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Abstract

Amygdala dysfunction is strongly implicated in emotion dysregulation across multiple
psychiatric conditions and represents a key mechanism underlying symptoms of Major
Depressive Disorder (MDD). Functional Magnetic Resonance Imaging (fMRI) at 3 Tesla (3T)
is widely used to investigate the neural correlates of the amygdala, a small structure that has
traditionally been considered as a single entity in data acquisition and analysis. However, its
composition of nine functionally heterogeneous subnuclei that form three main subregions

makes this approach challenging in the context of spatial specificity and accuracy of findings.

The aims of this thesis were: (1) to review the fMRI landscape regarding protocols in use for
imaging the amygdala at 3T, (2) to explore the potential for optimised high resolution fMRI
data and a subregional functional connectivity (FC) analysis approach to advance our
understanding of amygdala neurobiology in depression, and assess the potential of 3T in
relation to FC network findings reported at 7T, (3) to compare results of whole versus
subregional amygdala analysis findings, and (4) to investigate whether imaging of this structure

and its FC to other subcortical regions could benefit from newer optimised fMRI techniques.

The overarching results highlighted several compelling findings: i) Of 192 studies comprising
the review, only 11% reported amygdala findings at a subregional level, whilst only 2% used
high spatial resolution data exclusively, ii) optimised 2D data acquisitions at 3T can achieve
sufficient levels of spatial resolution to identify alterations in FC at a subregional rather than
whole amygdala level, allowing differentiation of treatment resistant and treatment responsive
depression cohorts as well as closely mirroring network FC findings reported at 7T, iii) FC
results are less sensitive when the amygdala is considered as a single structure rather than three
individual subregions, and iv) newer techniques have the potential to reveal FC information in

subcortical regions that are technically challenging to image well.

In the setting of limited access to higher spatial resolution imaging afforded by 7T systems,
these results not only shine a spotlight on the underutilised capability of currently available
MRI hardware, acquisition and analysis techniques, but taken together, the thesis findings
illustrate that current fMRI protocols on 3T MRI systems can be optimised effectively to
achieve more granular interrogation of amygdala function. This work highlights a feasible path
forward, leading to an enhanced understanding of subregional amygdala dysfunction in MDD

and other psychiatric conditions.
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introductions and methods of some chapters.
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Chapter 1: Overview of Imaging the Amygdala in Depression

The introduction of Magnetic Resonance Imaging has led to its widespread use in investigation
of neuropsychiatric conditions such as depression. This chapter discusses current diagnostic
methods of diagnosing depression and the role of MR imaging in depression. The amygdala is
highlighted as a critical structure, as its dysfunction is implicated in depression. The work of
previous studies points to the need for improved imaging of the amygdala at a more granular
level to increase our understanding of its role in depression. In the setting of lack of access to
higher field strength 7 Tesla MRI systems, the case is made for the use of 3 Tesla systems for
this purpose. The overarching goal is to move away from subjective symptom-based diagnoses

to more objective imaging-based diagnoses in depression cohorts.
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1.1 Introduction

The field of neuropsychiatry has an interesting history following its germination in France and
Germany in the 1800s. Prior to that time, mental illness and brain diseases were considered
two very separate fields until several scientists including Wilhelm Griesinger, a professor of
both neurology and psychiatry in Berlin, promulgated the view that “mental illnesses are
diseases of the brain” (Arzy & Danziger, 2014; Griesinger, 1845). Since then, there has been
at different times, a divergence of the two specialties followed by ‘coming together’ at various
points based on views of prominent clinicians such as Sigmund Freud, as well as global events
such as World War II (Taslim et al., 2024). More recently, the focus of neuropsychiatry is
considered to be “...the assessment and treatment of the cognitive, behavioural, and mood
symptoms of patients with neurological disorders” (Yudofsky & Hales, 2002). The marriage
between the two fields was cemented in the early 1990’s with the advent of functional Magnetic
Resonance Imaging (fMRI), a technique allowing non-invasive, image-based investigation of
brain function as well as structure (Roalf & Gur, 2017; Sutterer & Tranel, 2017). Wider access
to fMRI has allowed researchers to utilise neuroimaging to investigate brain function in fields
such as neuroscience, psychology and psychiatry and has led to a large number of publications

since that time (Glover, 2011).
1.2 Depression — Current Diagnostic Methods

Neuropsychiatric illnesses such as unipolar depression (known as Major Depressive Disorder
(MDD) or depression), anxiety and bipolar disorder impose a considerable financial burden on
society, in addition to the significant cost to health and lifestyle imposed on the individual
(McCallum et al., 2019). The latest World Health Organisation figures for 2023 showed that
around 5% of adults globally are affected by unipolar depression or MDD (World Health
Organisation, 2023). MDD is notable for its heterogeneity, and at patient presentation there is
a raft of diagnostic criteria, symptoms and specifiers that clinicians must consider in order to
make a diagnosis, as outlined in Table 1.1. In brief, patients are diagnosed with a depressive
episode after experiencing a persistent negative mood with symptoms such as sadness,
irritability, poor concentration, feelings of hopelessness and sleep and appetite disturbances for
most days during a two-week period. The symptoms, ranging from mild to severe, can be
extremely debilitating at the latter end of the scale and impact heavily on all aspects of a
person’s life (Coryell, 2023; Mitterschiffthaler et al., 2006). Adequate response to

antidepressant medication occurs in approximately 50% of cases (Gaynes et al., 2008);
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however, upwards of 30% of patients are diagnosed with treatment-resistant depression (TRD)
after an initial trial of a first-line antidepressant plus another pharmaceutical treatment or

alternative therapy has failed to resolve their symptoms (Ionescu et al., 2015; Voineskos et al.,
2020).
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Table 1.1: Major Depressive Disorder — adult diagnostic criteria, symptoms and specifiers

Diagnostic Criteria

Symptoms

e 5 or more depressive symptoms for > 2 1. Depressed Mood
weeks that are a change from previous 2. Markedly diminished interest or pleasure
functioning in most or all activities
e Depressed mood and/or loss of interest 3. Significant weight loss (or poor appetite)
or pleasure must be present or weight gain
4. Insomnia or hypersomnia
e Symptoms must cause significant
distress or impairment in functioning 5. Psychomotor agitation or retardation
6. Fatigue or loss of energy
e Episode not attributable to
psychological effects of substance 7. Feelings of worthlessness or excessive or
abuse or another medical condition inappropriate guilt
8. Decreased concentration or indecisiveness
e Episode not better explained by
schizoaffective disorder, schizophrenia, 9. Recurrent thoughts of death (not just fear
or other schizophrenia spectrum and of dying), or suicidal ideation, plan, or
other psychotic disorders attempt
e No history of manic or hypomanic
episodes
Specify: Specify:

e Single or Recurrent episode

e Severity
a. Mild
b. Moderate
c. Severe
d. With psychotic features
e. In partial remission
f. Infull remission
g. Unspecified

With anxious distress

With mixed features

With melancholic features

With atypical features

With mood-congruent psychotic features
With mood-incongruent psychotic
features

With catatonia

With peripartum onset

With seasonal pattern

Note: Adapted from (Diagnostic and Statistical Manual of Mental Disorders, 2013)
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A more nuanced understanding of the neurobiological features that distinguish TRD from
MDD would be valuable for treating clinicians in terms of prescribing the most suitable
treatment from the outset, particularly in the context of ongoing debate regarding the question
of TRD being a different depression subtype versus a consequence of inappropriate treatment
(Malhi et al., 2019). Aside from the benefits of stratification within a notably heterogenous
condition, differentiating between different conditions can also be problematic for the clinician
for similar reasons. Some conditions have a raft of overlapping symptoms and, as an example,
it is well-documented that many symptoms of unipolar depression are shared with bipolar
disorder. With diagnosis being dependent on behavioural observations and patient self-
reporting of symptoms, misdiagnosis has been reported in over 60% of bipolar cases at initial
presentation (Singh & Rajput, 2006). Inappropriate treatment of bipolar disorder with
antidepressants can result in development of manias, and delays in receiving the correct mood-
stabilising treatment can lead to increases in hospital attendance and suicide rates (Siegel-

Ramsay et al., 2022).

There is wide recognition in the field of neuroscience that current diagnostic tools based on
clinical presentation, diagnostic categories and symptom classification lack precision. Further
confounding this picture are the presence of comorbidities leading to broad heterogeneity
within and across patient populations (Garcia-Gutiérrez et al., 2020). Clinicians have shown
particular interest in the field of functional neuroimaging with its capacity to focus on
identification of potential differences in neural substrates underlying neuropsychiatric
conditions. As the field has evolved and research into the identification of so-called biomarkers
has matured, the hope is that the emergence of fMRI as an investigative tool signals a shift
away from ‘subjective’ diagnoses towards the use of diagnostic biomarkers, objective measures
of biological processes capable of differentiating psychiatric conditions and subtypes (Garcia-
Gutiérrez et al., 2020; Sechidis et al., 2018). The ‘holy grail’ for clinicians is the development
of predictive biomarkers, already in use in oncology, that aid in identification of potential
treatment-responders. Objective alternatives to the current trial-and-error approach to
medication use that are likely to result in improvements in patient outcomes and take us a step
closer to personalised medicine would be widely welcomed (Evers, 2009). Notwithstanding
that fMRI has proven itself to be an excellent mechanistic tool in increasing our understanding

of the heterogenous nature of depression in both diagnosis and treatment response, there is
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further work to be done in addressing the potential reasons for inconsistencies across study

results, particularly in relation to amygdala (Varkevisser et al., 2024).
1.3 The Role of Imaging in Depression

The introduction of fMRI was well-received by researchers who looked to use this technology
to investigate the neural correlates underlying psychiatric conditions with a view to identifying
potential biomarkers not only specific to a particular disorder, but also for stratification within
a disorder. This imaging innovation was seen as a pathway to increased accuracy in diagnosis
and a future in which condition-specific treatments might be developed for improved outcomes

for patients (Zhan & Yu, 2015).

For those reasons previously mentioned, differentiation of unipolar depression from bipolar
disorder became a neuroimaging focus, and many authors comparing results between groups
have reported both structural and functional differences using MRI. These neuroimaging
findings are well-summarised in the meta-analysis by Han and colleagues who have noted the
contribution of the amygdala to the collective differences seen in neural circuits involved in
reward, emotion and cognition-processing in distinguishing unipolar depression and bipolar
disorder (Han et al., 2019). Previous work done by our own group has also described activation
and connectivity differences between unipolar depression and bipolar disorder, particularly in

relation to the amygdala (Korgaonkar et al., 2019).

Similarly, fMRI has been utilised to classify patients with a diagnosis of depression into
subgroups. Previous work has identified neural differences in structure and function between
unipolar depression patients who respond to initial treatment and those who are treatment-

resistant (Barreiros et al., 2022; Lui et al., 2011; Wu et al., 2011; Zhang et al., 2022).

A recent review of over twenty fMRI studies focussing on TRD noted that the amygdala and
striatal areas, regions primarily linked to emotion and reward processing, showed altered
structure, activation and connectivity in TRD cohorts compared to both treatment responders

and healthy individuals (Kotoula et al., 2023).
1.4 Depression and the Amygdala

The amygdala has long been identified as having major significance in affective disorders
including depression due to its role in emotion regulation and processing (Davidson, 2003;

LeDoux, 2000). Studies have also evidenced amygdala links to neural processes such as social
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cognition, memory formation, reward processing and visual recognition and it has been
reported to act as a hub to integrate sensory information (Brabec et al., 2010; Bzdok et al.,

2013)

Abnormalities in both structure and function of the amygdala have been widely implicated in
neuropsychiatric and neurodevelopmental disorders (Davidson, 2003; Schumann et al., 2011).
Previous studies have associated amygdala dysfunction with a range of neuropsychiatric
conditions, notably depression and anxiety (Ferri et al., 2017; Hamilton et al., 2012; Leppénen,
2006; Sah et al., 2003). Ineffectual emotion regulation is known to be implicated in the
development of depressive symptoms, with sufferers experiencing rumination, a dysfunctional
emotion regulation strategy characterised by persistent negative thought patterns. For sufferers,
higher levels of repetitive focus on negative memories and experiences is associated with more
severe bouts of depression (Compare et al., 2014; Eliot et al., 2021; Leppanen, 2006). Results

such as these have driven research interest in imaging of the amygdala in depression cohorts.
1.5 What is the Amygdala?

There are two amygdalae in the brain; they are a pair of small almond-shaped structures located
deep in the anterior medial temporal lobes in each hemisphere where they form part of the
limbic system (Kim et al., 2012). Although the volume of each amygdala is very small,
reportedly between 1000-2000mm? (Amunts et al., 2005; Brabec et al., 2010) each has multiple
afferent and efferent connections to other brain regions (Davidson, 2003; LeDoux, 2000). In
essence, each amygdala is heterogeneous both functionally and structurally and contains highly
differentiated groups of cells belonging to various functional brain systems including the main

and accessory olfactory, autonomic and frontotemporal systems (Swanson & Petrovich, 1998).
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Figure 1.1: Location of the amygdala and other structures forming the brain's limbic
system

Note: From (Moini et al., 2021)

The so-called ‘classic amygdala’ as defined by pioneering texts and papers based on human
histological samples is composed of ten ‘structures’ (Crosby & Humphrey, 1941; Sims &

Williams, 1990).

The seminal work by Crosby and Humphrey published in 1941 identifies the amygdaloid
complex as consisting of two groups (each comprising four sub-groups) and two areas. The
two groups were named the baso-lateral group (lateral amygdaloid complex, basal amygdaloid
nucleus, accessory basal nucleus, intercalated cell masses) and the cortico-medial group
(cortical amygdaloid nucleus, medial amygdaloid nucleus, nucleus of the lateral olfactory tract,
central amygdaloid nucleus). The two areas are the anterior amygdaloid area and cortico-

amygdaloid transition area (Crosby & Humphrey, 1941).

It is now universally acknowledged that the amygdala is a collection of nine nuclei that can be
grouped into three main subregions, the laterobasal (LB), centromedial (CM) and superficial
(SF), each of which has its own unique structural and functional connections with other parts
of the brain (Amaral, 1992; De Olmos et al., 1990; Haris et al., 2023; McDonald, 2009;
Nieuwenhuys et al., 2008). Advances have been made in identifying and defining the amygdala

subnuclei and subregional borders using cytoarchitectonic parcellations as seen in Figure 1.2
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below, resulting in the development of probability maps for subregional localisation in the data

analysis phase.

Superficial (cortical) amygdala
| ztercbasal amygdala
Centromedial amygdala

Figure 1.2: Cytoarchitecture of the amygdala in the coronal plane

Note: Subnuclei encompassed in red outline form the basolateral subregion (La = lateral
nucleus; BL = basolateral nucleus;, BM = basomedial nucleus; PL = paralaminar nucleus).
Subnuclei encompassed in orange outline form the centromedial subregion (Ce = central
nucleus;, Me = medial nucleus;, AAA = anterior amygdaloid area). Subnuclei encompassed in
blue outline form the superficial subregion (VCo = ventral cortical nucleus; APir =

amygdalopiriform transition area) (Kedo et al., 2016).

The groundbreaking work of Bzdok and colleagues in investigating structural, ‘connectional’
and functional specialisations of amygdala subregions, showed that the amygdala demonstrated
three discrete clusters, each having a different pattern of activational connectivity as well as
each cluster corresponding well to those structural subregions mapped cytoarchitectonically by
Amunts and colleagues (Amunts et al., 2005; Bzdok et al., 2013). The SF subregions selectively
coactivate with brain areas associated with affective and autonomic processing, olfaction and
reward prediction whilst the CM subregions connect to brain regions associated with visceral

and somatosensory processing, perceptual modulation and motor behaviour. The LB
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subregions connect to areas of the early visual cortex and areas associated with visual and
auditory input processing (Bzdok et al., 2013). These authors also found that the right LB
selectively coactivated with the Default Mode Network areas of prefrontal cortex, precuneus
and inferior parietal cortex. Brain regions selectively coactivated by the individual left and

right subregions are listed in Table 1.2.

Investigation of the amygdala and its subregions with MRI (depicted in Figure 1.3) has become
widely accepted as a method of furthering our understanding of its structure and complexity
and, more recently, the function of the subregions has come under increased scrutiny as
researchers hope to learn more about the role of the amygdala in depression (Ball et al., 2007;
Kerestes et al., 2017; Kim et al., 2003; Roy et al., 2009). The need for greater understanding of
the individual roles of the subregions has also been noted in other neurological conditions such
as frontotemporal dementia (Huang et al., 2024) and epilepsy, with one study reporting
subregional amygdala differences linked to the side of the epileptic focus (Doucet et al., 2013).
Given published reports of between 40-60% of epilepsy patients displaying symptoms of
depression (Grabowska-Grzyb et al., 2006), these results lend further weight to the necessity
for expanding our knowledge and understanding of the amygdala subregions and their

connections to other parts of the brain.

Figure 1.3: T1-weighted sagittal (left), and coronal (right) images showing location of the

amygdala and three main subregions (SF' = green, LB = blue, CM = red)
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Table 1.2: Individual left and right amygdala subregions and their selective connections to

different brain regions, and bilateral subregional roles

Subregion Selectively Connected Brain Region

Left LB precuneus, inferior occipital gyrus, cerebellum, superior temporal
gyrus/associative auditory cortex, middle frontal gyrus/frontal eye field all on

left. Bilateral temporal poles, right inferior parietal cortex

Right LB dorsomedial prefrontal cortex, temporal pole, precuneus, inferior parietal
cortex bilaterally, ventromedial prefrontal cortex, superior temporal
gyrus/associative auditory cortex, middle frontal gyrus/frontal eye field,

hippocampus, and posterior superior temporal sulcus all on the left side

Selectively coactivated with Default Mode Network

LB role Higher-level visual and auditory input processing

Left CM supplementary motor cortex, pallidum, putamen, cerebellum, insula, thalamus
bilaterally. Left posterior mid-cingulate cortex, left primary somatosensory

cortex, right occipital lobe

Right CM  primary motor cortex, supplementary motor cortex, pallidum, putamen,
primary somatosensory cortex, inferior frontal gyrus bilaterally. Right thalamus,

left insula

CMrole Motor behaviour, perceptual modulation, visceral & somatosensory processing

Left SF ventral striatum/nucleus accumbens and olfactory tubercle bilaterally. Right

anterior insula

Right SF left anterior mid-cingulate cortex, bilateral anterior insula extending into the

inferior frontal gyrus

SF role Reward prediction, olfaction, affective & vegetative processing

Note: LB = laterobasal; CM = centromedial; SF = superficial. Adapted from Bzdok et al.
(Bzdok et al., 2013).
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1.6 Investigating the Amygdala with MRI — A Narrative Overview

Continued advancements have been made in MRI technology relating to increased field
strengths as well as innovations in radiofrequency coil technology, the combination of which
has resulted in higher signal-to-noise ratio (SNR) levels and the capability for higher resolution
imaging. Earlier studies were performed on 1.5T systems prior to the mid-2000s, after which
3T systems became available for clinical research. Dedicated 7T research systems became
available in the 2010s but it was not until 2017 that these systems were cleared for clinical use
(Platt et al., 2021). In order to provide clarity for the coming discussions, it is timely to provide
a definition of what is considered high, standard and low-resolution imaging; however, this
topic will be covered in greater detail in Chapter Two. High resolution fMRI data acquired in
the brain is composed of imaging voxels with a volume of 20mm? or lower whilst standard
resolution voxels have a volume of between 20mm?® and 50mm? (Olman & Yacoub, 2011).
Imaging is considered low resolution at voxel volumes in excess of 50mm?. It should also be
noted here that higher spatial resolution can be achieved in structural imaging than is possible
in functional imaging at the same field strength, a concept which will also be covered in greater

depth in Chapter Two.

