 0.041 0.389 + 0.029 93 0
FA 0.374+0.026 0.376 4 0.022 65 0.083
MD 0.792 + 0.041 0.782 + 0.027 200 0.288
Parahippocampal RD 0.623 + 0.041 0.614 + 0.029 260 0.253
cingulum ® AD 1.130 = 0.052 1118 + 0.035 250 0.271
Volume 1280 + 286 1219 £ 249 26 0.227
C 0.385 % 0.032 0.387 +0.036 76 0.059
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Co 0.129+£0.018 0.131 £ 0.029 78 0.083

Cs 0.486 + 0.025 0.483 + 0.021 41 0.130

Key: * p-values were adjusted for the violation of the equality variances. ° The total number of Met/Met

individuals were 31. * Significant corrected p-values.

Table 7.4. Regression models of the age-, sex- and COMT effects on the DTI-metrics of the

cingulum bundle and uncinate fasciculus and their R?, Adj-R?, and Standardized fs (P values).

DT.I Tracts Significant Age terms Sex ! COMT R? Adj-R? P-value? Regression
metrics model type
Right Age [-0.338 (< 3.45E-5)] NS 0.183 0.147 0.134 <1.91E-5 Linear
’ ’ (<2.17E-2) : ’ ’
RC
Left | Age[-0.506 (< 9.86E-11)] 0171 NS 0285 | 0275 | < 1.10E-10 Linear
: : (< 1.93E-2) : : :
FA -0.177 .
DC Age [-0.369 (< 5.46E-6)] (< 2.46E-2) NS 0.167 0.155 < 3.57E-6 Linear
PHC NS NS NS 0 0 NS Null model
UF Age [-0.388 (< 2.14E-6)] NS NS 0.151 0.145 < 2.14E-6 Linear
. -0.328 .
Right NS NS 0.107 0.101 <7.71E-5 Linear
(< 7.71E-5)
RC
Left Age [0.277 (< 9.32E-4)] NS NS 0.077 0.070 <9.32E-4 Linear
Age [-1.677 (< 3.53E-4)] + 0.010 FP2
MD DC Age?[2.018 (< 2.10E-5)] | (< 4.94E-2) NS 0.222 0205 | < L75E7 | (uadratic)
PHC NS NS NS 0 0 NS Null model
Age? [0.302 (< 3.52E-3)] +
UF Age®[0.683 (< 4.65E-10)] NS NS 0.270 0.260 < 4.29E-10 FP2
Right NS NS -0.31 0.096 0.090 < 191E-4 Linear
(< 1.91E-4) | " : :
RC
Left | Age[0.425 (< 1.63E-7)] NS NS 0181 | 0.175 | <1.63E-7 Linear
RD
DC Age? [0.435 (< 7.72E-8)] NS NS 0.189 | 0.184 | <7.72E-8 FP1
PHC NS NS NS 0 0 NS Null model
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UF Age’® [0.496 (< 4.5E-10)] NS NS 0.246 0.241 < 4.49E-10 FP1
Right NS NS -0.221 0.049 0.042 < 8.68E-3 Li
igl (< 8.68E-3) . . .68E- inear
RC
Left NS NS NS 0 0 NS Null model
Age® [-1.728 (< 2.05E-3)] +
AD DC Age [1.909 (< 6.91E-4)] NS NS 0.104 0.091 < 5.24E-4 FP2
PHC Age [-0.215 (<1.12E-2)] NS NS 0.046 0.039 < [1.12E-2 Linear
Age?[0.437 (< 7.56E-5)] +
UF Age® [0.610 (< 7.04E-8)] NS NS 0.192 0.180 <4.6lE-7 FP2
Right NS -0.181 NS 0.033 0.026 < 3.23E-2 Li
RC ig (< 3.23E-2) . . 23E- inear
Left -0.263 .
NS (<1.67E-3) NS 0.069 0.063 < 1.67E-3 Linear
-0.201 .
Volume DC Age [-0.224 (< 6.85E-3)] (< 1.5IE-2) NS 0.090 0.077 < 1.55E-3 Linear
PHC Age [-0.412 (< 4.56E-7)] NS NS 0.170 0.164 < 4.56E-7 Linear
UF NS NS NS 0 0 NS Null model
Right NS NS NS 0 0 NS Null model
RC
Left Age [-0.534 (< 1.07E-11)] NS NS 0.285 0.280 <LO7E-11* Linear
c DC Age [-0.263 (<1.71E-3)] NS NS 0.069 0.062 <L7IE-3% Linear
1
PHC NS NS NS 0 0 NS Null model
UF Age [-0.374 (<5.81E-6)] NS NS 0.140 0.134 <5.81E-6* Linear
Right NS NS NS 0 0 NS Null model
RC
Left NS NS NS 0 0 NS Null model
DC NS NS NS 0 0 NS Null model
G
PHC NS NS NS 0 0 NS Null model
UF NS NS NS 0 0 NS Null model
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Right |  Age [0.242 (< 2.99E-3)] NS (<'§'5224;_ 3 | 0119 | 0106 | <L76E-4* Linear
RC
Left Age[0478 (< 1.26E-9)] | ? ;Sz-z) NS 0262 | 0251 | <9.09E-10% Linear
0.181 .
DC Age[0273 (< 946E-D] | 5700 » NS 0.107 | 0.094 | <440E-4* Linear
C, ‘