In the years following the introduction of 3T systems, researchers sought to take advantage of
this innovation in MRI technology to further explore the subregions and their potential
individual roles. Following on from the work of Solano-Castiella and colleagues who
recognised the importance of investigating not only the structural subdivisions of the amygdala
but also their potentially different functional connectivity (Solano-Castiella et al., 2010), other
researchers also showed that it was possible to demonstrate in-vivo, differences in volumes,
white matter tracts and tissue properties between subregions in the amygdala (Bach et al., 2011,
Roddy et al., 2021; Saygin et al., 2011). Bzdok and colleagues took this further by using a data-
driven approach to investigate the potential for differentiation of the subregions on the basis of
not only their structural properties but their functional and connectional properties as well
(Bzdok et al., 2013). The following sections take a closer look at the evolution of methods of

investigating both amygdala structure and function.
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1.6.1 Amygdala Structure — Volume, Asymmetry, Gender Disparity and White Matter

Connections

In the early 1990s Watson and colleagues, having recognised an opportunity in the still
relatively new technology to fill a knowledge gap, undertook the task of reporting reliable
measurements of amygdala and hippocampal volumes using a structural MR imaging protocol
they had developed on a 1.5T MRI system (Watson et al., 1992). This group was the first to
report standardised measurements of amygdala volumes in-vivo in the early days when many
were striving for what was then considered high-resolution imaging, with voxel volumes of
2.86mm® providing a previously unachievable level of accuracy in a small cohort of eleven
participants. In their seminal paper, the authors reported amygdala volumes of around
3400mm°. They also noted asymmetry, with the left amygdala reportedly smaller than the right
(Watson et al., 1992).

Ten years later, Brierley and colleagues carried out a meta-analysis of amygdala volumes
derived from data also acquired on a 1.5T MRI system in 1491 healthy individuals in order to
establish a normal range. They reported much smaller average volumes than Watson et al, with
figures of approximately 1700mm? (range 1050 mm?® to 3880 mm?) and, unlike the previous
study, found the left amygdala to be larger than the right, although the difference was not
statistically significant (Brierley et al., 2002). Interestingly, these authors noted the disparity in
data quality across studies and concluded that those studies to which they had assigned higher
quality scores, reflective of superior spatial resolution equating to a higher degree of
measurement accuracy, exhibited overall smaller amygdala volumes in keeping with ‘gold

standard’ post-mortem estimates being reported at that time (Brierley et al., 2002).

Size disparity related to gender has also been reported, with amygdala volumes found to be
significantly larger in males (Goldstein et al., 2001; Lotze et al., 2019; Ritchie et al., 2018)
However, in a meta-analysis of 46 MRI studies published in 2017, the authors noted that the
10% larger size of the male amygdala was comparable to the differences in overall intracranial
volumes between the genders. After correction, they found no significant differences and
concluded that the human amygdala could not be considered ‘sexually dimorphic’ (Marwha et
al., 2017). These authors also noted that evolving technology including higher field strengths
and more nuanced analysis methods have played a role in the increasing accuracy of MRI-

related measurements, so it is interesting to pause and note here that between 2010 and 2020,
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the bulk of studies were still reporting whole rather than subregional amygdala volumes despite

the fact that data acquisition and analysis methods had matured significantly.

It was inevitable that researchers would look to MRI to identify potential differences in
amygdala size in patients with depression. A meta-analysis by Hamilton and colleagues
concluded that unmedicated depression is associated with reduced amygdala size, whereas
increased size was found in medicated cohorts (Hamilton et al., 2008). Zhuo and colleagues
undertook a very comprehensive assessment of the literature pertaining to fMRI studies of
MDD compared to a healthy control cohort (HC) published between 1995 and 2018 (Zhuo et
al., 2019). Among the findings of the many studies included was that amygdala sizes were
significantly smaller in females with MDD compared to HC, but not in males (Hastings et al.,
2004). The authors noted that the clinical impact of the findings in these studies was limited in
part by heterogeneity of the imaging data, potentially manifesting in inconsistency of results

across studies (Zhuo et al., 2019).

More recent work by Tesen and colleagues in an MDD cohort has attempted to improve our
understanding of the contribution of variations in amygdala volumes at a subregional level by
acquiring high spatial resolution structural data at 3T with a voxel volume of only Imm?
combined with segmentation of nine amygdala subnuclei based on a probabilistic atlas. Whilst
they found no significant volume differences between first episode MDD and HC, they showed
an inverse linear relationship between depression severity and size of the right lateral nucleus

and anterior-amygdaloid regions in the MDD group (Tesen et al., 2022).

Imaging of structural white matter tracts using a combination of Diffusion-weighted imaging
and probabilistic tractography has also been done, with prior work investigating white matter
connections of the subregions at both 3T and 7T (Bach et al., 2011) (Saygin et al., 2011). In
their investigation of an MDD cohort compared to HC, Brown and colleagues acquired ultra-
high resolution (1.1mm?) data at 7T and showed right-sided white matter hyperconnectivity in
MDD vs HC as well as differential alterations in connection density between amygdala nuclei,
supporting the necessity for moving beyond viewing the amygdala as a single structure in

imaging (Brown et al., 2020).
1.6.2 Amygdala Function — Task-based Activation

Aside from reported structural disparities in amygdala size between left and right sides,

between males and females, and between medicated and unmedicated depression cohorts, there
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has also been mounting imaging evidence of functional differences related to amygdala
activation although, once again, there are mixed results. As with the amygdala volume work,
many of the earlier task-based fMRI studies were performed on 1.5T systems, with more recent
meta-analyses such as those from Filkowski et al. combining studies with both 1.5T and 3T

data (Filkowski et al., 2017), a further potential source of results inconsistency.

Initially, both emotion processing and cognitive function were a focus in depression patients in
whom sustained amygdala activation was widely reported during tasks designed to interrogate
emotional and cognitive responses (Mitterschiffthaler et al., 2006). Many early studies were
based on investigation of whole amygdala responses to visual emotional stimuli, such as the
work done by Gldscher and Adolphus, who reported the right amygdala as having a role in our
initial and purely emotional or subconscious response to a stimulus whereas the left plays more
of a role in the subsequent conscious cognitive assessment of the stimulus (Gldscher &
Adolphs, 2003). Another study noted gender differences in amygdala lateralisation in response
to visual stimuli, with males exhibiting increased activation, particularly in the left amygdala
(Hamann et al., 2004) whilst a larger meta-analysis investigating emotion processing found no
amygdala activation differences between genders (Sergerie et al., 2008). Other researchers
sought to investigate lateralisation differences more broadly. In their meta-analysis of 54 fMRI
studies investigating the amygdala and emotion processing in HC, Baas and colleagues
reported that the left amygdala was activated significantly more than the right across all studies
(Baas et al., 2004). More recently, reports of asymmetry of functional connectivity between
left and right subregions have been published, raising the possibility of not only functional
subregional specialisation but fluctuations in connectivity related to task demand (Kerestes et

al., 2017; Zhang et al., 2018).

In a meta-analysis of 20 studies investigating facial emotion processing in MDD vs HC, whole
amygdala activation patterns were significantly different between the two groups in only half
the studies (Stuhrmann et al., 2011). These authors noted the lack of standardisation across
tasks or paradigms presented to the participants as a likely contributor to these inconsistent
results and suggested that factorial design, a cognitive comparison task strategy (Amaro &
Barker, 2006), needs to become a greater consideration in task-based investigations. Further to
this, they recommended FC analyses as a more precise method of investigating relationships
between the amygdala and the rest of the brain (Stuhrmann et al., 2011). It has also been noted

that resting state investigations require no prior assumptions regarding activation; the
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fundamental association between task-related activation and underlying brain activity involves

a complex set of interactions which are still not well understood (Canario et al., 2021).

With an increasing focus on amygdala subregional morphology, researchers sought to identify
individual subregional activation patterns by employing subregional analysis methods,
although spatial resolution of data used in some of these studies was potentially not adequate
to probe the diminutive amygdala subregions (Ball et al., 2007; Michely et al., 2020; Morris et
al., 2001).

Others began to utilise high resolution data to investigate subregional activation, including
Frithholz and Grandjean, who reported sensitivity to vocal emotional cues in the LB and SF
subregions in HC (Frithholz & Grandjean, 2013). Further to this, Balderston and colleagues
used high resolution fMRI data to investigate potential differences in engagement of amygdala
subregions in response to emotional vs non-emotional tasks. These authors advanced a ‘three-
stage information processing model’ in which the LB subregion perceives environmental input,
distils it within intrinsic amygdala circuits, with the CM subregion then responsible for
modifying behaviour in response (Balderston et al., 2015). Interestingly, one study
investigating the effects of oxytocin on the subregions and its utility as a potential treatment in
neuropsychiatric disorders used high resolution data with voxel volumes of only 8mm?, noting

the benefits of high resolution data in imaging these very small structures (Gamer et al., 2010).
1.6.3 Amygdala Function — Connectivity

Coinciding with the introduction of 3T systems in the mid-2000s, increasing interest in brain
functional connectivity profiles at rest, that is, resting-state fMRI, was engendered by its
versatility and simplicity of acquisition (Chen et al., 2020). Researchers recognised the
possibilities of this technique in characterising neural circuitry, particularly in neuropsychiatric
conditions (Etkin et al., 2009; Lv et al., 2018), resulting in a numerous studies focusing on
amygdala functional connectivity in depression. In their meta-analysis of 19 studies published
between 2009 and 2017, Tang et al. reported that adult MDD patients show affective network
anomalies that are potentially related to the emotional dysfunction evident in these patients. A
key component of this network is the amygdala, and FC abnormalities have been shown to be
specific to its functional connections with the hippocampus, insular cortex and prefrontal
regions (Tang et al., 2018). Decreased FC between the amygdala and medial prefrontal cortex

has also been reported in MDD adolescents and adults compared with HC (Kim et al., 2016;
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Tang et al., 2013). These studies all reported FC measures related to the amygdala as a single

structure.

In a large study of 336 MDD patients and 350 HC investigating FC variations in depression,
Cheng and colleagues parcellated the amygdala into three ‘subdivisions’ and reported
decreased ‘subdivisional’ FC with a number of regions including the medial and lateral
orbitofrontal cortices, parahippocampal and fusiform gyri, insula, striatum and pre-and post-
central gyri (Cheng et al., 2018). Their findings were based on standard resolution fMRI data,
as is the case with numerous other studies reporting subregional amygdala FC findings in
neuropsychiatric conditions (Ambrosi et al., 2017; Etkin et al., 2009; Fateh et al., 2020; Geng
et al.,, 2016; Jiang et al.,, 2021; Qin et al., 2014; Roy et al., 2013; Zhang et al., 2020).
Interestingly, several relatively recent studies have reported their findings based on low
resolution data (Liu et al., 2021; Qiao et al., 2020; Tu et al., 2025; Wang et al., 2021) whilst a
few have reported use of high resolution data (Hofmann & Straube, 2019; Kwon et al., 2024;
Li et al., 2021; Nair et al., 2024; Rausch et al., 2016).

1.6.4 Whole vs Subregional Amygdala Analyses

As scientific interest in amygdala and subregional morphology grew, so too did interest in its
functional role which began to escalate in the early 2000s; however, there were two main
roadblocks to advancement. Firstly, the absence of MR imaging techniques with sufficient
resolution and image contrast to identify and resolve the amygdala subregions in-vivo became
evident; however, this issue would soon be addressed by the introduction of 3T systems. The
second issue was the lack of user-friendly analysis software that could localise the subregions
in a standardised format for researchers. This led to the development of cytoarchitectonically-
verified probabilistic maps such as those created by Amunts and colleagues using post-mortem
brain images acquired on a 1.5T system, the highest field strength system in use for clinical
research at that time. They demonstrated that the true borders of the structure are not accurately
delineated by macroanatomical landmarks (Amunts et al., 2005). Together with the
hippocampal-amygdaloid transition area, Amunts and colleagues were able to identify and
label the other three main groups or subregions previously defined by neuroanatomists Heimer
and colleagues and Crosby and Humphrey in their earlier works (Crosby & Humphrey, 1941;
Heimer et al., 1999). As previously noted, these subregions were labelled as superficial (SF),

centromedial (CM) and laterobasal (LB) (Amunts et al., 2005).
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The introduction of these probabilistic maps into more user-friendly analysis software enabled
researchers to input both anatomical and functional data into a common reference space and
perform integrated analyses (Eickhoff et al., 2005). Unfortunately, these updated subregional
analysis methods were slow to be adopted and more than a decade later, many studies were still
reporting whole amygdala activation as demonstrated by Filkowski and colleagues in their
meta-analysis of 56 studies focusing on emotional perception. They reported increased bilateral
whole amygdala activation in HC females compared to males, a finding at odds with previous
results (Baas et al., 2004; Filkowski et al., 2017; Sergerie et al., 2008). Regrettably, there is
very little consensus in results across studies investigating the amygdala after 25 years of fMRI
investigation, with paradigm selection, data analysis variations and, crucially, technical factors
such as MRI protocol parameter choices likely contributing to this quandary (Elliott et al.,
2021; Hartling et al., 2021; Poldrack et al., 2017). Further, there are still few studies reporting
subregional amygdala findings and this, together with the issue of variations in data acquisition
protocols, led to the scoping review that forms Chapter Three. This Chapter reports on
variations in fMRI protocols in use by researchers to investigate FC of the amygdala in
neuropsychiatric conditions with a focus on spatial resolution. It also outlines the percentage

of studies reporting subregional versus whole amygdala findings.
1.7 The Choice of 3T MRI Systems for Clinical Research

Since its introduction in the late 1980s, MRI has made many advances in both hardware and
software, especially radiofrequency (RF) coil technology and pulse sequence design, meaning
that images acquired at the same field strength and spatial resolution on current systems provide
superior SNR for increased spatial and/or temporal resolution (Edelman, 2014). With their
arrival on the market in the mid-2000s, 3T systems have been become popular, displacing 1.5T

systems in research settings due to their inherently higher SNR.

In Australia, 3T systems are in place at specialist research sites such as The Florey, Hunter
Research Medical Institute, Herston Imaging Research Facility, University of Queensland
Centre for Advanced Imaging, Monash Biomedical Imaging and NeuRa, to name just a few
(National Imaging Facility, 2024). Very high field MR systems such as 7 Tesla (7T) and above
provide much higher SNR and concomitant increased spatial resolution, but are limited in
numbers globally, thereby restricting access to primarily pure research work (Iranpour et al.,
2015). In Australia at this time, there are currently only two 7T systems, one each in Brisbane

(Centre for Advanced Imaging, The University of Queensland) and Melbourne (Melbourne
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Brain Centre Imaging Unit, The University of Melbourne); therefore, the ability to access a
very high field strength magnet system for brain research is limited to very few groups

nationally (National Imaging Facility, 2024).

In comparison to data acquired at 7T, fMRI acquisition methods at 3T have, in the main,
provided suboptimal spatial resolution for adequately demonstrating FC variations in deep
brain regions such as the amygdala and its subregions (Sladky et al., 2018). However,
meaningful improvements in FC imaging protocols can potentially be made at 3T by optimising
existing sequences or employing novel data acquisition sequences to provide improved spatial
resolution and image quality for the amygdala and its subregions. These improved techniques
may hold the promise of furthering our understanding of the clinical implications of amygdala

FC variations in neuropsychiatric conditions such as depression.
1.8 Summary and Study Rationale

This chapter has outlined the history of how neuroimaging, and particularly functional
neuroimaging, has been used as a tool for furthering our knowledge of the neural correlates
underlying depression. With the amygdala being identified early on as a prime target for
researchers, we have seen the field progress from comparisons of structural amygdala volume
measurements, then on to task-based fMRI studies designed to elicit neural ‘activation’ and
measure potential differences through to the use of the resting-state technique, a simple
acquisition strategy easily implemented. We have also noted that, almost without exception,
these early MR imaging data were acquired on 1.5T MRI systems with lower SNR and spatial
resolution. 3T MRI systems possessing higher inherent SNR coupled with improved
radiofrequency coil technology came into use in clinical research in the mid-2000s, meaning
data acquired after that time was potentially of higher quality; however, the increased SNR was
not necessarily invested in achieving higher spatial resolution data, an important consideration

when investigating the amygdala subregions.

It is also noteworthy that, although there has been a shift towards discussion of the differential
contributions of the subregions, there is still limited consensus across study findings, and it is
also of note that the amygdala has continued to be considered, in the main, as a single structure

for imaging and analysis purposes.

A strong, emerging theme across all this imaging work relating to the amygdala is that, whilst

fMRI has been instrumental in investigating the core characteristics of depression including
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negative emotion processing, cognitive impairment and excessive rumination, there is a general
acknowledgement that results inconsistency and data heterogeneity are overarching limitations
to progress, further exacerbated by the outdated practice of regarding the amygdala as a single
homogenous structure. In addition, there is currently no standardisation across tasks or
paradigms investigating emotion processing, even in studies investigating the same or similar
hypotheses, with reports of varying profiles of neural activity across four commonly used
emotion processing paradigms (Hartling et al., 2021). Taken together, these inconsistencies are
an obstacle to meaningful comparisons of study findings (Hartling et al., 2021;
Mitterschiffthaler et al., 2006; Poldrack et al., 2020) and, in addition, serve to diminish the
quality of meta-analytic reporting (Cochrane Handbook for Systematic Reviews of
Interventions, 2024).

To recap, the following key points underscore the rationale for this work. Although it is
accepted that amygdala dysfunction plays a significant role in the development of depression,
there remains a lack of understanding of the functional differences in amygdala subregions in
the context of depression. A pivotal study by Klein-Fliigge and colleagues provides a
compelling incentive for mental health researchers to move beyond symptom-based diagnoses.
Their research demonstrated that alterations in FC values of specific amygdala subnuclei with
other brain regions more accurately predicted variations in social and general life satisfaction,
negative emotions, and issues with anger and rejection than traditional aggregate depression
scores, such as the DSM-oriented "Depressive Problems" score and the Achenbach Adult Self-
Report 'anxious/depressed' (AnxD) score (Klein-Fliigge et al., 2022). Additionally, they found
that behavioural predictions in mental health were more precise when considering FC
variations of individual subnuclei rather than treating the amygdala as a single entity. They
attributed their findings to access to high-resolution data and more accurate analysis methods
made available by the Human Connectome Project, a National Institutes of Health initiative to
map the structural and functional connectivity, or connectome, of the human brain using high

resolution imaging (Elam et al., 2021).

Moreover, a recent appraisal of the literature highlighted the ongoing debate and challenges
surrounding the utility of amygdala fMRI and the inconsistency of findings across studies. This
appraisal emphasised the importance of optimising scanning protocols in fMRI data acquisition
of the amygdala (Varkevisser et al., 2024). These insights collectively reinforce the rationale

for this work, aiming to advance our understanding of the role of the amygdala subregions and
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their functional connections in depression using 3T MRI systems that are widely accessible for

clinical research.
1.9 Aims and Significance of Thesis

Current 3T MRI systems are capable of providing much-improved data quality for researchers
than the first generation of 3T systems that made their debut 20 years ago. It is evident that
functional imaging protocols in use for many studies have not kept pace with these innovations.
In demonstrating underutilised potential in current imaging systems, this research aims to
improve our understanding of the individual roles of the amygdala subregions and their
contributions to brain networks in the context of depression. The following steps outline the

general structural pathway to achieving the research aims:

e Review of the literature and collation of technical information on existing
fMRI protocols used in reporting amygdala findings at 3T

e Use of an existing 3T fMRI technique (2D) and assessment of its capability,
when optimised, to investigate subregional FC of the amygdala to other brain
regions

e Introduction of a novel technique (3D). Qualitative comparison of both
existing and new techniques in mirroring previously published 7T findings
(Elvira et al., 2022) reporting amygdala FC to resting state networks that are
implicated in depression and commonly investigated using existing 2D
techniques

e Direct comparison between existing and novel techniques at 3T in
investigating amygdala subregional FC, specifically to subcortical brain

regions which are problematic to image well using existing 2D techniques

Secondary to these aims, subregional functional connectivity findings using both whole and
subregional amygdala ROI analysis methods will be directly compared. Several authors have
noted the potential for conflicting results but there are very few reports of comparative results

in the literature.

In demonstrating the validity of using high spatial resolution fMRI data acquired at 3T to show
potential functional connectivity alterations in the amygdala subregions, this work also aims to
highlight to researchers the benefits of utilising optimised acquisition techniques and matching

the imaging and analysis protocols to the research question. In addition, the work demonstrates
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the value-add of the inclusion of a specialist in MRI protocol optimisation to collaborative

research groups.

Therefore, the overarching goal of this thesis was to investigate the capabilities of fMRI
sequences optimised for higher spatial resolution in demonstrating functional connectivity
patterns of the amygdala subregions using a 3T MRI system, the most widely accessible field
strength for clinical researchers. The MRI system used for all data acquisition in this work is a
3T Prisma system with VE11C software in conjunction with a 64-channel head and neck array

radiofrequency coil (Siemens Healthineers, Erlangen, Germany).
Aim 1

e Review the literature and collate information on functional MRI protocols used at 3T
for investigating activation and functional connectivity in studies reporting amygdala
findings, with a focus on spatial resolution values of data acquisition sequences

e Formulate recommendations regarding equipment, sequence type and parameter

selections at 3T with a focus on fMRI of the amygdala subregions
Chapter Three is composed of two parts of a formal scoping review of the literature:

a. The first part is the proposed formal Scoping Review protocol registered on the Open
Science Framework and published on the medRxiv Preprint Server for Health Sciences

https://www.medrxiv.org/content/10.1101/2022.04.14.22273332v1 full-text.

This protocol is located in Appendix C

b. The main part of the chapter comprising the full Scoping Review including
recommendations for imaging the amygdala subregions at 3T, is published in the Journal of
Magnetic Resonance Imaging

https://onlinelibrary.wiley.com/doi/full/10.1002/jmri.28836

Novelty - The published scoping review forming part of Chapter Three represents the first
comprehensive summary of the current landscape in relation to the technical data acquisition
aspects of fMRI of the amygdala at 3T and concludes with recommendations for imaging the

amygdala subregions
Aim 2

e Test the capability of an optimised 3T version of the existing 2D fMRI sequence

(2.5mm isotropic high resolution) to detect subregional amygdala (rather than whole
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amygdala) functional connectivity alterations between two depression cohortsand a

healthy control cohort

Chapter Four investigates subregional FC in a TRD cohort and compares these findings to
healthy controls and treatment-sensitive depression (TSD) patients. It also includes a

comparison of FC differences using a subregional versus whole amygdala analysis approach.

Novelty - This published study was the first to use both high resolution data and a subregional
data analysis approach to locate and report FC alterations of the amygdala subregions in a TRD
cohort compared to a TSD cohort. The study also highlighted the differences in functional
connectivity results when using a subregional versus whole amygdala analysis approach, an

issue about which there are only a handful of reports in the literature.
The findings from Chapter Four are published in the Journal of Affective Disorders Reports.
Aim 3

e Commission and optimise a novel higher(er) resolution 3D Works-in-Progress 2mm
isotropic sequence.

e Acquire pilot data at 3T using previously optimised 2D sequence and novel 3D
sequence and qualitatively compare amygdala subregional FC findings against
previously published 7T findings of amygdala subnuclei FC to resting state networks
to validate the use of data acquired at 3T in identifying amygdala FC at a subregional

level.

Chapter Five is a pilot study in which data is acquired with both 2D and 3D sequences in
ten healthy individuals. The study investigates amygdala subregional FC using the widely
used 2D sequence optimised for high spatial resolution described in Chapter Four and the
novel 3D sequence, both acquired at 3T. The capabilities of each sequence are assessed in
identifying functional connections of the amygdala at a subregional level to three resting
state networks. Due to lack of access to 7T for data acquisition, qualitative comparisons are
made against results of a study published by authors using 2D data acquired at 7T, the gold
standard, to report amygdala connectivity findings at the more granular subnuclei (rather

than subregional) level.
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Novelty - To our knowledge, this is the first study to qualitatively assess the capabilities of
fMRI data acquired at 3T against data acquired at 7T in demonstrating functional

connectivity of the amygdala on a more granular subregional level to resting state networks.
Aim 4

e Investigate the potential for high-resolution 2D and novel 3D data acquired at 3T to
reveal subregional amygdala functional connections to other deep subcortical brain

regions

Based on the same pilot data, Chapter Six investigates subcortical FC. In a head-to-head
comparison, the widely used 2D and novel 3D sequences are tested in relation to their
capabilities in identifying subregional amygdala functional connections to other deep
subcortical brain regions that are difficult to image well due to their central location. It also
includes a comparison of FC differences using a subregional versus whole amygdala analysis

approach.

Novelty — this is the first published study to directly compare the performance of widely used
2D and novel 3D fMRI high resolution data acquired at 3T in identifying subregional amygdala
functional connections to deep subcortical structures such as the brainstem and contralateral

amygdala
The findings from Chapter Six are published in the Journal of Neuroimaging.

The results from all chapters will be synthesized for discussion in the final chapter which will
provide an overview of the utility of high resolution imaging for interrogating functional
connections of the amygdala at a subregional level to other brain regions, noting the
comparative results when treating the amygdala as a single structure. The comparison between
the widely used 2D and novel 3D versions of the sequence will provide us with some insights
as to the current and future capabilities of fMRI in providing data with sufficient resolution at
3T to probe amygdala FC at a more granular level than is the current practice. Given the
importance of the amygdala in MDD, it is essential that our imaging results are truly
representative of the individuality of its underlying functions. The results of this work could
lead to widespread changes in practice regarding image acquisition and analysis protocols for

investigating the amygdala to ensure that this is the case.
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Chapter 2: Brain Connectivity, BOLD and fMRI

This Methods chapter describes the fundamentals of the techniques and equipment required to
carry out the research reported in Chapters Four, Five and Six. It also outlines the technical
selections made, including justifications for each. The chapter also includes descriptions of
brain connectivity and Blood Oxygen Level Dependent contrast as well as a brief explanation
as to how fMRI is performed. Novel sequences are introduced in the context of their potential

for improving our functional imaging of the amygdala.
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2.1 What is Brain Connectivity?

The brain has both structural and functional connections. Structural connectivity (SC), the
anatomical white matter microstructural organisation in the form of fibre tracts, was first
imaged by Basser and colleagues (Basser et al., 1994). Around the same time in the early 1990°s
the term ‘functional connectivity’ (FC) was defined by Karl Friston and colleagues as ‘temporal
correlations between spatially remote neurophysiological events’ (Friston et al., 1993). The two
types of connectivity differ in that SC is prefaced on anatomic connections, that is, axonal
projections between cells or groups of axonal projections forming tracts between different
regions whilst FC is a temporally varying statistical measure that can be determined by the
temporal covariation or correlation of activity between brain regions (Fornito et al., 2016;

Grafton & Volz, 2019).

In the early days of fMRI, investigations centred primarily on the sensory and motor cortices
of the brain; however, interest in the functioning of the association cortex, responsible for
cognitive processes, was amplified in the setting of technical advances in neuroimaging (Javed
et al.,, 2023; Seitzman et al., 2019). Analysing previously unknown brain networks was
considered pivotal in order to progress knowledge of cognitive processes, potentially leading
to new therapies for developmental and acquired brain abnormalities (Greicius et al., 2003;
Sporns et al., 2005). This premise was widely recognised by the scientific community and was
the genesis of the Human Connectome Project undertaken in 2009 by the National Institutes of
Health in the USA (Elam et al., 2021). The aim of this wide-ranging project was “...to map the
neural pathways that underlie human brain function” by acquiring high resolution SC and FC
data to be made available to researchers to investigate the complex connections of brain
circuitry, known more simply as the brain’s connectome (National Institutes of Health, 2023).
The term ‘connectome’ was proposed to describe the potential matrix of connectivity resulting
from imaging on a large scale, revealing in greater depth the network elements and
interconnections of the brain. The combination of connectivity matrices based on the
acquisition of Diffusion Weighting Imaging (DWI) datasets for SC assessment together with
Resting State fMRI (rs-fMRI) data for FC analysis allowed researchers to explore the interplay
between the two types of connectivity (Elam et al., 2021; Sporns et al., 2005).
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2.1.1 Resting State Networks and the Default Mode

The term ‘resting state functional connectivity’ was coined by Biswal and colleagues who, in
1995, were the first to report low frequency (<0.1 Hz) temporal correlations between brain
regions in the absence of a defined task, that is, during ‘rest’ (Biswal et al., 1995; Biswal, 2012).
More than 15 years later, in their seminal work focusing on patterns of functional connectivity
based on resting state data, Yeo ef al. outlined their findings of large-scale cortical circuits
organised into networks, including local motor and sensory networks, that exhibit these low-
frequency fluctuations. Their work identified a network of coordinated systems of spatially
disparate and temporally coherent regions that co-activated functionally, known as distributed
networks (Yeo et al., 2011). Although several of the networks had been previously described
by other authors (Fox, Corbetta, et al., 2006; Greicius et al., 2003; Raichle et al., 2001; Vincent
et al., 2008), Yeo and colleagues’ parcellation of the brain into seven primary functional resting
state networks (Figure 2.1), including a more granular 17-network estimate, continues to be

widely used.

7 Visual
Somatomotor
Dorsal Attention
Ventral Attention

Limbic
Frontoparietal Control
| Default Mode

Figure 2.1: Depiction of the parcellation of seven main resting-state networks as identified

by Yeo et al.

Note: The Default Mode Network (red) is the focus of investigation for Major Depressive
Disorder. Adapted from (Cohen et al., 2023; Yeo et al., 2011).

The earliest of these brain networks to be identified was the Default Mode Network (DMN),

depicted in red in Figure 2.1, a system of interconnected regions that are active in the absence
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of external tasks or stimuli, during which time the network ‘defaults’ to a focus on spontaneous
internal or self-referential thought processes (Menon, 2023; Raichle et al., 2001; Sheline et al.,
2009). There is evidence that the DMN is comprised of two main subsystems, the dorsal medial
prefrontal cortex (AMPFC) and the medial temporal lobe (MTL) along with a midline core of
two main hubs, the anterior medial prefrontal cortex (aMPFC) and the posterior cingulate
cortex (PCC) (Figure 2.2), with an overarching role centred on internal mentation (Andrews-

Hanna, 2012; Andrews-Hanna et al., 2010)

Of the seven resting state networks identified by Yeo et al., the DMN has become the focal
network for researchers looking to extend their understanding of the neural correlates of MDD
due to its role in self-referential processing (Chen et al., 2020; Sheline et al., 2009; Yan et al.,
2019). Rumination, a repetitive self-referential cycle of dwelling on negative thoughts and
feelings, is a deleterious cognitive symptom experienced by those suffering from depression
and is thought to be related to dysfunction in processes associated with cognitive control
(Alderman et al., 2015; Hamilton et al., 2015; Tozzi et al., 2021). As such, investigations into
the implications of potentially aberrant DMN function in MDD continue to be a priority for

researchers in the field (Damborska et al., 2020; Dutta et al., 2019; Stoliker et al., 2024).
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dMPFC SUBSYSTEM MTL SUBSYSTEM

Introspection about Mental States Memory-Based Construction / Simulation
Theory of Mind / Mentalizing (self & other) Episodic / Autobiographical Memory
Moral Decision Making Episodic Future Thinking
Social Narrative Comprehension 4 Retrieval of Contextual Associations
Social Reasoning Conceptual/Semantic Processing
Conceptual Processing Imagery / Imagination
Navigation
HUBS

Valuation of Motivationally-Salient /
Personally-Significant Information

Self-Referential Processing / Self-Reflection

Mentalizing (Self & Close/Similar Others)
Autobiographical Memory

Episodic Future Thinking

Moral Decision Making
Representation/Anticipation of Value

Figure 2.2: Default mode network; organisation of subsystems and hubs

Note: Two subsystems are dAMPFC = dorsal Medial Prefrontal Cortex; MTL = medial temporal
lobe. Two main hubs are aMPFC = anterior medial prefrontal cortex; PCC = posterior

cingulate cortex. From (Andrews-Hanna, 2012).

2.1.2 The Amygdala and the Default Mode Network

As outlined in Chapter One, the amygdala, at a subregional level, possesses functional
connections to many different brain regions including regions of the DMN (Bzdok et al., 2013;
Roy et al., 2009) and its dysfunction leads to disordered emotion processing in MDD
(Bakoyiannis, 2023; Ferri et al., 2017). Studies have demonstrated DMN involvement in
discrete emotions such as fear, disgust and anger (Saarimiki et al., 2022; Satpute & Lindquist,
2019) and extremely negative self-referential focusing related to DMN dysfunction (Sambataro
et al., 2014; Sheline et al., 2009; Whitfield-Gabrieli & Ford, 2012). In light of evidence of

cognitive processes being influenced by emotional input (Sambuco et al., 2022; Stoliker et al.,
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2024), these findings are supportive of a modulatory role for the amygdala in relation to the
DMN (Azarias et al., 2025).

Although the DMN is not the focus of this thesis, reports of aberrant function of both the DMN
and amygdala in MDD indicate that a more comprehensive understanding of the functional
connections between the amygdala and DMN may shed more light on interactions between
emotion processing and self-referential negative internalisation of thought processes. However,
as acknowledged by Yeo and colleagues in their work identifying the seven resting-state
networks, spatial resolution of current fMRI data is a recognised study limitation (Yeo et al.,
2011). There is clearly a need for improved imaging data quality to progress the field of MDD
research, particularly in relation to spatial resolution of small structures such as the amygdala

and its subregions.
2.2 How is Functional Magnetic Resonance Imaging (fMRI) performed?

Whereas MRI is widely used clinically to investigate all parts of the body, fMRI is typically
used to investigate brain function. Most clinical MRI systems can acquire fMRI data, as the
sequences used for research are adaptations of clinical versions. In the MRI systems discussed
in this work, the direction of the main magnetic field By is horizontal, although vertical field
systems are also available (Kazemivalipour et al., 2021). Whilst a comprehensive coverage of
the physics of MRI is outside the scope of this thesis, a brief review is pertinent in relation to
radiofrequency (RF) coil choice for fMRI as the type of coil employed significantly impacts
SNR levels and consequently, achievable spatial resolution of the acquired images (Gruber et
al., 2018). In most MRI examinations, the body coil intrinsic to the MRI system performs the
role of RF transmitter. A time-varying RF field, B;, is generated perpendicular to By, exciting
protons in the field of view (FOV) to precess at the Larmor frequency, which allows an efficient
energy transfer between the B/ field and precessing protons. The B; field is turned on and off
at very short intervals, typically milliseconds, generating pulses that ‘flip’ the protons through
a pre-specified number of degrees; hence the term flip angle (Gruber et al., 2018). In moving
away from the longitudinal plane, protons acquire transverse magnetisation which then begins
to decay after the B; field is switched off (Kwok, 2022). This process is shown schematically
in Figure 2.3. Through the process of electromagnetic induction, an electrical current is induced
and subsequently detected by the RF receive coil as the MR signal. Traditionally, fMRI data

are acquired in 2D slices which are defined via the imposition of a slice-select gradient
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perpendicular to the selected image plane in combination with a frequency-specific RF pulse

that excites the tissue in the desired plane and location (McRobbie et al., 2017).

Technical note: The MRI system used in this thesis work is a 3T Prisma system with VE 11C

software (Siemens Healthineers, Erlangen, Germany).
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MRI| Machine

Radio frequency coil (RF)

Direction of

magnetic field Precession of proton

Gradient coils
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4, Relaxation
{refurn to equilibrium)

Direction of
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Figure 2.3: Proton precession in an applied magnetic field

Note: Left - Schematic of participant in MRI system. Body radiofrequency transmitter (RF) coil represented in green. Head receiver RF coil used in fMRI not
shown. Middle panel - proton orientation at different phases of image acquisition. 1) Random orientation of proton outside of magnetic field. 2) Protons align
longitudinally with magnetic field inside scanner, precessing at Larmor frequency. 3) Time-varying RF field generated by RF pulse at Larmor frequency flips
protons into transverse plane. 4) Protons relax back to longitudinal plane (equilibrium) when RF pulse switched off. Right — Schematic of proton precessing
around direction of magnetic field. Adapted from (Kodaverdian, 2019).
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2.2.1 Contribution of Radiofrequency (RF) Receive Coils

Whilst the principal function of the body coil is RF transmission, it can also act as a receiver;
however, there are few circumstances in which this approach is employed due to inefficiencies
related to RF coil loading that result in poor SNR levels. In order to reduce noise levels, thereby
maximising SNR levels, the RF receive coil needs to be closely coupled in size to the body part
under examination (Redpath, 2014). The receive coil is tuned to the resonant or Larmor
frequency of proton precession for a specific magnetic field strength, for example, around 128
MHz at 3T. Other than the intrinsic body coil, there is a subset of receive coils available that
can also be used as transmitters (known as transmit/receive or T/R coils), and these are typically
used when imaging at field strengths of 7T and above where issues stemming from field
inhomogeneity and tissue heating are more pronounced (Gruber et al., 2018). At clinical field
strengths of 1.5T and 3T, transmit/receive knee coils are widely used in musculoskeletal
examinations to alleviate aliasing issues related to mismapping of tissues outside the FOV from
the opposite limb that occur when the sampling rate is inadequate (McRobbie et al., 2017).
Transmit/receive head coils are typically employed in the setting of a requirement for
compliance with MR-conditional scanning of implants and devices where MR safety is not
assured when transmitting over a larger field with the body coil (Ferreira et al., 2014). The
added complexity of transmit/receive coil design together with technical issues around
potential RF coupling mean that receive-only coils are predominantly used for clinical and

research imaging (Gruber et al., 2018).