PHC NS NS NS 0 0 NS Null model

UF Age [0.389 (< 2.06E-6)] NS NS 0.151 | 0.145 | <2.05E-6* Linear

Key: !negative standardized fs represent higher values in men and positive standardized s represent higher
values in women. In regression models, men and Val carriers were coded as 0 while women and Met/Met
individuals were coded as 1. > Due to the previous studies, FA, MD, RD, AD and volume were not corrected
for multiple comparisons, but the Holm-Bonferroni correction were applied to Ci, Cp, and C,. NS: not
significant. FP1: fractional polynomial regression degree 1, FP2: fractional polynomial regression degree
2. UF: uncinate fasciculus, RC: rostral cingulum, DC: dorsal cingulum, PHC: parahippocampal cingulum.

Age x Sex and Age x COMT interaction terms were excluded from the table since they were not significant.

156



FA

Al Lefr-Rostral Cingulum A2 Right-Rostral Cingulum A3 Dorsal Cingulum A4: | Pacahippocampal Cingulum
|
“d T
i - =
= = < = .
& & %
S W |
o~ P S | -
Rt
™1 L "
W s T oW s W 5w s W% W WE MBS s 5 oW s won oW B s w ¥ BANBRBRERTAEDTRE W
Age Age Age Age
Bl Lefi-Rostral Cingulum B2 J Righe Roseral Cingulum B3 Darsal Gingulum B4, 3 Varahippocampal Cingulum
et a ” Oy
=] Fatm = =] =
= gt =1 |
S
|
0 0 E o T 0 85 W - X o bed El : 1) 55 5 0 0 5 % i - -
Age Age Age Age
e 3 .
Cl Lefi-Rostral Cingulum Cz, Right Rostral Cinguhum C3 Dorsal Cingulum (/47 Parabippocampal Gingsham
— .
g Lt et 9 - g%
= — %
LI o
e
x 5 e E » »» @ 5 E E non o s s a
ol Age Age

Figure 7.2. Regression plots showing the relationship between age and fractional anisotropy (FA),
mean diffusivity (MD) and radial diffusivity (RD) in the cingulum bundle.

Key: Al-4: regression plots showing the relationship between FA and age in the left rostral
cingulum, right rostral cingulum, dorsal cingulum and the parahippocampal cingulum (not
significant); B1-3: regression plots showing the relationship between MD and age in the left rostral
cingulum, right rostral cingulum (not significant), dorsal cingulum and the parahippocampal
cingulum (not significant); C1-3: regression plots showing the relationship between RD and age
in the left rostral cingulum, right rostral cingulum (not significant), dorsal cingulum and the

parahippocampal cingulum (not significant).
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Figure 7.3. Regression plots showing the relationship between age and axial diffusivity (AD),
volume, linear tensor shape (Cr) and spherical tensor shape (Cs) in the cingulum bundle.

Key: A1-3: regression plots showing the relationship between AD and age in the left rostral
cingulum (not significant), right rostral cingulum (not significant), dorsal cingulum and the
parahippocampal cingulum; B1-2: regression plots showing the relationship between the
normalized volume and age in the left rostral cingulum (not significant), right rostral cingulum
(not significant), dorsal cingulum and the parahippocampal cingulum; C1-2: regression plots
showing the relationship between CL and age in the left rostral cingulum, right rostral cingulum
(not significant), dorsal cingulum and the parahippocampal cingulum (not significant). D1-4:
regression plots showing the relationship between Cs and age in the left rostral cingulum, right

rostral cingulum, dorsal cingulum and the parahippocampal cingulum (not significant).
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Figure 7.4. Regression plots showing the relationship between age and DTI-measurements in the
uncinate fasciculus.
Key: regression plots showing the relationship between age and FA (a), MD (b), RD (c), AD (d),

normalized volume (e) (not significant), Cr (f) and Cs (g) in the uncinate fasciculus.

159



7.4. Discussion

In the present study we used DTI tractography to examine the associations between age, sex, and
COMT polymorphism with the microstructural properties of the cingulum bundle and uncinate
fasciculus. Our results showed that aging was associated with lower microstructural integrity of
the left rostral cingulum, dorsal cingulum and uncinate fasciculus, but it had less effects on the
right rostral cingulum and the parahippocampal cingulum. Furthermore, while the FA, Ci and Cs
were linearly associated with age, MD, RD and AD had mainly nonlinear relationships with age.
We did not find any significant sex and the age x sex interaction effects on the DTI-measurements
of the cingulum bundle and the uncinate fasciculus. Finally, we found that Met/Met individuals
had better microstructural integrity for the right rostral cingulum compared to the Val carriers

across life span.