2.2.2 Head phased array receive-only coils

The RF coil design of choice for fMRI is the receive-only phased-array head coil composed of
multiple groups of small surface coils with independent receive-channels formed into a close-
fitting helmet-shape, the primary benefit of which is higher SNR due to lower local noise
contributions (Gruber et al., 2018). However, a second major advantage of this technology is
the innovative design which supported the introduction of firstly, parallel imaging and later,
simultaneous multislice techniques which have been key to the evolution of fMRI. These
techniques allow faster imaging, that is, higher temporal resolution, an important consideration
in fMRI. Parallel imaging, effectively a k-space undersampling technique, is predicated on the
variation in spatial sensitivities of individual arrays that make up the whole coil; signals can be
spatially localised and encoded during signal reception, allowing for the acquisition of fewer

phase-encoding steps for image reconstruction but with a concomitant SNR reduction which is
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offset by the phased-array design (Kwok, 2022). Other advantages of parallel imaging include
susceptibility-related distortion artifact reduction in echo planar imaging (EPI) sequences and
reduction in Specific Absorption Rate (SAR) due to lower RF power deposition. Currently
available phased array head coils have the capacity to accelerate along all three axes; however,
the preferred direction of acceleration for fMRI is typically the z-direction (superior to inferior)
(Keil et al., 2013). In practice, head coils such as the 64-channel head and neck phased array
coil are often designed with a greater number of coil elements along the z-axis which also
facilitates the use of simultaneous multislice, a technique in which multiple slices in the
acquisition plane are excited simultaneously and signals spatially assigned using variations in

local array sensitivities in a similar way to parallel imaging (Barth et al., 2016).

Regarding coil design, it is interesting to note that although he individual surface arrays in a
64-channel coil design are smaller with presumably less sensitivity centrally in the image as
calculated using the Bio-Savart law (Haase et al., 2000) the 64-channel design, similar to that
used in this work, has been shown to outperform its 32-channel counterpart in terms of SNR

centrally, particularly with higher levels of acceleration (Keil et al., 2013).

Technical note: The head coil used in this thesis work is a 64-channel head and neck phased

array (Siemens Healthineers, Erlangen, Germany).
2.3 Blood Oxygen Level Dependent (BOLD) Contrast

Following Kwong and colleagues’ discovery in 1992 that blood could be imaged as an
endogenous contrast agent in fMRI using a gradient echo imaging technique (Kwong et al.,
1992), it is now well established that fMRI can provide information about neuronal activity
predicated on the mechanism of Blood Oxygen Level Dependent (BOLD) contrast. MRI
BOLD signals are an indirect measure of neural activity reflected in changes in regional
cerebral blood flow (Hillman, 2014; Soares et al., 2016). The BOLD image contrast generated
using the gradient echo imaging technique is reliant on the decay of transverse magnetisation
manifesting as field inhomogeneities resulting from localised changes in blood oxygen levels
resulting from neuronal activity. This process, known as T2* relaxation or T2* decay, is
responsible for the signal changes due to variations in blood flow, and it differs from T2
relaxation in that it occurs at a faster rate (Chavhan et al., 2009). The sensitivity of T2*-
Weighted (T2*-W) GRE sequences to localised alterations in paramagnetic deoxyhaemoglobin

in the blood are the basis of BOLD signal measurement and these sensitivity levels can be
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altered by manipulation of parameters including Echo Time (TE), Repetition Time (TR) and
flip angle that form the basis of the EPI pulse sequence, GRE-EPI, used in 3T fMRI (Chavhan
et al., 2009; Hillman, 2014).

Since its inception, fMRI has primarily been used to probe motor, sensory and cognitive
processes with various tasks or paradigms. In its simplest form, the initial method of choice
was a basic block-design paradigm divided into multiple task and non-task periods that were
effectively subtracted to reveal signal intensities or activation related to the task (Fox &
Raichle, 2007). The fundamental concepts of BOLD contrast are best explained with this
simple task design in mind. Transient neuronal activity such as task performance or visual
stimuli provokes an increase in oxygen consumption resulting in an increase in local blood
flow to the area of activation, a mechanism known as neurovascular coupling (Huneau et al.,
2015). This response to the increased demand for oxygenated blood stimulated by neuronal
activity is known as the haemodynamic response and it typically lags several seconds behind
the increase in activity (Menon & Goodyear, 2001). When blood is fully oxygenated it has
diamagnetic or non-magnetic properties, whilst in its fully deoxygenated state it has
paramagnetic properties. As deoxygenated blood causes local dephasing of protons, its T2*
value is shorter resulting in MR signal attenuation (Boxerman et al., 1995). Put simply, stimulus
presentation provokes neuronal firing, following which the neurons require re-oxygenation,
subsequently delivered by the blood which, in turn, results in increased signal as the blood
becomes less paramagnetic (Figure 2.4). In fact, early adopters of the fMRI technique, initially
expecting to see a decrease in signal resulting from an increase in deoxygenated blood, noted
a paradoxical increase in MR signal during neuronal activity; however, it is now understood
that the BOLD changes being imaged are actually downstream from the activation site where

T2* is elevated due to the inflow of fully oxygenated blood (McRobbie et al., 2017).
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Figure 2.4: Sequence of events from neuronal activity to BOLD imaging with fMRI

Note: Image adapted from (Bandettini, 2002).

The BOLD signal, although only an indirect measure of neuronal activity, appears to have a
consistent shape, peaking around five seconds after stimulus advent before undershooting and
then subsequently recovering to the baseline after around 20 seconds. The so-called
haemodynamic response function (HRF) is a mathematical modelling of the localised
neurovascular coupling and the coincident BOLD signal (Hillman, 2014; Rangaprakash et al.,
2021). There are several versions of HRF modelling available, the most common of which is
known as canonical HRF (Daranyi et al., 2021). Multiple brain volumes are acquired resulting
in a time series as demonstrated in Figure 2.5 and, as the signal amplitudes of BOLD contrast
are very small, estimated to be only 1-5% of baseline, subsequent statistical analysis is required

for interpretation and creation of activation maps (McRobbie et al., 2017; Soares et al., 2016).

Task-based acquisitions also contain low frequency fluctuations when the brain is presumed to
be ‘at rest’ during the course of the acquisition, that is, the two states, activation during a task
and fluctuations during rest, do not exist in isolation. These spontaneous low frequency
fluctuations were initially treated as noise contributions and subsequently minimised by
averaging during task data analysis (Fox & Raichle, 2007). However, it is now well-recognised

that this noise is, in part, attributable to the correlated resting state BOLD signal (Figure 2.5,
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right), and resting state sequences are now typically acquired separately as a means of
investigating other aspects of brain networks, often as an adjunct to task data (Lv et al., 2018).
Notwithstanding, it has been shown that underlying low frequency BOLD signals can be
distilled from task-based acquisitions, and that these fluctuations are commensurate with the
signals from dedicated rs-fMRI data acquired in the same cohort and imaging session. This
finding is important in the context of validating the use of previously acquired task-based data
for retrospective FC interrogation (Korgaonkar et al., 2014). Interestingly, it has also been
proposed that variations in correlations of spontaneous BOLD activity between task and rest
states can be explained by layering or superimposition of the two activity states and that this is
a potential explanation for inconsistencies across study results due to variability in human

behaviour (Fox, Snyder, et al., 2006).

In summary, the acquisition of both task-related and resting state data to explore brain function
is reliant on the mechanism of BOLD contrast; however, different methods are required for

subsequent data analysis (Chang & Glover, 2009; Cole et al., 2010).
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Figure 2.5: Representation of visual task-related BOLD time series with task overlaid in blue

(left) and resting state BOLD time series (right)

Note: Different scales on y-axis in left and right figures. Adapted from (Fox & Raichle, 2007).
2.4 Recap of Task-Based and Resting State Methods for Investigating the Amygdala

There are two primary fMRI methods available to researchers for investigating brain function:
task-based and resting-state. As noted in Chapter One, task-based studies involve recording
the patient’s response to the performance of a task or a type of stimulus during data acquisition
in order to anatomically localise areas of ‘activation’ (Logothetis, 2008). These tasks, or
paradigms, vary in terms of experimental design and are classified as block design, event-

related or mixed block/event related. Block design is superior in identifying activation whilst
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event-related tasks are more effective in distinguishing the time course of activations (Liu et

al., 2001).

To examine and record amygdala activation for task-based studies, researchers have typically
relied on eliciting emotional responses to different types of facial stimuli (for example, happy,
sad. angry, neutral) (Varkevisser et al., 2024) and cognitive-based tasks such as working
memory and attention (West et al., 2021). However, several inherently confounding issues have
been noted in relation to amygdala activation results. Variations in neural responses have been
revealed when comparing the nature of task instructions, that is, implicit versus explicit (Hariri
et al., 2000). Additionally, flaws in reproducibility have been reported, notably the variability
that may stem from the differential effects of habituation to the stimulus presentation over time
(Hariri et al., 2000; Labuschagne et al., 2024). A meta-analysis of studies investigating the role
of the amygdala in emotion processing reported that some studies were unable to distinguish
temporal responses, suggesting that study design was the reason behind greater reporting of
increased activation in the left amygdala (Sergerie et al., 2008). These findings support the
model proposed by Glascher and Adolphs in which inherent lateralised temporal differences
are responsible for apparent left-sided increased activation; that is, the right amygdala response
was of shorter duration in comparison to the left and thus not visible, potentially due to a more
automatic emotional reaction, whilst the role of the left amygdala may be more discriminating
in terms of extent of arousal (Gldscher & Adolphs, 2003; Plichta et al., 2014; Wright et al.,
2001).

With advances in gradient and RF coil technology, researchers now have the capability to image
at higher temporal rates (Yang & Lewis, 2021). Nevertheless, limitations on temporal
resolution of data acquisition remain predicated by the timeline of the haemodynamic response
function, which can be overcome to a degree by careful study design, for example, randomly
varying the timing of stimulus presentation in event-related task design (Glover, 2011).
Similarly, choice of HRF model and analysis method can also impact results (Daranyi et al.,
2021). However, a fundamental issue for task-based fMRI investigations is the inherent
challenge in paradigm development and selection in attempting to answer a distinct research
question (Hartling et al., 2021). As the specific functions and contributions of the three
amygdala subregions within the emotional circuitry are still not well understood, the
development of specific tasks to effectively interrogate each individual subregion task is

problematic and, as a consequence, stimuli currently in use are of a more general nature rather
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than being designed to elicit activation that can be definitively localised to specific subregions

(Labuschagne et al., 2024).

Resting-state fMRI is an altogether different approach. Rather than demonstrating areas of
localised brain activation as a response to a stimulus, the resting-state technique measures the
synchronous low frequency fluctuations of the brain that occur spontaneously during a period
of alert wakefulness, allowing identification of regions that are ‘functionally connected’
although they may be spatially remote and structurally discrete (Lv et al., 2018). Participants
are typically instructed to keep their eyes open and think of nothing in particular, often focusing
on a fixation cross during the acquisition, the result of which is the production of functional
connectivity ‘maps’ that provide information reflective of spontaneous brain activity
unprovoked by tasks or extrinsic stimuli (Roy et al., 2009; Soares et al., 2016). Simple and
effective, the rs-fMRI technique requires no auxiliary equipment, meaning data acquisition
across all age groups, imaging settings and most conditions is possible. rs-fMRI also provides
an assessment of the whole brain, whereas task-based methods may focus on activity in selected
areas based on task design (Canario et al., 2021). Interestingly, differing FC results between
the states of ‘eyes open’ and ‘eyes closed’ has been reported; therefore, clear and consistent

instructions to study participants is vital in experimental tasks (Patriat et al., 2013).

With growing awareness of the merits and advantages of the resting-state technique, interest
has burgeoned, resulting in a six-fold increase in the number of publications from 817 in 2003
to 4985 in 2022 (Wei et al., 2024). It has been suggested that this trend may be due, in part, to
the recognition that resting-state functional connectivity measures are superior as a
differentiator of social cognition and neurocognition biotypes, both of which are key in

depression (Viviano et al., 2018).
Technical note: The fMRI technique used in this thesis work is resting state.
2.5 Introduction to analysis methods

There are currently a number of resting state data analysis methods available to researchers,
with two methods in common use due to their high levels of reproducibility (Snyder & Raichle,
2012). The first, known as Independent Component Analysis, is a data-driven multivariate
statistical method that distinguishes between temporally or spatially independent resting state
networks by separating out noise from low frequency network signals, and is often the method

of choice for exploratory, hypothesis-free investigations (Canario et al., 2021). Independent
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Component Analysis has successfully been used in investigating the DMN in MDD cohorts
(Greicius et al., 2007; Guo et al., 2014; Kakeda et al., 2020; Li et al., 2013; Manoliu et al.,
2014; Sexton et al., 2012; Veer et al., 2010; Verdijk et al., 2024; Zhu et al., 2012).

The second method is a hypothesis-driven method known as seed-based connectivity analysis
which has been widely used since the inception of fMRI (Cole et al., 2010). Seed-based
connectivity is based on a priori selection of discrete regions-of-interest (ROIs) or seeds. FC
between brain regions is revealed by averaging the time-series across all voxels in the seed or
ROI and generating correlation maps of each seed to every other voxel in the brain, effectively
measuring temporal correlations (Canario et al., 2021). Because of the focus of this work on
the amygdala, the latter method was used and the discrete seed ROIs selected were the

amygdala subregions.

Whilst a comprehensive explanation of all analysis methods is outside the scope of this work,
the reader is directed to Rajamanickam’s concise overview of advantages and disadvantages of

current fMRI analysis methods (Rajamanickam, 2020).
Technical note: The analysis technique used in this thesis work is Seed Based Connectivity.

2.5.1 Software and Regions of Interest (ROIs)

Various software platforms are available to researchers for resting state functional connectivity
data analysis. The list, by no means exhaustive, includes Statistical Parametric Mapping
(SPM), Analysis of Functional Neurolmages (AFNI), REsting State fMRI data analysis Toolkit
(REST), Data Processing Assistant for Resting-State fMRI (DPARSF), FMRIB Software
Library (FSL), Neurolmaging PREProcessing toolS (NiPreps) and Connectivity Toolbox
(CONN). In this thesis work CONN (http://www.nitrc.org/projects/conn/) was used in
conjunction with MATLAB version R2022b (The MathWorks Inc. Natick, Massachusetts) and
SPM12 (Wellcome Trust Centre for Neuroimaging, London, UK).

However, there is no established convention or standard in place across software platforms for
defining ROI locations in resting state analyses (Poldrack, 2007; Sohn et al., 2015). Commonly
used methods include basing ROI location on activations from previous work, prior knowledge
of the relevant anatomy or employing standard brain atlases such as the Talairach and Tournoux
atlas (Talairach & Tournoux, 1988), a pioneering reference widely used in the early days of
fMRI. This stereotactic atlas provided a reference template for ‘normalising’ brain data into

common space, including a coordinate system for reporting results, allowing comparison of

53
Chapter 2 — Brain Connectivity, BOLD and fMRI



results between research groups (Chau & Mclntosh, 2005) However, a principal disadvantage
of ‘Talairach labels’ is that they were established from a single subject postmortem dissection
and are based on macroanatomical landmarks such as sulci, leading to inaccuracies in regions
where cortical microanatomy and function may vary across the wider population (Amunts et
al., 1999). To address these limitations, the first iteration of the Montreal Neurological Institute
(MNI) template (MNI-305), based on 3D brain MR images from 305 subjects, was released in
1995; however, it was superseded by MNI-152 in 2001, which was constructed using
automated image registration and higher resolution whole brain coverage including the
cerebellum. MNI-152 is now included in software platforms such as SPM and FSL and is
widely used as the standard template knowns as MNI space (Mandal et al., 2012).

The development and integration of the SPM plugin known as the SPM (or Jiilich-Brain)
Anatomy toolbox by Eickhoff and colleagues into analysis software in 2005 enabled
researchers to map functional cortical activations to standardised anatomical locations in MNI
space through the use of three-dimensional probabilistic cytoarchitectonic maps (Eickhoff et
al., 2005). Also in 2005, Amunts and colleagues introduced stereotactic probabilistic maps for
the sub-cortical subregions of the hippocampus and amygdala (CM, LB and SF) as well as the
entorhinal cortex, noting the need for detailed localisation of MRI data in neuropsychiatric
disorders (Amunts et al., 2005). These subregional amygdala probabilistic maps are also

compatible with, and are embedded in, the SPM Anatomy Toolbox.

In recognition of the heterogeneity of the amygdala subnuclei and, by extension, the
subregions, together with the requirement for increased spatial specificity, further work has
been undertaken to create an atlas for differentiation of nine amygdala subnuclei with increased
spatial specificity for use at 7T (Saygin et al., 2017). Additionally, individualised functional
parcellation methods of the amygdala subregions based on the Jiilich atlas have also been
developed, with reported benefits in functional homogeneity and overall accuracy at 7T (Zhang
et al., 2018). However, although these methods may have the capability of providing more
accurate localisation for individual subject ROIs by accounting for individual variability of
regional borders, they contribute to differences in methodology in performing the individual
subject parcellations (Levi et al., 2023), resulting in an additional source of variability and

potentially confounding comparison of results across studies.
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In consideration of the increasing focus on reproducibility in neuroimaging (Poldrack et al.,
2017) the subregional amygdala ROIs available in the SPM Anatomy Toolbox were chosen to

serve as the seed ROIs in this research work were imported into CONN for use during analysis.

Technical note: CONN toolbox and SPM Anatomy Toolbox were used for data analysis in this

thesis work.
2.6 The Requirement for Improved fMRI Data Quality

For as long as it has been appreciated as an invaluable tool in neuroimaging, the shortcomings
of fMRI data quality have also been recognised. The contrast-to-noise ratio (CNR) as well as
spatial and temporal resolution of fMRI studies acquired on the available 1.5T MR systems at
the time of the technique’s introduction in 1990 were quite low with voxel sizes in the tens of
cubic mm (Menon and Goodyear, 2001). However, as the BOLD response is quite robust when
the underlying neural activation is occurring on the same spatial scale, it was possible to
adequately study hemispheric and gyral organisation at a functional level with this new

technique (Menon and Goodyear, 2001).

However, it has since been recognised that higher spatial resolution acquisitions can improve
the detection of discrete neural activity in several ways; smaller voxels not only lead to an
increase in the level of BOLD contrast detected by reducing the effects of partial voluming, but
susceptibility issues resulting in signal dropout and distortion are also reduced (Glover, 2011).
Iranpour and colleagues demonstrated this concept at 3T by acquiring 2D GRE-EPI data using
two different voxel volumes (VV), 3.4mm® and 27mm?, concluding that the smaller voxel
imaging sequence was more sensitive in detecting activations during their fMRI tasks than the
larger, particularly in brain regions such as the amygdala where susceptibility artifacts
generally compromise data quality (Iranpour et al., 2015). Two fMRI meta-analyses of task-
related studies also noted these issues in relation to amygdala imaging as study limitations,
noting that unilateral activations demonstrated in some lower resolution studies were found to

be bilateral in higher-resolution data sets (Tang et al., 2012; van der Laan et al., 2011).

2.6.1 Image Resolution - Spatial Versus Temporal

Numerous parameter options can be manipulated to alter the contrast and appearance of images
produced by an MRI system. With many parameters having co-dependent relationships (see
Table S1 Appendix B for parameter trade-offs), their selection is predicated on the purpose of

the specific acquisition sequence in question and compromises are widely acknowledged as
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inevitable (McRobbie et al., 2017) In MRI, temporal resolution is a measure of how quickly
data is acquired, and in fMRI, this is a crucial aspect of the imaging sequence. Spatial resolution
is a measure of the number of pixels in an image, with more pixels providing higher resolution.
Spatial resolution is referenced by voxel (volume pixel) size which is dependent on matrix size,
slice thickness and field-of-view (FOV). It is limited by SNR, inferred by the inverse
relationship between SNR and acquisition time which underpins the oppositional nature of
spatial and temporal resolution (Glover, 2011; Loued-Khenissi et al., 2019). In structural MRI,
high spatial resolution images with V'V of less than 1mm? can be achieved by employing longer
acquisition times to improve SNR. However, this strategy has traditionally not been possible
in fMRI due to the requirement for rapid scanning to acquire time series data (Glover, 2011).
This temporal requirement has placed a ceiling on SNR resulting in spatial resolution in fMRI
acquisitions in earlier studies commonly having VV of up to 64mm?® and, in some cases,
100mm? in order to maintain satisfactory SNR levels and adequate temporal resolution to
image the whole brain quickly (Menon & Goodyear, 2001; Soares et al., 2016). To

3

contextualise these figures, data with VV of 20mm° or less is considered high resolution

(Olman & Yacoub, 2011).

Temporal resolution of fMRI acquisitions requires optimisation and is dependent on the TR of
the imaging sequence which is typically constrained by the number of slices in the imaging
volume as well as scanner performance (Bandettini, 2002). One TR period is commonly in the
order of 1.5 to 3 seconds during which time all slices are imaged; this is repeated multiple times
until sufficient volumes for the individual sequence have been acquired. Temporal resolution
is also restricted by the relatively slow HRF which is a consideration in paradigm design in
task-based studies. Stimuli spaced too closely may result in blurring of responses as a result of
not allowing adequate time for the haemodynamic response to return to baseline (Loued-
Khenissi et al., 2019). A TR of several seconds has also traditionally been prefaced on the
requirement for T1 signal recovery between acquisitions to ensure adequate SNR (Bandettini,

2001).

With the advent of acceleration techniques, achievable temporal sampling rates have increased,
leading more recent studies including the HCP (Van Essen et al., 2012) to report use of TR
values of less than one second (Liao et al., 2013; Stirnberg et al., 2017; Yang & Lewis, 2021).
As previously noted, the increase in array density in RF coil design has enabled this

advancement in acquisition sequence design; in general, SNR levels, although reduced per
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volume as a result of the selected TR being shorter than the T1 relaxation time of the tissue,
have remained comparable when taking into account increased temporal sampling resulting in
a greater number of volumes acquired in a similar time frame (Jahanian et al., 2019). There
are two primary advantages of high temporal resolution; firstly, HRF characterisation is more
accurate, leading to increased BOLD sensitivity in task-related studies, and secondly, higher
sampling rates preclude the issue of cardiac and respiratory signal aliasing overlying BOLD

resting state signals (Huotari et al., 2019; Yang & Lewis, 2021).

For most fMRI studies, acquisition protocols are optimised by finding a middle ground between
spatial and temporal resolution requirements, that is, taking into account the research question,
preferred analysis method and study cohort. For example, paediatric studies investigating
network connectivity may be better served by focusing on temporal resolution, using shorter
TRs and acquiring more volumes but in a relatively short overall scan time (Liao et al., 2013).
However, small structures such as the amygdala require the opposite approach. Due to the
diminutive size and location of the amygdala in the temporal lobe, image quality can suffer
from susceptibility artifacts, distortion and partial volume effects, all of which can be mitigated
by the use of higher spatial resolution protocols with smaller voxels (Bandettini, 2002; Jahanian
et al., 2019; Olman et al., 2009). According to previous work, the optimum slice thickness to
maximise SNR in fMRI investigations of the amygdala using 2D GRE-EPI at 3T is between
2mm to 2.5mm (Figure 2.6), beyond which SNR levels decrease with increasing voxel size due

mainly to intravoxel dephasing (Robinson et al., 2004).
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Figure 2.6: SNR variation with slice thickness in the amygdala and cortex
Note: Adapted from (Robinson et al., 2004)

In a comparison between their standard fMRI protocol with VV of 51.3mm? and an optimised
high resolution acquisition with VV of 6.4mm?®, Robinson and colleagues demonstrated an
increase of 60% in SNR in voxels in amygdala locations in the native high resolution optimised
acquisition, despite the doubling of bandwidth which accounts for a SNR penalty of V2,
although they resampling the data to standard voxel size during preprocessing (Robinson et al.,
2004). To demonstrate the translational value of this finding, the time-series SNR maps were
thresholded at a value of 50 and overlaid on T1-W axial images to show the comparative lack
of SNR in the regions of the amygdala using the standard protocol with large voxels compared

to the optimised high resolution protocol (Figure 2.7) (Robinson et al., 2004).
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Figure 2.7: Time series SNR values thresholded at a value of 50 overlaid on axial TI-W

slices in the approximate region of the amygdala (outlined)

Note: Top row: Standard protocol. Bottom row: Optimised protocol. Images from left to right

represent inferior to superior slice locations (Robinson et al., 2004).

2.6.2 Voxel Volume (VV) of Current Protocols

At 7T, very small VV of between 1.1 mm? and 3.375mm? have been reported in use for fMRI
due to the inherently higher SNR available (Geissberger et al., 2020; Murphy et al., 2020;
Sladky et al., 2018; Zhang et al., 2018). At 3T, VV has been typically much larger (Foster et
al., 2023). Empirically, the choice of VV was based on the requirement for adequate SNR, and
at the time 3T technology arrived in the mid-2000s, coil technology was much less advanced,
with lower density array head coils in widespread use (Kabasawa, 2022). Many studies
reporting amygdala findings at 3T continued to utilize larger VV, for example, 27mm?
(Baczkowski et al., 2017; Michely et al., 2020; Wackerhagen et al., 2020), 42mm?
(Chumachenko et al., 2021; Deng et al., 2019; Reich et al., 2019), 64mm?> (Delli Pizzi et al.,
2017; Salzwedel et al., 2019; Shou et al., 2017) and up to 70mm? (Fan et al., 2020; Tong et al.,
2019; Wang et al., 2021). Whilst these fMRI protocols resulted in high SNR levels, spatial
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resolution was limited (Bandettini, 2002; Invernizzi et al., 2021), particularly in reference to

Olman and Yacoub’s definition (Olman & Yacoub, 2011).

To further capitalise on the advantages of 3T, more advanced higher density 32-channel arrays
with higher SNR capabilities became available in the latter 2000s and early work highlighted
their SNR and temporal resolution advantages (Wiggins et al., 2006). Interestingly, although
the studies referenced above in relation to VV were published ten or more years after its
introduction, only two noted the use of a 32-channel head coil, with others referencing use of
8-channel and 12-channel arrays or circularly polarised designs (used prior to array
technology). In fact, completion of the scoping review forming Chapter Three revealed only
two reports of use of the 64-channel array (Bonduelle et al., 2021; Sanz-Arigita et al., 2021)
that became available for 3T systems around 2013 (Keil et al., 2013).

2.6.3 VV in relation to the Amygdala

As outlined in Chapter One, the amygdala is composed of nine individual heterogeneous
subnuclei that form three subregions, the CM, LB and SF (Figure 2.8). The total volume of the
amygdala is somewhere between 1000mm? and 2000mm? with values varying according to
measurement technique; that is, ex-vivo volumes tend to be smaller at around 1240mm?
(Saygin et al., 2017) compared with in-vivo volumes of around 1850mm? (Morey et al., 2020).
For the purposes of the following explanation, we will consider the amygdala volume as an

average of these two figures, at 1545mm?°.
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Figure 2.8: Sagittal (left) and coronal (right) T1-W images depicting the size and location of

the amygdala subregions (top row) and amygdala subnuclei (bottom row)

Note: Subregion key: Centromedial = red, Laterobasal = blue, Superficial = red. Subnuclei
key: Lateral = light blue, Basal = red, Accessory basal = orange, Paralaminar = aqua,
Cortico-Amygdaloid transition = dark blue, Cortical = yellow, Central = purple (Medial

subnucleus and Anterior Amygdaloid Area not shown,).

To put the size of the amygdala as a single structure into perspective, it is helpful to consider
the volume of the whole brain, which has been measured at around 1000cm? (1,000,000mm?)
(Cotter et al., 1999). If we consider imaging at very low resolution with VV of 1000mm?, the
whole brain will consist of approximately 1000 voxels, of which the amygdala would
theoretically appear in one or two voxels. If VV is reduced to 4mm? the whole brain would
consist of 15,625 voxels of which the amygdala would theoretically be composed of around 24
voxels. At VV of 2mm?, the number of voxels comprising the amygdala is much higher at 193.

Now to consider imaging the amygdala subregions individually; as an example, averaging of
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the volume data reported by Saygin et a/ and Morey et al for the CM, the smallest of the three
subregions, results in a volume of 68mm?® (Morey et al., 2020; Saygin et al., 2017). Imaging
with VV of 2mm? would result in around 8 voxels within the CM but this is reduced to only
one voxel when imaging at VV of 4mm?>, a level at which it is unlikely that the heterogeneity
of the structure can be resolved. The graphic representation in Figure 2.9 serves as a visual cue

with respect to increasing VV and its impact on spatial resolution.

1 mm Cube 2 mm Cube 4 mm Cube 10 mm Cube

1 mm?3 8 mm? 64 mm3 1000 mm?3

Figure 2.9: Diagrammatic representation of various voxel volumes for comparison

The results of a formal scoping review done in Chapter Three (Foster et al., 2023) support
anecdotal evidence that VV used in the majority of 3T fMRI protocols to report both whole
amygdala and subregional findings is well above 20mm?, the lower limit of high resolution
(Olman & Yacoub, 2011). In essence, current protocols are unlikely of sufficient spatial
resolution to adequately resolve individual subregional activation and FC (Merboldt et al.,

2001; Sladky et al., 2018).

Technical note: VVs of the sequences used in this thesis work were 2D GRE-EPI = 15.625mm?
(2.5mm isotropic) and 3D GRE-EPI = 8mm? (2mm isotropic)
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2.7 Where Are We Now With fMRI Protocols?

Different fMRI acquisition strategies are in use at different field strengths. At higher field
strengths of 7T and beyond, the principal contrast mechanism is diffusion-weighted T2
relaxation, allowing the use of spin-echo (SE) sequences (Glover, 2011). Inherently high SNR
allows very high spatial resolution imaging at 7T (Nasr et al., 2016; Pedersen et al., 2017;
Sladky et al., 2018), but disadvantages include poorer static field homogeneity, greater RF
power deposition, and increased susceptibility and B; inhomogeneity artifacts (Edelman, 2014;
Glover, 2011; Ladd et al., 2018). For these technical reasons, combined with the lack of access
to 7T, the majority of fMRI studies are performed at 3T where T2* contrast predominates over
T2 contrast. Gradient refocused echo or gradient echo (GRE) T2*-W acquisition techniques
are widely used to maximise CNR at this clinically available field strength (Bandettini, 2001).
Elementary refinements to acquisition protocols through optimisation of spatial resolution have
the potential for broad positive impact on data quality across institutions currently accessing
3T MRI systems for their neuroimaging research. The focus of this thesis is on GRE sequence

use.
2.7.1 2D T2*-Weighted Gradient-Echo-Echo Planar Imaging (T2*-W GRE-EPI) sequence

In order to understand why the 2D T2*-W GRE-EPI sequence is the gold standard for fMRI at
3T, we will revisit the fundamentals. There are two pulse sequence families in MRI: spin echo
(SE) and GRE. SE sequences employ a pair of RF pulses, firstly to flip and then refocus protons
in the imaged slice. In their simplest form, SE sequences comprise a 90° pulse, then a 180°
pulse following which the signal is sampled at the Echo Time (TE in ms). This process is then
played out multiple times to form what is known as a pulse sequence, with the time between
each 90° pulse known as the Repetition Time (TR in ms). GRE sequences, however, utilise a
single RF pulse, following which the Free Induction Decay (FID) signal is manipulated via a
dephasing and rephasing gradient reversal (Figure 2.10). Because of their inherent design, GRE
sequences possess the critical advantage of speed over SE. As only one RF pulse is required,
with a flip angle of much less than 90°, both the TR and TE values can effectively be reduced,

resulting in a reduction in overall acquisition time (McRobbie et al., 2017).

In SE sequences, the 180° refocussing pulse effectively minimises effects of By field
inhomogeneities by rephasing the spins prior to signal sampling, thus producing images with

predominantly T2 contrast. However, GRE sequences are far more susceptible to magnetic

63
Chapter 2 — Brain Connectivity, BOLD and fMRI



field inhomogeneities, the susceptibility effects of which are not refocused by the gradient
reversal process, resulting in T2* contrast (Jackson et al., 2005). Although this outcome is not
desirable for all imaging purposes, it is this phenomenon of T2* contrast that forms the basis

of BOLD imaging, as noted in Section 2.3.

Spin echo T8 Gradient echo

90°
RF ﬂ RF
| pulse

pulse
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gradients gradients
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acquisigﬁon w acquisition VVM

TE TE
TR TR

Figure 2.10: Differences between Repetition Time (TR) and Echo Time (TE) values resulting

Jfrom pulse sequence design.

Note: Spin echo technique (left) requires two RF pulses whereas gradient echo technique
(right) requires only a single pulse with a flip angle of less than 90°, resulting in shorter
allowable TR and TE values (Campbell-Washburn, 2018).

2.7.2 Echo Planar Imaging (EPI)

Although the technique known as EPI was first described by Mansfield in 1977, the advanced
gradient technology required to implement it for imaging on clinical whole body MRI systems
did not become available until the 1990s (Huettel et al., 2004; Mansfield, 1977).
Fundamentally, EPI sequences allow acquisition of a full set of k-space data following a single
RF excitation pulse, that is, in one TR period. Speed is of the essence, as this must occur prior
to significant T2* signal decay. When first introduced, the EPI technique effectively facilitated

the acquisition of a full complement of slices covering the whole brain volume in a single TR,
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or single ‘shot’, of several seconds duration and its implementation was critical to the
development of fMRI (Bandettini, 2001; McRobbie et al., 2017). The significant increase in
temporal resolution afforded by EPI was the foundation for fast imaging of brain activity
associated with brain function and, although EPI is implementable in both SE and GRE pulse

sequences, this discussion focuses on the GRE implementation used for fMRI.

The method of k-space filling is the differentiating factor responsible for speed in EPI
acquisitions. EPI requires an unconventional Cartesian method whereby alternate lines are
filled in opposing directions, requiring a 90° turn at the end of each completed line (Figure
2.11). This process requires the generation of a train of gradient echoes following each RF
excitation pulse, typically produced by means of a bipolar oscillating readout gradient. Each
echo in the echo train is differentially phase-encoded such that multiple lines of k-space are
generated after a single RF pulse, each with a slightly different T2* weighting. In a single shot
EPI sequence, the number of lines is dictated by the number of echoes in the train, known as
the echo train length, and a wide receiver bandwidth is employed to minimise acquisition time

for each echo (Bernstein et al., 2004; Huettel et al., 2004; McRobbie et al., 2017).
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Figure 2.11: Diagrammatic representation of a single shot GRE-EPI pulse sequence (left)

and corresponding Cartesian k-space trajectory (right).

Note: Figure adapted from (Kazan & Weiskopf, 2017).
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The novel k-space trajectory places significant demands on the gradient and reconstruction
systems; both to enable the multiple changes in direction at the end of each k-space line and in
accommodating the opposing acquisition direction of adjacent lines during reconstruction.
Additionally, very strong readout gradients are required to facilitate wide receiver bandwidth
imaging (Bernstein et al., 2004). As a result, image quality can be impacted, particularly due
to artifacts such as Nyquist ghosting resulting from phase errors which appear in the phase
encoding direction as ghost images shifted by half the field-of-view (McRobbie et al., 2017).
Similarly, magnetic field inhomogeneity and susceptibility-related signal losses due to off-
resonance effects can result in image distortion, which can be mitigated with the use of parallel
imaging (Bernstein et al., 2004; Weiskopf et al., 2006). More recently, technological imaging
acceleration advancements such as simultaneous multi-slice and parallel imaging techniques
(see Section 2.2.2) that can be used in conjuction with EPI have led to even higher achievable

temporal resolution and a reduction in image artifacts (Bollmann & Barth, 2021).

Technical note: The 2D sequence used in this thesis work (previously optimised and currently

implemented onsite) is T2*-W GRE-EPI.
2.8 Towards Improving fMRI Data Acquisition Strategies

Although T2*-W GRE-EPI sequences are the sequence of choice at 3T, providing optimal
BOLD contrast sensitivity and the required speed for fMRI data collection, there is broad
consensus that the technique suffers from artifacts that are detrimental to data quality, in
particular, susceptibility issues resulting in signal loss close to air/tissue interfaces (Glover,
2011; Soares et al., 2016). This is a particularly salient consideration in studies focusing on the
amygdala, given its location in relation to the skull base (Merboldt et al., 2001). Researchers
have proposed various alterations and modifications to acquisition techniques to counter these
susceptibility issues, mainly involving more efficient alternatives to the rectangular Cartesian

k-space trajectory used in GRE-EPI (McRobbie et al., 2017).
2.8.1 Spiral k-space Trajectories

A new method of alleviating signal dropout in the parietal and orbitofrontal brain regions
caused by uneven dephasing at air-tissue boundaries at 3T was proposed by Glover and Law.
Utilising two versions of this sequence with ‘spiral-in’ and ‘spiral-in/out’ k-space trajectories,
they acquired images with VV of 70mm?®, reporting overall increases in SNR and BOLD

contrast and preservation of signal in those areas traditionally compromised by dephasing and
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signal loss in conventional EPI sequences (Glover & Law, 2001). Qin and colleagues, also
using a version of the sequence described by Glover and Law (Glover & Law, 2001),
investigated amygdala subregional structure and FC using rs-fMRI data with VV of 39mm?
acquired at 3T. They reported superior SNR and decreased susceptibility artifact in the temporal

lobes compared with the conventional EPI k-space acquisition strategy (Qin et al., 2014).

Following the apparent success of the spiral-in/out approach, Jung and colleagues utilised a
multi-shot interleaved variation of the technique to investigate its performance in acquiring
high-resolution fMRI data at 3T, reporting VV as low as 2mm?® and 3.4mm?® for visual and
memory tasks respectively. However, they noted trade-offs between spatial resolution, image
artifacts and image blurring which required further work (Jung et al., 2013). Further
disadvantages included very long reconstruction times and inability to utilise partial-Fourier
and rectangular FOV techniques to decrease scan times due to the non-uniform k-space data
sampling pattern. Additionally, although EPI can display geometric distortion and ghosting
issues, spiral imaging suffers from twisting and intensity distortions caused by gradient
deviations and attempts at improving reconstructed images introduced new artifacts (Block &
Frahm, 2005). In summary, issues exacerbated by sensitivity to gradient imperfections and non-
uniformity of the By field, as well as the heavy demands placed on system reconstruction have
combined to rule out routine use of spiral sequences for fMRI (Bollmann & Barth, 2021;

Kasper et al., 2020).
2.8.2 3D T2*-W GRE-EPI

The quest for a technique capable of providing both increased temporal and spatial resolution
imaging has led to the development of several 3D acquisition strategies, one of which is a
version of the 2D sequence previously described. Rather than selectively exciting slices within
the imaging volume, the 3D GRE-EPI technique involves exciting the entire imaging volume
and employing a second phase encoding direction in which parallel imaging can also be
enabled (Poser et al., 2010; van der Zwaag et al., 2012). This strategy provides a number of
key advantages. Firstly, SNR (calculated by \/Nslices) is substantially increased, predicated on
the whole volume excitation effectively contributing an increased number of data points to the
subsequent 3D Fourier reconstruction, meaning higher spatial resolution imaging, that is,
significantly smaller VV, is achievable. Secondly, the k-space acquisition strategy allows

undersampling in two planes, affording substantial increases in achievable temporal resolution
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(Poser et al., 2010). Compared to the 2D approach, significant reductions in RF power
deposition are also achieved with the use of lower flip angles together with the 3D
undersampling strategy which precludes the need for the simultaneous multi-slice technique
(Bollmann & Barth, 2021; Le Ster et al., 2019; Poser et al., 2010). In essence, the 3D version
has the potential to surpass the performance of an optimised 2D sequence in regions of high

susceptibility such as the amygdala.