Aging trajectories of the Cingulum bundle and the Uncinate Fasciculus

Previous studies of healthy aging demonstrated that the older age was associated with lower FA
of the rostral cingulum (Jang et al., 2016), dorsal cingulum (Lebel et al., 2012), rostral + dorsal
cingulum (Bennet et al., 2015; Cox et al., 2016; Sala et al., 2012; Westlye et al., 2010) and uncinate
fasciculus (Bennet et al., 2015; Cox et al., 2016; Hasan et al., 2009; Lebel et al., 2012; Sala et al.,
2012; Westlye et al., 2010), but not the FA of the parahippocampal cingulum (Bennet et al., 2015;
Cox et al., 2016; Jang et al., 2016). Although Westlye et al. (2010) found an inverse U-shaped
relationship between age and the FA in parahippocampal cingulum, they acknowledged that
parahippocampal cingulum had a high degree of inter-individual variability which caused to have

a “less clear-cut trajectory”. In contrast, Stadlbauer et al. (2008) did not find any associations
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between age and the FA of rostral + dorsal cingulum. Our findings on the lower FA in the rostral
cingulum, dorsal cingulum and uncinate fasciculus, but not in the parahippocampal cingulum are
in accordance with most of the mentioned studies.

In contrast to FA, age demonstrated positive associations with the MD and/or RD of the dorsal
cingulum, rostral + dorsal cingulum and uncinate fasciculus (Bennet et al., 2015; Cox et al., 2016;
Hasan et al., 2009; Lebel et al., 2012; Sala et al., 2012; Westlye et al., 2010) which are in agreement
with the current study. However, Stadlbauer et al. (2008) did not find any associations between
age and the MD of rostral + dorsal cingulum. Our findings on the absence of the relationship
between age and MD and RD of the parahippocampal cingulum is agreement with Bennet et al.
(2015), but contradicts with Cox et al. (2016) and Westlye et al. (2010).

Compared to the MD and RD results, findings on the effects of healthy aging on the AD are less
clear. Previously, no associations between the age and AD of the rostral + dorsal cingulum (Bennet
etal., 2015; Cox et al., 2016; Stadlbauer et al., 2008) and uncinate fasciculus (Bennet et al., 2015;
Hasan et al., 2009) were reported. In contrast, both lower AD (Sala et al., 2012) and higher AD
(Cox et al., 2016) in uncinate fasciculus with older age were found. Our results suggest that age
was associated with higher AD in both dorsal cingulum and uncinate fasciculus. Finally, although
both the current study and Cox et al. (2016) indicate a significant relationship between age and
AD of the parahippocampal cingulum, the former suggests a negative linear relationship, but the
latter indicated a positive nonlinear correlation.

However, there were several factors amongst these studies that can contribute to observed
differences including DTT acquisition protocols, FA threshold for fiber tractography, methods of
DTT analyses (e.g. ROI-based vs. Tract-Based Spatial Statistics; deterministic vs. probabilistic),

anatomical definition of tracts and the sample size of studies. Furthermore, most of the above-
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mentioned studies tested only linear and quadratic models to explain the relationships between age
and DTI-measurements which might not explain the nature of the relationship very well. As Fjell
et al. (2010) noted first, in age-related studies, the quadratic trajectory shape is significantly
affected by the age range sample. Therefore, while the quadratic regression might properly fit for
studies including children and adolescents, it affects the maximum or minimum values for the
adult studies. Second, quadratic model is one of the nonlinear models. Therefore, other nonlinear
regression models should be tested to find out whether a more complicated model is statistically
better for explaining a relationship. In the current study we used MPF method to test if a nonlinear
model statistically better than a linear model. Furthermore, more complicated nonlinear models
(FP2) were tested against the simpler nonlinear models (FP1) to test if a more complicated
nonlinear model statistically better than the simple nonlinear models. Our analyses showed that
amongst all 40 tests (5 tracts x 8 DTI-measurements), the age term was significant for 22 tests. Of
these, 16 were linear, 1 quadratic, and 5 were other nonlinear models (3 of them were FP2, and 2
of them were FP1).

Our current findings are in agreement with our previous study that showed decrease in FA and
increase in MD, RD and AD in the uncinate fasciculus after the age of 60s (Michielse et al., 2010).
However, our current findings on the negative linear relationship between age and FA in the rostral
and dorsal cingulum contradicts with our previous study although the absence of this relationship
in the parahippocampal cingulum agrees with our previous result (Michielse et al., 2010).
Furthermore, our current results are in general agreement with our previous findings on increasing
MD, RD and AD and after 60s in the rostral and dorsal cingulum (Michielse et al., 2010). Also,
the absence of the relationship between the MD and AD of the parahippocampal cingulum and age

agrees with our previous study, current study indicates no association between age and the RD of
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the parahippocampal cingulum which contradicts with our previous findings (Michielse et al.,
2010). Finally, volumetric atrophy of the dorsal and parahippocampal cingulum is another
replicated finding between our current and previous studies. Some of the confounding variables
which might contribute to the inconsistent results between our previous and current studies are
DTI acquisition and fiber tracking parameters as well as sample age structure and regression
analytical methods. However, identical tractography methods were used for delineating UF and
cingulum bundle in the current and our past study (Malykhin et al., 2008).