Technical note: The 3D sequence used in this thesis work is a T2*-W 3D GRE-EPI Works-in-

Progress sequence kindly provided by Siemens Healthineers, Erlangen, Germany.
2.8.3 Other Data Quality Considerations

As we have seen, the amygdala is a challenging region for fMRI data acquisition. It is very
small, it is in an area prone to susceptibility-related signal loss, and it is composed of three
heterogenous subregions with multiple connections to other brain regions. A fuller discussion
of technical issues requiring consideration in building a protocol for fMRI studies of the
amygdala, together with protocol recommendations, is located in the Discussion section of

Chapter Three.
2.9 Summary

Despite the focus on mental health research over the last several decades since the introduction
of fMRI as an investigative tool, the fundamental neural mechanisms of depression remain
poorly understood. Broad cohort heterogeneity, current methods of diagnosis based on
symptom presentation, as well as data acquisition technique and paradigm-related variations
are all acknowledged contributors to the modest rate of progress. Increased precision in both
patient and therapy evaluations based on differential brain FC has been heralded as a way to
move the field closer to the holy grail of biomarker identification (Grogans et al., 2022; Tura
& Goya-Maldonado, 2023). The imaging work of Klein-Flugge and colleagues has
demonstrated the benefits to neuropsychiatric clinicians of considering the amygdala not as a
single structure, but on an individual subnuclei level by identifying FC alterations to accurately
predict mental health dimensions such as life satisfaction, anger and sleep (Klein-Fliigge et al.,
2022). Volz and colleagues have noted the benefits of resolving issues of data quality by
protocol optimisation at the data acquisition phase rather than through post-processing methods

(Volz et al., 2019) whilst a recent discussion of the challenges around the utility of amygdala
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fMRI and inconsistency of study findings noted the importance of optimising scanning

protocols in fMRI data acquisition of the amygdala (Varkevisser et al., 2024).

The overarching aim of this thesis work is to further our understanding of the amygdala
subregions and their functional connections in depression using high resolution fMRI. There is
clearly a need for improved data quality to accurately identify those functional connections,
which can conceivably lead to a better appreciation of the implications of aberrant connectivity.
This chapter has focused on the methods available to interrogate the amygdala, justifying the
selection of acquisition sequences, spatial resolution values, RF receiver coil, data analysis
software and post-processing tools that are utilised for the studies reported in Chapters Four
and Five. Chapter Four focuses on comparing Treatment-Resistant (TSD) and Treatment
Sensitive (TSD) cohorts with healthy individuals using an optimised version of the
conventional 2D version of the T2*-W GRE-EPI sequence, whilst Chapters Five and Six
compare the capabilities of the 2D sequence and a novel 3D sequence in healthy individuals in
two different scenarios, connectivity to resting state networks and connectivity to subcortical
brain regions. Resting-state data is acquired on a 3T Prisma MRI system in conjunction with a
64-channel head and neck RF coil. Data are post-processed and analysed in CONN toolbox
using subregional amygdala ROIs from the JuBrain (SPM) Anatomy Toolbox and Seed Based

Connectivity measures are used for comparisons.
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Chapter 3: Functional Magnetic Resonance Imaging of the

Amygdala and Subregions at 3 Tesla: A Scoping Review

This chapter is composed of two parts. The scoping review protocol, registered with the Open
Science Framework and published on the medRxiv preprint server for Health Sciences, is
located in Appendix C. The formal scoping review in the following pages was undertaken to
provide a broad overview of current practices in relation to spatial resolution of fMRI

acquisitions used in studies reporting on amygdala activation and functional connectivity at 3T.

The review identified considerable disparity in fMRI acquisition protocols across imaging
sites, resulting in broad data heterogeneity, particularly in relation to studies focusing on the
amygdala subregions. Of the 192 studies included, only 16% used high resolution data
exclusively and almost 90% of studies reported findings relating to the amygdala as a single
structure. To mitigate this issue, recommendations were made for optimization of sequences
for imaging the amygdala and its subregions at 3T. Protocol optimization and harmonization
across sites performing similar research studies was also recommended as a simple yet effective

way to progress the field.

The formal scoping review in this chapter is published in the Journal of Magnetic Resonance

Imaging.
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W) Check for updates

REVIEW

Functional Magnetic Resonance Imaging
of the Amygdala and Subregions at 3 Tesla:
A Scoping Review

Sheryl L. Foster, MHIthSc (MRS)(MRI),"?* @ Isabella A. Breukelaar, PhD,>
Kanchana Ekanayake, BA(SpeciaI)—LIS,4 Sarah Lewis, PhD,’
Mayuresh S. Korgaonkar, PhD?

and

The amygdalae are a pair of small brain structures, each of which is composed of three main subregions and whose func-
tion is implicated in neuropsychiatric conditions. Functional Magnetic Resonance Imaging (fMRI) has been utilized exten-
sively in investigation of amygdala activation and functional connectivity (FC) with most clinical research sites now utilizing
3 Tesla (3T) MR systems. However, accurate imaging and analysis remains challenging not just due to the small size of the
amygdala, but also its location deep in the temporal lobe. Selection of imaging parameters can significantly impact data
quality with implications for the accuracy of study results and validity of conclusions. Wide variation exists in acquisition
protocols with spatial resolution of some protocols suboptimal for accurate assessment of the amygdala as a whole, and
for measuring activation and FC of the three main subregions, each of which contains multiple nuclei with specialized
roles. The primary objective of this scoping review is to provide a broad overview of 3T fMRI protocols in use to image the
activation and FC of the amygdala with particular reference to spatial resolution. The secondary objective is to provide
context for a discussion culminating in recommendations for a standardized protocol for imaging activation of the amyg-
dala and its subregions. As the advantages of big data and protocol harmonization in imaging become more apparent so,
too, do the disadvantages of data heterogeneity.

Evidence Level: 3

Technical Efficacy: Stage 2

J. MAGN. RESON. IMAGING 2024;59:361-375.

unctional Magnetic Resonance Imaging (fMRI) has

become one of the most powerful tools in the investigation
of functional organization of the brain since its inception
in the early 1990s." Continuous technical developments in
this noninvasive technique have led to its broad adoption
for investigating neural activation and functional connec-
tivity (FC) within the brain,” particularly by neuropsychi-
atric researchers investigating potential neural alterations in

mental health conditions.?

From a neuroimaging standpoint, FC has been defined
by Friston et al, as “...the temporal correlations between spa-
tially remote neurophysiological events.”” Put simply, differ-
ent areas of the brain are considered to be part of the same
functional network, demonstrated through a statistical rela-
tionship, if they are “active” at the same time.°

One region that has been identified in structural and
fMRI studies as being broadly implicated in many mental
health conditions is the amygdala.” The amygdalae are key
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components of the brain’s emotion circuitry® and comprise a
pair of very small almond-like structures located in the tem-
poral lobes.” fMRI using both task and resting-state tech-
niques has facilitated investigation of the functional role of
the amygdala and how it is connected to the rest of the brain
in mental health conditions.””'® This is important as it has
been posited that changes in the organization of functional
brain connections are responsible for mental health condi-
tions rather than their causes being attributed to local or
regional structural abnormalities."" Despite being the subject
of much investigation, the role of the amygdala and its func-
tional connections with other brain regions remains poorly
understood.'” This is due, in part, to its diminutive size with
average volumes reportedly around 1240 mm?® (1.24 cm?®)."?
A further barrier to greater understanding is that the amygdala
comprises nine functionally different nuclei which are grouped
into three discrete subregions, the laterobasal (LB),
centromedial (CM), and superficial (SF) (Fig. 1). It has been
previously shown that each subregion has a specialized role and
displays differential connections to the rest of the brain."*"”
Blood Oxygenation Level Dependent (BOLD) contrast,
based on an intrinsic sensitivity to local alterations in oxygen
consumption driven by neural activation, is the primary mecha-
nism used in fMRI to detect activation in the brain.'® BOLD
signal changes detected on 1.5 Tesla (1.5T) and 3 Tesla
(3T) systems are very small, being only 1%-5%'"* and
Contrast-to-Noise ratio (CNR) provides a measure of these rela-
tively small BOLD signal fluctuations compared to the noise.
Aside from the modest BOLD signal changes achieved, a limita-
tion to its use in investigation of the amygdala is the conflicting
requirement for high resolution in both space (spatial resolu-
tion) and time (temporal resolution).”’ Signal-to-noise ratio
(SNR) is the “currency” of MRI and is a major determinant of
the levels of spatial and temporal resolution achievable. Typi-
cally, imaging sequences provide high spatial or high temporal
resolution with each outcome being compromised by the other.
As SNR and field strength are directly proportional, ultra-high
field strength systems such as 7 Tesla (7T) and above possess

inherently higher SNR and can produce images with higher
spatial  resolution and larger activation-related  signal
changes.”**> However, the bulk of fMRI clinical research is
currently performed on 3T systems due to their relatively wider
availability and, although the SNR levels are proportionally
lower than 7T, there are fewer issues with problematic suscepti-
bility and dephasing artifacts which are a function of ultra-high
field strength systems.”> 3T is now considered as the standard
field strength for AMRI studies™*; however, acquisition protocols
appear to be variable, particularly in relation to spatial resolu-
tion, resulting in data that is potentially suboptimal in the inves-
tigation of very small structures.”>>

High spatial resolution, indicated by voxel volume
(VV) in mm?, is required in order to accurately image very
small structures such as the amygdala and its subregions®
and this level of resolution is easily achievable in structural
MRI with VV of less than 1 mm?® (0.001 cm?) currently in
common use.”’ However, for fMRI protocols, data is
acquired at much lower spatial resolution, with larger VVs
of 20-50 mm® considered as “standard™** and up to
100 mm® commonly in use.”® This is due to additional
temporal constraints on the acquisition of task and resting
state fMRI data such as task design, adequate sampling of
the brain’s haemodynamic response and sufficient SNR and
CNR for desired brain coverage. Slices covering the whole
brain (one volume) are acquired within one repetition time
(TR) period of typically 2-3 seconds which is long enough
to account for the brain’s relatively slow haemodynamic
response”’ and multiple volumes form a time series dataset
which can be used to estimate the haemodynamic response
function for each task condition. Due to the direct
proportionality between SNR and VV the combination of
temporal requirements results in parameter selection com-
promises, making it more challenging to achieve higher spa-
tial resolution.”® Published fMRI studies reveal wide data
heterogeneity with VV in use for reporting on amygdala

3

activation and connectivity ranging from 8 mm

(0.008 cm®) to 64 mm> (0.064 cm?).>*%”

FIGURE 1: T1-weighted sagittal (left), and coronal (right) images showing location of the amygdala and three main subregions

(SF = green, LB = blue, CM = red).
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Given reports of additional activation and FC patterns
being differentiated in many brain regions using high spatial
resolution fMRI at both 3T and 7T,**** optimization and
wider implementation of a high-resolution technique at 3T is
overdue, particularly for the amygdala and its significantly
smaller subregions. Other aspects of the data collection pro-
cess also deserve scrutiny. Appropriate selection of acquisition
plane can potentially reduce through-plane signal dephasing
and improve SNR levels.”"** Similarly, the choice of radi-
ofrequency (RF) coil design is an important consideration
which can impact significantly on SNR levels and achievable
spatial resolution.*

Many technical choices are made in the establishment
of fMRI protocols, with sites having differing access to hard-
ware and software options and varying levels of expertise.
However, selection of optimal VV is an important aspect that
can be easily implemented with positive consequences for
data quality.®* The focus of this scoping review is on the spa-
tial resolution values achieved in a wide range of published
fMRI protocols used for reporting amygdala activation and
FC. Its objective is to provide a broad overview for the pur-
pose of stimulating discussion in three key areas:

1. Variations in VV used in studies evaluating activation and
FC in the amygdala and its subregions.

2. Potential advantages of protocol optimization such as
improvements in data quality and reproducibility with an
emphasis on the amygdala subregions.

3. Value of protocol harmonization in addressing the chal-
lenges of data heterogeneity in big data collaborations.

Methods

This review protocol follows the Preferred Reporting Items
for Systematic reviews and Meta-Analyses extension for Scop-
ing Reviews (PRISMA-ScR) methodology35 as well as the
5-step methodological framework of Arksey and O’Malley.*®
The scoping review protocol is registered at the Open Science
Framework (osf.io/e3c28) and published as a preprint
online.””

Adhering to the recommendations of Bramer and col-
leagues®® for achieving maximum recall rate, the following
databases were searched on February 9th and 11th, 2022;
Medline, Embase, Web of Science, Google Scholar and
Scopus. Medical Subject Headings terms for the search,
which excluded nonhuman studies, encompassed the follow-
ing terms:

1. Functional Magnetic Resonance Imaging OR functional
MRI OR fMRI

2. Amygdal* OR amygdal* nucleus

3. Functional connect* OR FC (functional connectivity)

4. 3 Tesla OR 3T
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The database searches yielded a total of 572 publications
which were then imported into Covidence software.” Of
these, 186 were automatically identified as duplicates leaving
386 for screening and data extraction. Two authors (SF and
IB) independently performed all screening; 75 records were
excluded during abstract and title screening while a further
119 were excluded at full-text review resulting in a total of
192 articles for inclusion. The mean number of participants
per study was 69. A PRISMA flowchart outlining the search,
screening and selection strategy along with reasons for exclu-
sion is shown at Fig. 2.

Given that fMRI data quality and inherent image reso-
lution is a complex topic, six sub-questions were investigated

and data were extracted for discussion:

. What sequence type was used for data acquisition?

. What spatial resolution values were achieved (VV in mm?)
. What imaging plane was utilized?

. Was whole brain coverage achieved?

. What was the sequence acquisition time?

AN NN~

. What type of radiofrequency (RF) coil was utilized for sig-

nal reception?

Results

As this review captured a large number of publications, the
full data extraction table and reference list is provided in the
Supplementary materials. Table 1 provides an overall data
summary and Table 2 provides a summary of studies with
subregional findings. Figure 3 illustrates the results at-a-

glance.

Sequence Type

The T2*-weighted two-dimensional (2D) Gradient Echo-
Echo Planar Imaging (GE-EPI) sequence was the most com-
mon acquisition sequence with 85% of studies (n = 164)
reporting its use exclusively and a further 6% (n=11) of
authors not specifically naming their sequence but reporting
parameter selections in keeping with GE-EPI. A total of
11 studies used spiral sequences, three of which also used
GE-EPI and combined the data from both sequences. Two
studies used Spin Echo-Echo Planar Imaging (SE-EPI), one
used dual-echo EPI, one used a gradient spin echo technique
and one used the Arterial Spin Labeling (ASL) technique.
One study acquired data with both GE-EPI and ASL
techniques.

A majority of studies (56%, n = 108) focused on acqui-
sition of resting state fMRI (rs-fMRI) data while 35%
(n = 68) focused on task-based fMRI, where participants are
asked to view images or actively engage in a task during the
scan. Sixteen studies reported both task and rs-fMRI acquisi-
tions, while two studies by the same group reported using
task data for intrinsic resting state data analysis,lko’41 an
approach that has been previously validated.**
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Duplicates removed

> (n=186)

Records excluded with reasons
(n=175)

*No focus on amygdala (n=24)
*Review article (n=9)
*Poster/conference abstract (n=9)

*Animal study (n=7)

*Non-peer reviewed/preprint (n=7)
*Not scanned at 3T (n=6)
*Technique other than fMRI (n=5)
*Corrections and case studies (n=5)
*Not found (n=3)

Full-text articles excluded with reasons

(n=119)
*Poster/conference abstract (n=85)
*No data re voxel size (n=14)

*No focus on amygdala (n=9)
*Not scanned at 3T (n=4)
*Technique comparison (n=2)
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*Non-peer reviewed/preprint (n=2)
*Impractical sequence length (n=1)
*Meta-analysis (n=1)

*Second author duplicate (n=1)

FIGURE 2: PRISMA flowchart outlining inclusion and exclusion process.

Spatial Resolution

VV  ranged widely
2.44 mm? x slice thickness =3 mm) to 100 mm’
size = 25 mm” X slice thickness = 4 mm). Fourteen of the

(pixel  size =

from 7.3 mm®

(pixel

192 studies aggregated data from multiple protocols and scan-
ners, only one of which used the same VV across protocols.
To facilitate presentation and discussion of our results, we used
Olman and Yacoub’s proposal of VV ranges. From 1 to
20 mm® was considered high resolution and greater than
20 mm to 50 mm’ was considered standard resolution.* All
studies with VV greater than 50 mm?’ were considered to be
low resolution.

Of the 192 studies reviewed, only 16% (n = 30) acquired
high-resolution data exclusively with a further four combining
high and standard resolution data. All data acquired in 66% of
studies (n = 126) was standard resolution with a further three
combining standard and low-resolution data. Of the remaining
studies, 15% (n = 30) reported use of low-resolution data
exclusively and a further three combined low and standard reso-
lution data. Of the low-resolution studies, the data from all but

Volume 59, No. 2

one fell into the range of 50-70.3 mm’ with a single study
reporting a VV of 100 mm”.

Slice thickness or through-plane resolution ranged from
2 to 5 mm with 66% of studies (n = 127) exclusively using
data with the median slice thickness of 3.5 mm or less. The
protocol in 74% of studies (n = 143) did not use a slice gap
technique. Studies not specifically reporting a slice gap were
presumed to have none. Of the remaining 49 studies reporting
a slice gap, four combined data using both techniques.

Slice gaps, commonly referenced as a percentage of slice
thickness, ranged from 0% to 33.4% of slice thickness in
88% of the 49 studies using this technique. Of the remain-
der, two studies employed a gap of 50% (4 mm/2 mm,
2 mm/1 mm), two used a gap of 53.8% (2.6 mm/1.4 mm),
one used a gap of 100% (3 mm/3 mm) while one reported a
gap of 125% (3.4 mm/4.25 mm).

Imaging Plane
Axial or axial oblique acquisition planes were by far the most
popular choice, with 97% of studies (n = 186) utilizing this
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FIGURE 3: Results at-a-glance.

plane. Of the remaining six studies, four used sagittal and
two used coronal or coronal oblique planes. Studies not
directly reporting an acquisition plane (n = 68) were pre-
sumed to have acquired axial or oblique axial slices due to this

being the most commonly used plane.*®

Whole Brain Coverage

Whole brain coverage was obtained in 96% of studies
(n = 185), with all but six of these also utilizing the axial or
oblique axial plane. Of the seven studies acquiring limited
brain coverage, only five acquired high-resolution data and all
used axial or oblique axial planes as well.

Sequence Acquisition Times

There was a wide variation in acquisition times (T'A) with the
shortest sequence being reported at 2 minutes 44 seconds and
the longest single TA at 24 minutes. TA was unreported in
41% of studies (n = 79) and, of the remaining 113 studies,
20% (n = 23) used TA of less than 6 minutes only, 46%
(n =52) used a TA of 6 to 8 minutes only, 19% (n = 21)
used a TA of more than 8 to 10 minutes only and 12%
(n = 13) used a TA greater than 10 minutes only. Four stud-
ies reported TAs from two different TA groups, due to either
the use of different TA for task and rs-fMRI acquisitions or
the combination of data from different sites and/or MRI sys-
tems. Two studies combined four separate 15 minute acquisi-
tions for a total of 1 hour of data.

Radiofrequency Coils

As expected, most studies used data acquired on a single coil
type with the most commonly used being the 32-channel
phased array in 22% (n = 42) of studies. This was followed
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Full Brain Coverage

= High Res: 1-20mm3

= Std Res: >20-50mm?3
= Yes
¥ Low Res: >50mm3
= No

= Mixed Resolution

RF Coil Type

= 8 Channel

= 12 Channel

= 16/20/24 Channel
= 32 Channel

u 64 Channel

= Axial/axial oblique = Mixed

# Coronal/coronal oblique = Other

= Sagittal = Not Stated

by the 8-channel phased array with 18% (n = 35) and
12 channel phased array with 11% (n = 21). Three studies
utilized the newer technology 64 channel head/neck phased
array while one used the 16-channel phased array, and one
each used 20 and 24 channel phased arrays. Three studies
combined data acquired on different coil types, two of which
used data from both 8 and 32 channel phased arrays while
one combined data from 12 and 16 channel phased arrays.
The remaining 9% (n = 17) reported use of birdcage, quad-
rature, custom-designed or other ambiguously-named coil
types. In approximately 35% of studies (n = 68), the authors
reported no information on RF coil type.

Results for Studies Reporting Subregional Findings
Twenty-one studies reported subregional activation in the
amygdala."**=% A summary of the data relating to these
studies is reported in Table 2. Of these, 18 used the GE-EPI
sequence and one each used the spiral and DE-EPI tech-
niques, with one combining data acquired with both GE-EPI
and ASL techniques. Only four studies used high-resolution

17:45:46.62 while two other studies used a com-

data exclusively
bination of high and standard resolution data.***° Ten stud-
ies used standard resolution data.? 49350586163 o

51:52:57:60 and one combined

studies used low-resolution data
standard and low-resolution data.’® Interestingly, four studies
reported subregional findings using low-resolution data with
VV larger than 50 mm> """ two of which used VV of
70.3 mm?>.”>° Four of the studies used a slice gap technique,
two of which used a gap of 33.3%,”>
25%,°° and one used a gap of 12.5%.>°
All 21 studies acquired whole brain data in the axial
oblique plane with one study reporting use of a “—30°" slice

one used a gap of
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tilt to minimize signal loss.”> TA ranged from 4 minutes

4 .
347 to 15 minutes

48 seconds in a study using VV of 42.9 mm
per that

Connectome Project®® data with VV of 8 mm?. These groups

sequence in two studies utilized Human
combined data from four 15-minute acquisitions for analy-
sis."”* Five studies did not report their TA but of the 16 that
did, 50% used a TA from 6 to 8 minutes. Seven studies did
not report on their RF coil type, but of the remaining

14, 50% used a 32-channel phased array.

Discussion

In providing an overview of the acquisition protocols in use
at a large number of imaging sites, this review has revealed
the disparity in spatial resolution of fMRI data acquired to
investigate the amygdala and its subregions. While the same
sequence type and imaging plane was used in a large majority
of studies, spatial resolution values and acquisition times were
found to vary widely. This was particularly notable in the
studies reporting subregional activation in the amygdala, with
results in 81% of these studies relying on standard, low or
mixed resolution data. This use of suboptimal techniques to
image the amygdala together with significant variation in
scanning parameters may be contributing to incongruent
findings across studies as well as lack of success in study
replication.

The T2*-weighted Gradient Recalled Echo (GRE) or
Gradient Echo (GE) pulse sequence is inherently sensitive to
BOLD-related susceptibility effects and is the mainstay in use
at 3T due to the predominance of T2* contrast over T2 con-
trast.” The 2D version of the GE Echo Planar Imaging
(GE-EP]) sequence, with its high BOLD sensitivity, is con-
sidered the gold standard.*” In addition, its ease of implemen-
tation and wide availability in both research and clinical
environments has rendered it the sequence of choice for fMRI
of the brain®* and this was evident in our review with over
90% of studies employing this technique. The primary differ-
ence between spiral and GE-EPI sequences is the k-space tra-
jectories; spiral sequences traverse k-space from the center to
the periphery while GE-EPI employs a Cartesian trajectory of
line-by-line acquisition.®> Spiral k-space trajectory techniques
have been shown to be superior to GE-EPI techniques in
recovering signal in areas typically affected by susceptibility-
induced field gradients such as frontal and medio-temporal
areas, with the difference in magnetic susceptibility values at
air/tissue interfaces typically being around eight parts per mil-
lion (ppm).66 However, the use of these techniques is not
widespread, as evidenced in our review, partly due to the
requirement for lengthy non-standard offline image recon-
struction which many clinical research sites cannot support.®”
The use of alternative acquisition techniques was also mini-
mal due to their shortcomings. Arterial spin labeling is lim-
ited in fMRI due to its relatively poor functional contrast and
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temporal resolution, despite its high spatial accuracy.®® Gradi-
ent spin echo techniques are also not commonly used due to
their lower sensitivity, reduced brain coverage and greater
heat deposition into the patient reported as Specific Absorp-

tion Rate (SAR) in watts per kilogram.43

Data Quality—SNR, CNR, and Spatial Resolution
Considerations

Both SNR and CNR are used as measures in assessment of
overall data quality in fMRI. As data provides information
about signal fluctuations and stability over a time course SNR
is referenced as temporal SNR (tSNR), or mean signal inten-
sity over time.”>% As previously outlined, SNR and VV are
directly proportional.'” In theory, the use of smaller VV to
achieve higher resolution fMRI data results in reduced tSNR
per individual voxel which seems intuitively undesirable.
Therefore, in the compromise between tSNR and achievable
spatial resolution when selecting VV, often spatial resolution
suffers.

However, there are several other issues to consider in
relation to overall data quality when choosing VV. Of
primary concern is the location of the amygdala itself. t<SNR
field

(BO) inhomogeneity which results in signal loss and image

is diminished by localized main  magnetic
distortion at air/tissue interfaces. Intravoxel dephasing or sig-
nal drop-out occurs when BO is inhomogeneous within an
individual voxel, effectively reducing its SNR contribution.””
Areas particularly impacted are the inferior temporal regions
and sphenoid sinuses adjacent to the amygdala where protons
are effectively spinning at different frequencies.”’ Also, with
Cartesian k-space trajectories such as that used in GE-EPI
sequences, distortion results from voxels being mismapped
due to phase errors. In these scenarios, increasing spatial reso-
lution by reducing VV has been shown to improve data qual-
ity”' and potential increases in BOLD signal can be obtained
by acquiring smaller voxels in areas such as air/bone interfaces
that are traditionally difficult to shim well.” Similarly,
Olman and colleagues reported that although tSNR was
reduced when using smaller VV there was less signal variabil-
ity across the Medial Temporal Lobe, resulting in more con-
sistent BOLD sensitivity across the region of interest.”’
Further, Robinson et al focusing their measurements on the
amygdala, showed that the SNR penalty incurred in halving
the VV by reducing the slice thickness to 2 mm was offset by
a notable decrease in intravoxel dephasing.””

Partial volume averaging occurs with larger voxels that
encompass a mix of tissue types and its effects can be reduced
by matching the VV or spatial resolution to the size of the
potential activation during the acquisition in order to maxi-
mize functional CNR.” Partial volume averaging effects have
also been shown to be particularly significant in imaging the
amygdala, not only due to its small size but its location adja-
cent to the Basal Vein of Rosenthal which has been shown to
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give rise to confounding vascular signals when it is partally
contained when using larger voxels.””

As BOLD signal changes are effectively the signal of
interest, CNR has been suggested as the primary indicator of
data quality.”® CNR is maximized by reducing noise contri-
butions which have a greater negative impact in fMRI. Unlike
background noise in MRI images, noise in fMRI time series
data is a blend of physiological noise such as respiratory and
cardiac pulsation and thermal noise being emitted by the MR
system components as well as from the patient’s body.*"”*
Maximal CNR has been shown to be achievable with higher
spatial resolution imaging in conjunction with mitigation of
noise contributed by artifactual and physiological signal fluc-
tuations.'”  Physiological noise contributions also reduce
tSNR levels and can be addressed during data post-processing
and analysis.””

Taken together, these technical points provide justifica-
tion for udilizing smaller VV in fMRI focusing on the amyg-
dala, even though only 16% of studies in this review utilized
high-resolution data in reporting their findings.

Selection of Slice Orientation and Acquisition
Method

Data acquisition can be performed sequentially or in an inter-
leaved fashion. Researchers typically use an interleaved slice
acquisition technique which is advantageous as it precludes
the use of a slice gap.”® Using a sequential slice acquisition
method without a slice gap can result in slice excitation leak-
age or adjacent slice saturation leading to reduced tSNR’’;
however, MR system manufacturers have developed and
implemented methods to mitigate these effects.”® Of the
studies reporting use of a slice gap technique it is unknown
whether an interleaved or sequential slice acquisition tech-
nique was used as this data was not extracted for the current
review.

A general disadvantage of using a gap technique is that
spin-history artifacts can occur with through-plane head
motion which is more severe with increasing gap size. On the
other hand, the gap technique can be advantageous as it
allows increased brain coverage while keeping within a
defined TR and slice envelope. However, when imaging the
amygdala, use of a gap technique could result in missing
potential activation occurring in tissue in between the imaged
slices.””™®' As the almond-shaped amygdala is very small at
only around 10 mm in width®® with an average volume of
approximately 1240 mm>,'? the acquisition of interleaved
contiguous axial 3 mm slices would likely result in amygdala
tissue appearing in only 3—4 slices, and even fewer if thicker
slices or a slice gap technique was used. This highlights the
importance of considering the size of the structure of interest
when making protocol decisions about spatial resolution and
slice acquisition techniques. Of the studies in this review
reporting on the subregions 20% used some or all data
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acquired with slice gaps, two of which used standard resolu-
tion data with 3 mm slices and a 33% gap while another used
combined standard and low-resolution data with 5 mm slices
and a 25% gap.

Slice orientation has the potential to contribute to signal
loss in T2*-weighted imaging and selection of acquisition
plane should be also considered in relation to the particular
brain regions under investigation. The plane introduced by
Talairach and commonly referred to as the AC-PC (Anterior
Commissure—Posterior Commissure) line is reportedly the
most widely used and has been broadly adopted as a standard
reference angulation in fMRI acquisitions>®* and this was
evident in our review with 97% of studies reporting its use.
Acquisition of whole brain data parallel to the AC-PC line is
more time-efficient as it requires around 30% less slices com-
pared to the coronal plane.”>** The use of axial slices angled
at approximately —30° (i.e., with the anterior edge of the
slice tilted cranially) has been reported to improve BOLD
sensitivity in the region of the amygdala as well as decreasing
susceptibility-related signal loss; however, this angulation may
be suboptimal for imaging other regions when acquiring
whole brain data that is a requirement for FC studies.®**?
Only one study in our review utilized this slice angulation
and they reported subregional findings using standard resolu-
tion data. Although the study was based on task activation
rather than investigation of FC, whole brain coverage was
acquired with this angulation.®® Selection of imaging plane in
relation to orientation of the structure of interest, especially
when using rectangular or anisotropic voxels, is also an
important consideration. The use of large voxels that are also
anisotropic has been shown to provide inaccurate data on vol-
ume and shape of small nuclei as well as a reduction in signal
sampling accuracy which is based on the largest voxel dimen-
sion. Therefore, small isotropic voxels are preferred because of
their cubic nature.®%

Earlier studies on 1.5T systems have explored the use of
other slice orientations for improved imaging of the amyg-
dala. Merboldt et al found that optimal BOLD imaging for
investigation of the amygdala required data acquisition in the
coronal plane.*® Chen and colleagues also reported that, for
the amygdala, the largest susceptibility field gradients occur in
the superior—inferior (SI) direction and higher BOLD sensi-
tivity was demonstrated in oblique coronal images in con-
junction with frequency-encoding in the SI direction.®” This
was in agreement with Bandettini who noted the use of coro-
nal and sagittal slice acquisitions in many studies for the same
reason.'” However, along with the arrival in the mid-2000s
of 3T systems with more powerful gradients, came a number
of additional technical considerations. While superior gradient
performance has many advantages, use of stronger gradients
was restricted when using a coronal orientation in conjunc-
tion with SI phase encoding. This was due to reports of
peripheral nerve stimulation and potential signal aliasing
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using this configuration, thereby limiting its use.**®” A fur-
ther consideration following the primary selection of phase
encoding direction is the secondary choice, for example, SI or
inferior—superior (IS). In areas affected by susceptibility arti-
facts this choice has been shown to impact on the accuracy of
data analysis. Depending on the direction selected, images
can be either distorted by distraction or compression; choos-
ing the direction resulting in signal distraction is preferred as
signal within regions of interest that have been compressed
cannot be recovered during analysis.”’ In our review only,
four studies used the sagittal plane and two used coronal or
coronal oblique planes. None of the six reported subregional
findings and all acquired whole brain coverage with standard
or low resolution VV, a protocol decision potentially driven
by the conflicting need to acquire more slices for high-
resolution data when scanning in these orientations.

Whole Brain Coverage vs. a Targeted Approach

To accommodate the need for high spatial resolution data
acquisition, multi-resolution approaches have been proposed
in which a lower-resolution whole brain dataset is acquired to
identify the site of activation, following which a targeted
high-resolution dataset is acquired at that site.””> In cases
where the location of the target is known, it can be time-
saving to focus only on the desired area of activation rather
than acquiring high-resolution data over the whole brain. The
latter approach necessitates an increased number of slices for
coverage resulting in increased TR and reduced temporal res-
olution. These issues present a conundrum when considering
the optimal acquisition strategy for the amygdala as both high
spatial and temporal resolution are required. If the purpose of
the study is to investigate FC, whole brain coverage is neces-
sary as activation needs to be interpreted within the context
of amygdala connections with other spatially remote brain
regions, rendering a reduced-coverage approach impracti-
cal.>*®8 Seven studies in our review used a targeted approach
with all acquiring task rather than resting-state data. Of these,
five acquired high-resolution data and two acquired standard
resolution data. Only 1 of the 21 studies reporting on the
amygdala subregions used a targeted approach and this group
acquired high-resolution data.®®

Optimal Sequence Acquisition Time

Choice of TA can involve compromise for a variety of rea-
sons, with participant population being a major consider-
ation. TA can also differ between task and resting state
acquisitions with longer TAs of 15-25 minutes being rec-
ommended for FC studies with greater reproducibility.*
However, Van Dijk and colleagues showed that fMRI with
TA of around 6 minutes was satisfactory for demonstrating
FC patterns in the brain and that performing more runs
reflected only marginally on data reliability.”® Of the
113 studies in our review that reported their TA, only 15 used
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a TA of less than 6 minutes to acquire FC data and 40 studies
used a TA of 6 to 8 minutes. Acquiring more data over a lon-
ger TA allows the possibility of discarding portions of
motion-affected data while still retaining enough temporal
measurements for analysis. However, as extended scan times
can result in patient movement, TAs of 6 to 8 minutes pro-
vide a reasonable compromise.

In the absence of acceleration techniques (discussed
below) TA is a relatively simple calculation of the product of
TR and number of volumes acquired. Temporal resolution in
fMRI, effectively the time taken to acquire all slices once
(i.e. one TR) is negatively impacted when acquiring higher
spatial resolution data as more slices are required for whole
brain coverage. Maintaining the same TA could be achieved
by a reduction in the number of volumes acquired.”” How-
ever, the very small signal changes of only around 1%-5%
make BOLD imaging extremely challenging and decreasing
both the number of volumes and the VV in order to maintain
the TA would significantly reduce tSNR.*> In fact, one
method used to improve tSNR when seeking to image at
higher resolution is to acquire a greater number of time
points or volumes by scanning for longer, thus reaping the
benefits of signal averaging; however, a doubling of scan time
only increases SNR by a factor of \2.33

The critical nature of the relationship between TA and
tSNR in detection of fMRI effect size has been demonstrated
by Murphy et al, whose work outlined the value to
researchers of prospectively determining the required effect
size to a specific P-value. Using this information together
with tSNR values they demonstrated that the TA appropriate
to each fMRI experiment can be calculated and that an
increase in tSNR can significantly reduce TA for a given

effect size.?’

Radiofrequency Coil Technology

The evolution of RF coil technology and, in particular, the
introduction of phased array coils has positively impacted
SNR levels and data quality.”® This review revealed use of a
wide range of coil types, including traditional volume trans-
mit/receive types through to a variety of multi-channel
phased array receivers ranging from 8 to 64 channels. Muld-
channel phased arrays have been shown to provide SNR ben-
efits over traditional volume coils, in part due to their
improved filling-factor which relates to coil fit with regard to
the region of interest.”> Of the studies in this review
reporting their coil type, 84% used a multi-channel phased
array for signal reception.

An early demonstration of the superiority of multi-
channel coil technology in the anterior Middle Temporal
Lobe was reported by Bellgowan et al in a comparison
between higher and standard resolution slices (2 and 4 mm)
acquired with both an older style transmit/receive volume coil
and a 16-channel array receiver. They reported significant
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improvements in tSNR and CNR when acquiring high-
resolution data but noted this was only possible with the use
of the multi-channel array coil.”’

Since their introduction, multi-channel coils have been
adapted to accommodate increasing numbers of individual
elements and 64 channel phased array coils are now available.
A less desirable function of coils with very high numbers of
elements is a reduction in depth penetration in line with
decreasing element size. Higher SNR is evident peripherally
due to the close proximity of the arrays to the anatomy while
signal drop-off may be seen centrally, resulting in signal non-
uniformity across the FOV.* Correction algorithms to
compensate for this are widely available on commercial MRI
systems, the use of which is recommended in studies focusing
on deeper sub-cortical structures such as the amygdala.”

The most commonly used coil type in this review was a
32-channel phased array which is intuitively a good compromise
between high SNR and adequate depth penetration for
improved signal uniformity, an important consideration as the
amygdala is a relatively deep brain structure. Interestingly, in a
direct comparison between 32 and 64 channel phased arrays, a
study by Keil et al”® found that the 64-channel phased array
outperformed the 32-channel phased array centrally as well as
peripherally in SNR terms when acceleration factors of 3 or
more were used. This was due to g-factor (noise amplification)
improvements attributed to the reduced element size allowing
better spatial distinction of the variation in signal intensities and
this was also the case when the Simultaneous Multi Slice (SMS)
technique was employed. As the 64-channel head/neck array is
relatively new technology, its use may become more widespread
as sites look to upgrade their head coils in the future.