Finally, it was demonstrated that the direction of DTI eigenvectors (i.e. vi, v2, v3) may not have
the same alignment as the underpinning structures which makes the biological-related
interpretations of RD and AD equivocal (Wheeler-Kingshott and Cercignani 2009). Therefore, it
was recommended to provide information about geometrical features besides RD and AD
(Wheeler-Kingshott and Cercignani 2009). The C; is high for the commissural (e.g. corpus
callosum) and deep projection (e.g. internal capsule and corticospinal tract) fibers (Alexander et
al., 2000) representing anisotropic diffusion parallel to the largest eigenvectors (vi) and a
homogenous tract direction (Westin et al., 2002). The Cp is high in the arcuate fasciculus and
peripheral radiation fibers (Alexander et al., 2000) representing confined diffusion by two
eigenvectors (vi and v2) (Westin et al., 2002). The C; represents isotropic diffusion (Westin et al.,
2002). In our study, the Cp did not correlate with age in any of the studied tracts. However, for the
left rostral cingulum, dorsal cingulum and uncinate fasciculus C;and Cs had negative linear and
positive linear associations with age respectively. This might represent less restricted diffusion in
aging. For the right rostral cingulum, the age-related association was only significant for the Cs
(positive) and not for the Ci. Tensor shapes of the parahippocampal cingulum did not correlate

with age.
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Considering structural variability amongst different tracts (i.e. myelin thickness, the number of
axons, axonal density, size and diameter as well as packing), crossing fibers-related issues and
DTI acquisition parameters (Beaulieu 2014), it cannot clearly interpret diffusion data without
examining the corresponding postmortem tissue (Beaulieu 2002). However, it was suggested that
reduction in the FA in healthy aging might be concurrent with changes in other diffusivity
parameters (i.e. MD, RD and AD) which have five specific tract-dependent patterns (for more
details, see Burzynska et al., 2010). Each of these patterns might represent specific microstructural
underlying for white matter age-related changes (Burzynska et al., 2010). In our present study,
age-related alterations in the rostral cingulum, dorsal cingulum and the uncinate fasciculus follow
the suggested pattern 1 displaying reduction in FA with increasing in RD and MD properties which
might have increasing in AD too (Burzynska et al., 2010). These diffusivity properties might
represent “chronic white matter degeneration” characterized by higher extracellular volume
fraction and inter-axonal spacing as well as lower membrane density, lower relative volume of
axons and reduction in the tortuosity of the extracellular space (for more details, see Burzynska et

al., 2010).

Sex-related and hemispheric effects on the Cingulum bundle and the Uncinate Fasciculus

We did not find any sexual dimorphism in the age trajectories of the DTI-measurements of the
cingulum bundle and the uncinate fasciculus which agrees with previous studies (Hasan et al.,
2009; Lebel et al., 2012). However, Cox et al. (2016) who studied 27 tracts across the brain
(including uncinate fasciculus, rostral + dorsal cingulum and parahippocampal cingulum) with a
large sample size (N = 3,513, age range: 44.64 —77.12) reported that although there were some

significant age x sex interactions, those were small and inconsistent. Furthermore, authors
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concluded that power calculation analyses with sample size of 1,000 individuals indicated that the
modest age x sex interactions would not be detected (Cox et al., 2016). Moreover, our results
indicated the absence of significant sex differences in the DTI-measurements of the uncinate
fasciculus and the cingulum bundle.

Finally, our findings demonstrated significant higher FA with lower MD, AD and RD in the left
hemisphere compared to the right hemisphere throughout the adulthood in the rostral cingulum,
dorsal cingulum and uncinate fasciculus. This in agreement with our previous study in which
significantly higher FA in the rostral and dorsal cingulum in the left hemisphere compared to the
right hemisphere was reported (Malykhin et al., 2008). Furthermore, our current results indicated
significantly larger uncinate fasciculus in the right hemisphere compared to the left hemisphere
which agrees with our previous results (Malykhin et al., 2008) and a postmortem study that showed
the uncinate fasciculus in both men and women was 27% larger on the right hemisphere compared
to the left hemisphere (Highley et al., 2002). However, for the parahippocampal cingulum, we
found significant higher FA and lower MD, AD and RD in right hemisphere compared to the left
hemisphere throughout the adulthood. Therefore, our results suggest better white matter integrity
for the left rostral cingulum, dorsal cingulum and uncinate fasciculus and the right

parahippocampal cingulum compared to their counterpart hemispheres.

COMT effects on the Cingulum bundle and uncinate fasciculus

Our findings suggest that for the COMT SNP, homozygous Met/Met has advantages over the Val/+
carriers which led to higher FA and lower MD, RD and AD in the right rostral cingulum. Also, the
advantages have been preserved during the entire adulthood as indicated by the absence of the

‘COMT x Age’ interaction effects.
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COMT is the catecholamines (e.g. dopamine, norepinephrine and epinephrine) metabolizing
enzyme encoded by COMT gene (Goldman et al., 2005; Mammarella et al., 2016)._Although the
COMT enzyme is widely distributed in the brain, its enzyme and mRNA are mainly located in
first, choroid plexus, second, frontal cortex; and third, cerebellum. However, its mRNA has low
to moderate expression in the human amygdala and hippocampus (Myohdnen and Ménnisto 2010).
Previous studies suggested that dopamine signaling might be involved in myelination (Bongarzone
et al.,, 1998; Choi et al., 2017; Rosin et al., 2005). Bongarzone et al. (1998) suggested that
dopamine D3 receptor might be involved in either oligodendrocytes differentiation and/or myelin
formation by differentiated oligodendrocytes. Also, protective effects of the dopamine D2 and D3
agonists for oligodendrocytes against oxidative glutamate toxicity were shown (Rosin et al., 2005).
Finally, the dopamine and dopamine D2 receptor involvement in the stress-induced myelin loss
was reported (Choi et al., 2017).

Most of the healthy aging studies of COMT have been focused on cognition (for a review see
Sambataro et al., 2012; Witte and Floel 2012). Generally, the effects of COMT on brain structures
(both grey and white matter) and not brain function have been less studied so far. To the best of
our knowledge, Papenberg et al. (2015) has been the only age-related study that investigated the
effects of COMT polymorphism on the brain white matter tracts. Papenberg and colleagues (2015)
used TBSS method in older adults (60—87 years) and found higher FA and lower MD in cingulum
of the Met homozygotes compared to Val carriers only in the oldest adult group (81-87 years old).
Although our findings on the higher white matter integrity in Met homozygotes compared to the
Val carriers are in accordance with those of Papenberg et al. (2015), there are some differences.
First, the Met-related advantages were reported for the rostral + dorsal cingulum in both

hemispheres in Papenberg et al. (2015). Second, Papenberg and colleagues (2015) found an age
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group X COMT interaction which indicated that the Met-related advantages were confined to the
oldest adults and not for the total sample. However, in the current study, the Met-related
advantages first, were confined to the rostral cingulum in the right hemisphere; and second, it did
not show any significant age x COMT interaction.

Future research is necessary to clarify whether COMT (rs4680) polymorphism affects the frontal
white matter due to the above-mentioned importance of the dopamine signaling in myelination-
related mechanisms.

In summary we found that limbic white matter tracts might be non-uniformly affected by healthy
aging. Whilst uncinate fasciculus, rostral cingulum and dorsal cingulum showed strong
associations with advanced age, the parahippocampal cingulum was relatively preserved. In
addition, our findings indicate the COMT Met/Met genotype was associated with better
microstructural integrity of the right rostral cingulum compared to the Val/+ genotype across life

span.

Limitations

This study was a cross-sectional study and therefore all age-related findings should be interpreted

as correlations with age.
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Chapter 8: Conclusion

The purpose of this chapter is to reflect on our findings in the context of current literature. This
chapter is organized to explain the contribution that my research experiments has made to the
knowledge in related research fields. For each experimental chapters (Chapters 4-7) I first
presented a brief overview of literature in that field; then, I highlighted how our results contributed

to advancing knowledge in the respective research areas.
8.1. In vivo study of the human amygdala (chapter 4)

Background and Knowledge Gaps

Most previous amygdala in vivo studies have analyzed this structure as a single homogenous brain
region (Achten et al., 1998; Ancelin et al., 2019; Bickart et al., 2011; Bonilha et al., 2004; Convit
et al., 1999; Makris et al., 1999; Makkinejad et al., 2019; Malykhin et al., 2007; Matsuoka et al.,
2003; Pruessner et al., 2000; Siozopoulos et al., 2017; Watson et al., 1992; Zuo et al., 2019).
Others, who published MRI methods and aimed to study amygdala subnuclei, were limited either
by the accuracy of segmentation method or the number of studied subnuclei (Amunts et al., 2005;
Bach et al., 2011; Bzdok et al., 2013; Entis et al., 2012; Prévost et al., 2011; Saygin et al., 2011;

Solano-Castiella et al., 2010; 2011).
Contributions

For the first time, we used ultra-high resolution T>-weighted FSE MRI images to develop a manual
segmentation to study five major amygdala subnuclei including La, B, and AB nuclei, as well as
Co and CeM groups. The protocol was established based on previous histological references

(Brabec et al., 2010; Garcia-Amado and Prensa, 2012; Mai et al., 2008; Schumann and Amaral,
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2005) in order to segment amygdala subnuclei to approximately match the actual location and
orientation of the individual amygdala subnuclei on coronal slices with submillimeter accuracy.
Our volumetric results are comparable with a postmortem study of amygdala subnuclei (Garcia-
Amado and Prensa, 2012) demonstrating the validity of our method. Furthermore, computing ICC
and Dice Kappa values proved that even our lowest reliability value (Dice kappa for the AB: 0.71)
corresponds to the substantial agreement discussed by Landis and Koch (1977). Finally, our results
showed no significant differences in the normalized volumes of the total amygdala and amygdala

subnuclei between men and women, and also, between hemispheres.

We used two major landmarks for segmenting the amygdala subnuclei, including hippocampal
head and the inferior amygdala border that are directly adjacent to the parahippocampal white
matter. There are several reasons to choose these landmarks as the main ones: First, They are
consistent landmarks that can be visualized across the entire length of the amygdala and have very
little interindividual variability. Second, except for the first few MRI slices, these landmarks do
not border CSF where usually first signs of atrophy are visible for both amygdala and
hippocampus. Instead, this border is consistently attached to the hippocampal head and
parahippocampal white matter both of which are preserved with age as previous (Malykhin et al.,
2008a, 2017; Michielse et al., 2011) and current research have shown. Therefore, we believe that

these landmarks are mostly preserved in healthy aging.
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8.2. Healthy aging study of the human amygdala: Imaging-genetics

(chapter 5)

Background and Knowledge Gaps

Overall, previous meta-analysis and review studies of the effects of healthy aging on the amygdala
showed a modest volumetric reduction (Brierley et al., 2002; Fjell and Walhovd 2010; Mather
2016; Raz and Rodrigue 2006; Wright 2009). In contrast, a post-mortem study of the amygdala
did not find a significant relationship between the amygdala volume and age (Brabec et al., 2010).
However, none of the healthy aging studies of the amygdala analyzed the effects of healthy aging
on the amygdala subnuclei to demonstrate the underlying neuroanatomical sources of the
mentioned atrophy. Furthermore, despite the wide distribution of the sexual hormone markers in
most of the amygdala subnuclei (Blurton-Jones et al., 1999; Osterlund et al., 2000a; 2000b; Roselli
et al., 2001), suggesting a potential sexual dimorphism in the age trajectory of the amygdala, most
of the previous studies did not analyze ‘age x sex’ interaction effects on the amygdala volume
(Heckers et al., 1990; Laakso et al., 1995; Malykhin et al., 2008a; Mu et al., 1999; Sublette et al.,

2008).

Also, regarding the effects of the APOE and BDNF polymorphisms on the amygdala volume,
findings are scarce. Previously, no effects of APOE polymorphisms (Hibar et al., 2015), APOE-
€4 allele, or age x APOE-¢4 allele interaction (Soldan et al., 2015) on the total amygdala volume
were reported. In contrast, den Heijer et al. (2002) found a smaller total amygdala volume in €4
carriers, compared to €3/ €3 homozygote individuals. Furthermore, Hibar et al. (2015) found no

effect of the BDNF polymorphism on the amygdala volume.
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Contributions

For the first time, we found that age was associated with the amygdala subnuclei volumes in a
different manner. We found significant negative relationship between age and the volume of the
BLA group, but not with the volumes of the Co (showed a trend towards significant) and CeM
groups. All of the BLA nuclei, including La, B and AB showed significant negative relationship
with age. Our statistical analysis indicated that all the above-mentioned significant relationships
were nonlinear. Furthermore, we found significant sexual dimorphism in the aging pattern of the
total amygdala volume and volumes of its B and AB nuclei, as well as the Co group. The age
trajectory of the La nucleus showed a trend towards significant sexual dimorphism. Therefore, our
results suggest that: first, while BLA group (including La, B and AB nuclei) is more susceptible
to age-related atrophy, CeM group is resilient to such changes. Second, our findings suggested that
negative associations were present between age and volumes of the amygdala, and its BLA and
Co groups, in men but not in women. Finally, our findings suggest that the rate of the volumetric

atrophy is more deleterious with advanced age.

Our analyses did not reveal any significant differences in the volumes of the total amygdala and
amygdala subnuclei between APOE (e2/+ vs €3/ €3 vs €4/+) and BDNF (Met/+ vs. Val/Val)
genotypes. However, the amygdala volumetric comparisons within each genotype between young
(individuals < 55 years old) and old (individuals > 55 years old) groups suggested a potential
protective effect for the APOE €2 allele. This is explained by relatively smaller amygdala and
amygdala subnuclei volumes in the older €3/e3 and €4/+, but not in €2/+ individuals compared to
the younger individuals. We acknowledge that due to having a small sample size regarding genetic
analysis, and especially for the number of €2 carriers, these findings should be interpreted as

preliminary results. However, this is an important finding for future studies, since most of the
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previous APOE studies analyzed €4 carriers vs non-carriers of €4 without analyzing €2 carriers as

a separate group.

8.3. Effects of childhood adversity on the volumes of the amygdala
subnuclei and hippocampal subfields in major depressive disorder

(chapter 6)

Background and Knowledge Gaps

Volumetric reduction in the hippocampus, orbitofrontal and anterior cingulate cortices have been
often reported in MRI studies of MDD (Koolschijn et al., 2009; Lorenzetti et al., 2009; Malykhin
and Coupland 2015). However, despite the important role of the amygdala in neuronal circuits of
emotion, fear and stress (Davis and Whalen 2001; LeDoux, 2007; Sah et al., 2003), volumetric in
vivo studies of the total amygdala have been inconsistent (Campbell et al., 2004; Hajek et al. 2009;
Hamilton et al., 2008; Schmaal et al., 2016). While some studies have demonstrated an increase in
the amygdala volume (Frodl et al., 2002; Malykhin et al., 2012), others have reported either a
volumetric reduction (Kronenberg et al., 2009) or no significant volumetric difference in MDD
participants compared to healthy controls (Frodl et al., 2008; Koolschijn et al., 2009; Zavorotnyy
et al., 2017). Furthermore, all previous MDD studies of the human amygdala analyzed this
structure as a homogenous structure despite the fact that amygdala is a heterogeneous region in
the medial temporal lobe which consists of functionally different subnuclei groups (Price et al.,

1987; Sah et al., 2003).

Adverse childhood experiences have been recognized as an important risk factor for developing

depression in adulthood (Hammen et al., 2000; Hovens et al., 2010; Lindert et al., 2014). The most
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replicated findings on the adverse effects of childhood maltreatment on brain structures are
volumetric reduction in the anterior cingulate, dorsolateral prefrontal and orbitofrontal cortices,
and hippocampus (Danese and McEwen, 2012; Teicher and Samson, 2016), as well as the
amygdala hyperactivity in response to threatening stimuli in maltreated individuals (Hein and
Monk 2017; McCrory et al., 2017; Teicher and Samson 2016). However, there are some gaps in
the literature: first, it has been shown that the adverse effects of childhood maltreatment or
psychosocial stress might be different across the anteroposterior hippocampal axis and
hippocampal subfields (Szeszko et al., 2006; Teicher et al., 2012). However, to date, there has
been no structural MRI findings regarding the adverse effects of childhood maltreatment on the
hippocampal subregions or subfields in MDD. Second, volumetric studies of the total human
amygdala in maltreated individuals have been inconsistent (Andersen et al., 2008; Calem et al.,
2017; Cohen et al., 2006; De Bellis et al., 2002; Lupien et al., 2011; Mehta et al., 2009; Tottenham
et al., 2010). Finally, there has be no information regarding the effects of early life maltreatment

on the volumes of the amygdala subnuclei.

Contributions

This was the first study that investigated the effects of MDD and childhood adversity on the
amygdala subnuclei volumes. Our results did not show any significant differences in the volumes
of the total amygdala or its subnuclei between healthy individuals and MDD participants or effects
of long-term antidepressant treatment on amygdala volumes. However, we found negative
relationships between the CTQ-25 score and the volume of the right amygdala in MDD
participants, indicating the hemispheric difference of the effects of childhood abuse on the
amygdala. Analyses of the amygdala subnuclei showed that the total CTQ-25 score had negative

correlations with the volumes of the right AB and B nuclei in MDD participants. Also, amongst
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all types of abuse and neglect, only emotional abuse showed negative associations with volumes
of the B, AB and Co nuclei of the amygdala in the right hemisphere. However, none of the
amygdala volumetric relationships with histories of childhood maltreatment survived correction

for multiple comparisons.

Furthermore, we found significant negative associations between the total CTQ-25 score and
volumes of the total hippocampal head, the total CA1-3, and the volume of the CA1-3 in the
hippocampal head in MDD participants. Except for sexual abuse, all other types of abuse and
neglect showed negative correlations with the volume of the CA1-3 in the hippocampal head in
MDD participants. However, none of them survived correction for multiple comparisons, except
for the relationship between the history of physical neglect and the volume of CAI1-3 in the
hippocampal head. These results further support the findings from preclinical studies of chronic
stress and confirmed the vulnerability of the CA subfield to the impact of stress. Moreover, the
volume of the DG in the hippocampal head and body showed non-significant negative associations
with physical and sexual abuse in MDD participants, with possible impact on the hippocampal

neurogenesis.

The current study provided first evidence on the underlying neuroanatomical sources of changes

related to early adverse environment within the amygdala and hippocampus in MDD participants.
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8.4. Healthy cognitive aging and limbic white matter tracts (chapter 7)

Background and Knowledge gaps

Overall, previous in vivo studies of the cingulum bundle and uncinate fasciculus in healthy aging
showed that the FA and MD of these tracts decrease and increase respectively from mid-adulthood
to older ages. However, most of previous age-related studies of the cingulum bundle analyzed this
tract as either a homogenous single structure or two structures (the rostral + dorsal cingulum and
parahippocampal cingulum [Bennett et al., 2015; Cox et al., 2016; Westlye et al., 2010]).
Furthermore, the majority of previous studies used only linear and quadratic regression models to
explain the age trajectory of DTI-metrics which might not explain the nature of the microstructural

integrity associations with age in the cingulum bundle and uncinate fasciculus.

In contrast, the effects of the APOE polymorphism on the cingulum bundle and uncinate fasciculus
were not consistent. Although some previous studies reported the negative effects of €4 allele on
the FA in cingulum (Heise et al., 2011; Smith et al., 2010) or fiber length in uncinate fasciculus
(Salminen et al., 2013), others did not find a significant difference in FA or MD, when €4 carriers

were compared to the €4 non-carriers (Laukka et al., 2015; Wang et al., 2017).

Furthermore, despite the important effects of dopamine on oligodendrocytes and myelin
(Bongarzone et al., 1998; Choi et al., 2017; Rosin et al., 2005), there has been few studies that
analyzed the effects of COMT polymorphism on the structural measurements of the brain white
matter (for review see Witte and Floel 2012; van Haren et al., 2008). To the best of our knowledge,
there has been only one age-related study that has analyzed the effects of COMT polymorphism

on brain white matter tracts (Papenberg et al., 2015).
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Moreover, BDNF is a neurotrophic factor involved in neuronal survival, proliferation and
differentiation, as well as synaptic growth (Papenberg et al., 2015; Petrella et al., 2008). BDNF is
expressed in both neuron and glia throughout the brain and especially in the hippocampus and
prefrontal cortex (Kanchibhotla et al., 2013; Papenberg et al., 2015; Petrella et al., 2008).
Consequently, most imaging-genetics studies have focused on these two structures related to either
functional or grey matter structural studies (for review see Papenberg et al., 2015; Petrella et al.,
2008). However, some previous studies showed the effects of the BDNF polymorphism on the
white matter integrity, despite some inconsistent findings (for review see Kanchibhotla et al.,

2013).

The effects of SNPs on the white matter tracts in healthy aging have been less studied, compared
to the grey matter and especially regarding the COMT. Finally, except for a few studies (e.g.
Papenberg et al., 2015; n = 260), most of the previous DTI-genetics studies had a small sample

size.

Contributions

In the present study we used manual deterministic DTI tractography to examine the association of
age, sex, and APOE, COMT and BDNF polymorphisms with the microstructural properties of the
cingulum bundle and uncinate fasciculus. Our findings showed that microstructural properties of
most of the limbic tracts are deteriorated simultaneously in older ages. To be more specific, lower
FA and the tensor shape linearity coincide with higher MD, RD and the tensor shape sphericity in
the rostral cingulum, dorsal cingulum and the uncinate fasciculus, but not in the parahippocampal
cingulum. These results suggest that limbic tracts might be affected differently by healthy aging.
While the microstructural integrity of the rostral cingulum, dorsal cingulum and the uncinate

fasciculus showed strong negative relationships with age, the parahippocampal cingulum
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microstructural integrity showed a minor association with age (i.e. only negative correlation
between age and AD). In addition, similar to most previous studies, we did not find sex differences

in the aforementioned age-related trajectories as well.

Furthermore, in this study we used MFP procedure to depict the age-related associations. This
analytical method is advantageous over linear and quadratic regression models used in previous
adult studies. First, Fjell et al. (2010) indicated that studies utilizing quadratic models to estimate
the parabolic appearing age trajectory of brain structures are significantly influenced by the age
range of the subjects measured. The peak maxima of brain structure values, and consequently the
observed age at which brain declines begin, is dependent on the bottom of the age range; as the
floor of the age range decreases or increases, the age at which a measurement reaches its maximum
changes respectively. Furthermore, while the age trajectory of the brain structure may be described
as non-linear, this does not necessarily mean it is quadratic, and thus, more complex models need
to properly define the relationship. The MFP procedure tests whether a nonlinear model is
statistically better than a linear one. In addition to the quadratic model, MFP also tests other

nonlinear models.

We did not find any effects of APOE (&4 carriers vs €4 non carriers) or BDNF (Val/Val vs Met
carriers) polymorphisms as well as age x APOE or age x BDNF interactions on the DTI
measurements of the cingulum bundle and uncinate fasciculus. However, we found COMT
polymorphism effects on the FA and diffusivity parameters (i.e. MD, RD and AD) of the right
rostral cingulum suggesting that Met/Met homozygous have better white matter integrity
compared to the Val carriers across adult life span. To be more exact, the FA and AD were non-
significantly higher in Met/Met homozygous and Val carriers compared to their counterparts

respectively, and MD and RD were significantly higher in Val carriers compared to Met/Met
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homozygous. However, longitudinal studies suggested age x COMT interaction effects indicating
that Val homozygotes showed less cognitive deterioration compared to the Met homozygotes in
aging (for review see Sambataro et al., 2012). In contrast, in the current study, we did not find any
age X COMT interaction effects on the DTI-metrics of the cingulum bundle or uncinate fasciculus.
Nevertheless, our findings on better microstructural integrity of the right rostral cingulum in Met
homozygous are in agreement with other cross-sectional studies which showed “better cognitive
profiles” in Met homozygous (for review see Sambataro et al., 2012). Future research is necessary
to clarify the aforementioned potential of the age x COMT interaction effects on the frontal white

matter.

8.5. Conclusion

Previous studies have reported atrophy in the CeM group of the amygdala in Alzheimer’s disease
patients (for a review see Wright 2009). Also, an in vivo study of the amygdala reported 20% to
30% atrophy in CeM group in Alzheimer’s disease patients (Cavedo et al., 2011). Furthermore,
although Harding et al. (2002) did not find a significant volumetric reduction in the BLA group of
the amygdala, they reported a 30% volumetric reduction in the corticomedial group (i.e. Co, Me
and Ce nuclei) of the amygdala in Parkinson’s disease patients. However, our results suggest that
the volume of the CeM group of the amygdala is almost resilient to both healthy cognitive aging
and childhood maltreatment [i.e. early life stress (McLaughlin et al., 2014)]. Consequently, we
suggest that an overt volumetric reduction in the CeM group of the amygdala might indicate

pathological changes.

Our analysis showed that while the volume of the total amygdala and its subnuclei did not

significantly differ between the left and the right hemisphere, DTI metrics of the uncinate
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fasciculus were significantly different between hemispheres, suggesting more white matter
integrity on the left hemisphere. Also, in contrast to the age trajectory of the uncinate fasciculus,
that did not show sexual dimorphism, the age trajectory of the amygdala and most of its subnuclei
was significantly different between men and women. A plausible explanation for these differences
might be because besides the uncinate fasciculus, there are other white matter tracts that connect
the amygdala to other brain structures, including the lateral olfactory stria, the stria terminalis and
the ventral amygdalofugal pathway (Nieuwenhuys et al., 2008). However, another possibility
might be an absence of correlation or some degree of independence between the white and grey

matter structural properties.

Finally, our results suggest that, in contrast to the uncinate fasciculus, rostral and dorsal cingulum,
FA, MD and RD of the parahippocampal cingulum were resilient to the normal aging. As we
discussed in chapter 7, our findings on the absence of significant relationships between age and
FA, MD and RD of the parahippocampal cingulum are in accordance with previous studies (see
discussion in chapter 7). Therefore, we suggest that dramatic changes in the FA, MD and RD of

the parahippocampal cingulum might indicate pathological changes.
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