Phased array coils possess several advantages over ear-
lier coil designs. Along with the capability for imaging larger
fields-of-view with inherently higher SNR, their use allows
spatial localization of signals. This provides opportunities for
reducing TA by employing in-plane (parallel imaging) and
through-plane (SMS) acceleration techniques. In general,
differing coil sensitivity profiles in these arrays allow signals
to be spatially localized, thus enabling data undersampling
with a concomitant reduction in TA. Data can then be fully
reconstructed based on individual coil sensitivity profiles.
However, although in-plane acceleration is used in fMRI, its
main advantage is not reduced TA but improved data qual-
ity. This results from reduced signal dephasing due to
shorter achievable echo train lengths, inter-echo spacing and
optimal echo time (TE) selection. The primary disadvantage
of its use is the accompanying SNR penalty as a result of
urldf:rsampling.77’94 Even so, Schmidt and colleagues rec-
ommended its use in the Medial Temporal Lobes, prioritiz-
ing the marked decrease in image distortion in this location
over the potential loss of SNR and BOLD sensitivity.””

Conversely, the primary advantage of the through-plane
SMS technique is a reduction in temporal resolution. In this
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case, the variations in coil sensitivity profiles enable spatial
differentiation of multiple slices which can be excited simulta-
neously. This allows the use of shorter TRs, meaning that
either TA can be reduced or statistical significance improved
by acquiring more data points.”® While the SMS technique
does not attract a SNR penalty, its implementation may result
in higher SAR levels.”®

Further Considerations
There are many other aspects relating to fMRI data acquisi-
tion and quality that are outside the scope of this review.
First, the choice of echo times (TE) is an important consider-
ation. Shorter TEs may result in improved data quality due
to a decrease in susceptibility-related signal loss due to
dephasing. However, the penalty is reduced BOLD sensitivity
which is optimized when the effective TE value approximates
the T2* of the tissue being imaged (around 40-50 msec at
3T).”” T2* values also increase with improved spatial resolu-
tion."” Robinson and colleagues, in a comparison between
high and standard resolution VV, showed that the measured
T2# value in the amygdala doubled from 22 to 43 msec in
the high-resolution data set, approaching the cortical value of
52 msec which was similar at both resolutions.”* This has
obvious implications for researchers using shorter TEs based
on T2* values calculated from standard or lower resolution
data acquired in the amygdala.

Second, the use of SMS allows significant reductions in
TR, speeding up the acquisition but also resulting in lower
SNR if the TR is lower than the T1 of the brain tissue being
imaged. TR values of lower than 500 msec reportedly result
in a marked reduction in functional contrast levels.'"” This
was confirmed by McDowell and Carmichael in their 3T
investigation of event-related tasks in which they showed
there was little advantage to using TR values below
800 msec.”” However, the potential benefits in rs-fMRI may
outweigh the primary disadvantage of using typical TRs of 2—
3 seconds used in task acquisitions, this being aliasing of
respiratory and cardiac signal fluctuations into the lower fre-
quency range associated with resting state fluctuations, con-
founding the data.”®?® However, when using short TRs that
could result in tissue saturation, the flip angle should be opti-
mized to the Ernst angle to maximize SNR, and this may also
have the added benefit of lower SAR.”® Further, it has been
shown that consideration needs to be given to choice of
multiband (MB) factor (the number of slices acquired simul-
taneously) when using SMS. To prevent saturation artifacts, a
simple calculation must be made in which the total number
of slices divided by the MB factor should result in an odd
number.”®

Although data processing and analysis techniques are
integral to this topic, their discussion is also outside the scope
of this review. However, it should be noted that, as improve-
ments are made in spatial resolution of acquisitions,
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consideration should be given to suitability of data pre-
processing steps and analysis techniques in current use. For
high spatial resolution datasets, tSNR and detectability of
BOLD signal changes have been shown to be increased by

? However, other aspects of the data

spatial smoothing.”
processing and analysis pipeline may detrimentally affect the
spatial resolution of the acquired data and researchers have
called for an awareness to look beyond the use of conven-
tional parameters when pre-processing high-resolution data in
order to avoid nullifying any benefits derived from its
acquisition.25 (100

Our Recommendations

We conclude with a list of our hardware and protocol recom-
mendations for fMRI of the amygdala and its subregions that
may be easily implemented in clinical and research sites. Hav-
ing compiled evidence during the review process of best prac-
tice for individual aspects of image acquisition protocols
relating to our topic, we established that this information

may be useful to other researchers.

1. 3 Tesla MRI system and 32 or 64 channel phased array
coil to accommodate parallel imaging and SMS techniques

2. T2*-W 2D GE-EPI high resolution sequence with VVs of
20 mm® or less (preferably 2-2.5 mm isotropic)

3. Contiguous interleaved axial oblique images parallel to the
AC-PC line

4. Whole brain coverage to facilitate FC analysis

5. TA of 6-8 minutes (or prior determination of effect size
at given p-value to calculate required TA)

6. MR system-specific non-uniformity correction algorithm

7. TR value optimized for study objective (task vs. resting
state)

8. TE value optimized for spatial resolution of acquired data

Further to these recommendations and in the interests
of promoting protocol harmonization and reproducibility, we
recommend the development and use by researchers of a
checklist for reporting key aspects of hardware and fMRI data
acquisition, comparable to that developed recently by Lin and
colleagues for use in reporting Magnetic Resonance Spectros-
copy (MRS) studies for publication.101 In 2008, Poldrack
et al included a list of data acquisition recommendations for
fMRI in their publication “Guidelines for reporting an fMRI
study”.'”” Taking into account technological advances since
that time and noting that key imaging parameters such as
acceleration factors are often not reported, we have proposed
a checklist template for fMRI data acquisition. This template
can assist researchers in two ways; first, as a means of ensuring
protocol harmonization and reproducibility for multicenter
studies as well as serving as a draft providing an accurate
description of data acquisition for reporting of methods for
publication. A copy of the checklist template is located in the
Supplementary Materials.
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Limitations

The field of fMRI is broad with many variations in data acquisi-
tion techniques in use. Our purpose was to map out an over-
view of current techniques with a focus on spatial resolution.
The narrow confines of the review are a major limitation due to
the interrelatedness of multiple aspects of the data acquisition
and analysis process, outlined above, that fell outside its scope.
However, it focuses on one nontrivial aspect of the acquisition
process that can be easily manipulated by researchers looking to
optimize their data to answer specific questions.

A further limitation is that articles in-press or published
after our literature search are not included. However, our
selection of databases and search strategy was designed to
maximize the number of publications identified for inclusion.

Last, we have not attempted to compare SNR levels
between studies as there are many complex factors determin-
ing these values for individual studies. Due to lack of consen-
sus among researchers, both SNR and CNR values can be
calculated using different methods resulting in different scales,

. . . 20
rendering any comparisons meaningless.

Conclusion

This scoping review provides an overview of the fMRI proto-
cols in use for investigation of amygdala activation and con-
nectivity. Data quality in fMRI is contingent on a complex
amalgamation of components which includes both CNR and
SNR and, by extension, spatial resolution. While researchers
are locked into their site’s field strength and scanner capabil-
ity and, to a lesser extent, RF coil and sequence availability,
decisions relating to parameter selections such as VV, acquisi-
tion time, slice orientation and coverage should be carefully
scrutinized by researchers in the context of their study objec-
tives. This review has identified considerable disparity in
fMRI acquisition protocols across imaging sites, resulting in
broad data heterogeneity, particularly in relation to studies
focusing on the subregions. To counter this, we provide rec-
ommendations for optimization of imaging the amygdala and
its subregions at 3T. The continued focus on biomarker iden-
tification at an individual level in many health conditions, the
advent of machine learning in large datasets and fewer
funding opportunities for research has resulted in renewed
interest in collaborative consortium-style approaches as dem-
onstrated by groups such as Enhanced Neuroimaging and
Genetics through Meta-Analysis and International Consor-
tium for Brain Mapping. Protocol optimization and harmoni-
zation across sites performing similar research studies would

be a simple yet effective way to progress the field.
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Chapter 4: Amygdala Subregional Functional Connectivity in

Treatment Resistant Depression

The work in this chapter was undertaken to investigate the capabilities of the current, widely used
2D GRE-EPI sequence optimised for high resolution fMRI data acquisition as per the
recommendations made in the scoping review in Chapter Three, with the aim of interrogating the
functional connectivity (FC) of the amygdala at a subregional level rather than as a single
structure. A strong case was made in Chapter One for the need to investigate the amygdala in
Major Depressive Disorder (MDD) at a more granular level, by optimising our current imaging
sequences. Treatment Resistant Depression (TRD) patients are a subset of Major Depressive
Disorder (MDD) patients with potentially the most to gain from an increased understanding of
amygdala dysfunction, hence the selection of this cohort for testing against a treatment-sensitive

(TSD) cohort in this chapter.

The optimised sequence was deployed in these two depression cohorts to investigate whether FC
alterations could distinguish between the two groups at a subregional amygdala level (rather than
whole amygdala level, reported in almost 90% of the scoping review studies). This was the first
published study to report FC differences between TRD and TSD using an optimised high
resolution 2D version of a current 3T sequence, combined with a subregional analysis approach.
The study also found that FC results differed when using a subregional versus whole amygdala
approach, a finding about which there are only a handful of reports in the literature. With results
showing that a subregional approach was more sensitive to FC alterations, this work has important

implications for future studies of the amygdala.

This chapter is published in the Journal of Affective Disorders Reports
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ARTICLE INFO ABSTRACT

Keywords: Background: Treatment resistance impacts almost 50 % of depression patients, with amygdala dysfunction being
Treatment-resistant depression widely implicated. fMRI studies have typically focussed on identifying whole rather than individual subregional
Amygdala

amygdala functional connectivity but this approach, together with cohort heterogeneity, is likely contributing to
inconsistent results. This study used high resolution 3T fMRI data to investigate subregional alterations that may
differentiate treatment-resistant cohorts from healthy individuals and depressed patients who respond to
treatment.

Methods: Resting-state fMRI data were obtained in 35 participants diagnosed with Treatment-Resistant Depres-
sion (TRD), 38 healthy control participants (HC), and 35 treatment-sensitive participants (TSD). Seed-based
functional connectivity analyses of three main subregions bilaterally (laterobasal, centromedial and superfi-
cial), as well as the whole amygdala, were performed and comparisons made between groups.

Results: We found connectivity differences in the right laterobasal amygdala subregion in TRD compared to both
groups. TRD patients displayed hypoconnectivity to the right fusiform gyrus relative to HC whereas hyper-
connectivity to the left inferior frontal gyrus relative to TSD was identified. No connectivity differences were
found for the whole amygdala or any of the other subregions bilaterally.

Limitations: Modest sample size and cross-sectional study design are limitations. A causal relationship between
functional connectivity alterations and treatment resistance cannot be established.

Conclusion: Altered connectivity of the right laterobasal subregion is a distinguishing feature of TRD. These al-
terations may underlie severe impairments in emotion processing and social functioning that are characteristic of
TRD. These results emphasise the need for further investigation of the functional role of the amygdala subregions
in depression.

Subregions
Functional connectivity, high-resolution

1. Introduction These patients are considered Treatment-Sensitive (TSD) (Malhi et al.,
2021; Scott et al., 2023). Approximately 30 % of depression patients

Of all patients diagnosed with Major Depressive Disorder, only exhibit a lack of adequate response to initial pharmacotherapy plus at
around half will adequately respond to initial treatments based on an- least one other pharmaceutical or alternative equivalent treatment and
tidepressant medications and targeted psychological interventions. are diagnosed with treatment-resistant depression (TRD) (lonescu et al.,
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2015; Voineskos et al., 2020). However, this figure could be as high as
55 %, as it is well-recognised that the lack of a universal definition
contributes to widely variable estimates of prevalence across treatment
settings (McIntyre et al., 2023).

The neural mechanisms that distinguish TRD from TSD remain un-
clear and current diagnostic methods, predicated on a combination of
patient self-reporting and monitoring of symptoms, are clearly subop-
timal. Improved outcomes for TRD patients depend on further ad-
vancements in diagnosis rather than multiple trials of treatments which
are ineffective for many patients (Malhi et al., 2019; McIntyre et al.,
2023). Increasing access to clinical research Magnetic Resonance Im-
aging (MRI) systems has meant that advanced neuroimaging techniques
such as functional MRI (fMRI) are now well-established in Major
Depressive Disorder (MDD) research (Kotoula et al., 2023) and
concerted efforts have been made to review and synthesize the network
and functional connectivity findings that have been generated, partic-
ularly in relation to the brain in its resting state. A meta-analysis of 32
fMRI studies by Sundermann and colleagues points to patterns of both
hyperconnectivity and hypoconnectivity of midline cortical structures
involving the posterior Default Mode Network and the Anterior Cingu-
late Cortex in MDD compared to healthy controls (HC) (Sundermann
et al., 2014), and a recent study by Machaj and colleagues also reported
intra-network hypoconnectivity in the Visual Network and
inter-network hyperconnectivity between the Visual Network and the
Salience and Dorsal Attention networks in drug-resistant depression
compared to HC (Machaj et al., 2024). Kaiser and colleagues reported
connectivity alterations in networks responsible for both emotion and
attention regulation, noting hypoconnectivity between the Medial Pre-
frontal Cortex and the amygdala in a meta-analysis of 25 publications
(Kaiser et al., 2015). In their highly-cited work, Drysdale et al. combined
fMRI data from multiple studies to show that depressive symptoms could
be categorised into two well-defined groupings of primary connectivity
features; i) frontostriatal and orbitofrontal, and ii) limbic (principally
the amygdala) (Drysdale et al., 2017). Interestingly, in their recent
meta-analyses of over 4000 fMRI publications relating to depressed vs
HC groups, Wang and colleagues listed the top ten brain regions dis-
playing significant connectivity variations between groups, of which the
amygdala was number one (Wang et al., 2024). The amygdala, a key
region in the brain’s emotion processing network, plays a significant role
in treatment-resistant depression (Bakoyiannis, 2023). This region is
crucial to study due to its involvement in affective symptoms of
depression, such as sustained negative affect and difficulties in experi-
encing positive affect. Aberrant emotion reactivity and regulation,
which are central to the pathology of depression, have been linked to
dysfunction in the amygdala (Runia et al., 2023). Neurobiological
models of depression emphasize the importance of the frontolimbic
network, which includes the amygdala, in emotion dysregulation
(Mayberg, 1997). As highlighted in a meta-analysis, neuroimaging
studies have consistently shown that the amygdala exhibits heightened
responsivity to negative stimuli in individuals with depression
compared to healthy controls (Hamilton et al., 2012). These findings
suggest that the amygdala’s dysregulated activity contributes to the
persistence of depressive symptoms and previous studies focusing on
amygdala circuitry have clearly demonstrated the potential of fMRI to
enhance our understanding of treatment responsiveness and remission
in depressed cohorts (Goldstein-Piekarski et al., 2016; Williams et al.,
2015).

Recent studies in TRD cohorts have utilised fMRI to focus on
response to newer treatments such as ketamine, psilocybin and Trans-
cranial Magnetic Stimulation therapies and neurofeedback strategies
with promising results (Compere et al., 2024; Gill et al., 2022; Nair et al.,
2024; Tu et al., 2025; Yun and Kim, 2024). Although the focus of our
literature review is on resting-state studies reporting amygdala FC in
TRD vs HG, it is interesting to note several recent task-based publications
reporting positive treatment effects. A mini-review exploring the effects
of ketamine on emotion regulation and cognition across fMRI studies in
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MDD and TRD cohorts noted its ‘normalising’ influence on the Anterior
Cingulate Cortex and the amygdala (Ramezani et al., 2025). Similarly,
Runia and colleagues reported an anti-depressant effect of DBS gener-
ated by Deep Brain Stimulation to the ventral limb of the internal
capsule, a procedure which appeared to normalise amygdala respon-
sivity, offering potential therapeutic avenues for TRD (Runia et al.,
2023). Therefore, investigating the functional connectivity of the
amygdala is essential to understanding its role in TRD and developing
targeted treatments.

Despite the substantial body of work relating to fMRI in depression,
there is limited literature focussing on TRD, especially in relation to
resting-state FC variations compared to HC. Inconsistent findings have
been outlined in two comprehensive meta-analyses reporting altered
activation and connectivity of the amygdala during both task and resting
state fMRI (rs-fMRI) studies and as noted by the authors, this is poten-
tially due to diversity in acquisition and analysis techniques (Grehl et al.,
2023; Kotoula et al., 2023). Incongruent fMRI task-based findings can be
attributed to variations in fundamental task design across studies,
whereas the rs-fMRI technique is easily replicated and should allow a
more accurate comparison of findings across cohorts by analysing FC
patterns during rest. However, reported findings of rs-fMRI FC patterns
focusing on the amygdala in TRD have also been inconsistent. Of the few
FC studies comparing TRD with HC there are reports of both hypo-
connectivity (Ge et al., 2019; Lui et al., 2011; Wang et al., 2017) and
hyperconnectivity (Siegel et al., 2021) of the amygdala with other brain
regions. Similarly, in two studies comparing FC in TRD and TSD, one
reported amygdala hypoconnectivity in TRD relative to TSD (Lui et al.,
2011) whilst the other found no significant differences between cohorts
(Zhang et al., 2022).

A further contributing factor to results inconsistency is that the
majority of studies comparing amygdala FC in TRD vs HC cohorts have
considered the amygdala as a single entity during data analyses, rather
than a functionally diverse group of nuclei (Chen et al., 2020; Ge et al.,
2019; Lui et al., 2011; Siegel et al., 2021; Vasavada et al., 2021; Wu
et al., 2011). Previous animal and human work has shown that the
amygdala is not a simple homogenous structure; it is composed of nine
functionally different groups of nuclei which are further grouped into
three primary subregions, the laterobasal (LB), centromedial (CM), and
superficial (SF) based on histological features and patterns of structural
and functional connectivity (Fig. 1) (Amunts et al., 2005; Bzdok et al.,
2013; Kedo et al., 2018; Solano-Castiella et al., 2010). As well as being
functionally diverse, the amygdala subregions also display asymmetric
or lateralised connectivity (Ball et al., 2007; Bzdok et al., 2013; Kedo
et al., 2018; Roy et al., 2009; Zhang et al., 2018). Acknowledging the
need for greater accuracy in investigating and reporting subregional FC
findings, parcellation techniques using high resolution 7 Tesla data have
been developed (Eickhoff et al., 2005). The integration of probabilistic
cytoarchitectonic maps into software analysis packages has enabled
researchers to  define separate standardised subregional
regions-of-interest (ROIs) (Huang et al., 2024). This has facilitated more
accurate reporting of localised FC alterations at a subregional rather
than whole amygdala level.

However, there is yet another confounder potentially contributing to
the inconsistency of FC results. Spatial resolution of fMRI acquisition
protocols has remained largely unchanged, meaning the potential ben-
efits of high-resolution fMRI data in imaging the subregions are pre-
dominantly unrealised (Foster et al., 2023; Olman and Yacoub, 2011).
This is reflected in the handful of FC investigations of amygdala sub-
regions in TRD to date that are primarily based on what is now
considered standard (20-50 mm?®) and lower (> 50 mm?®) resolution
data, likely contributing to the conflicting results being reported (Wang
etal., 2017; Yuan et al., 2023; Zhang et al., 2022). Paradoxically, several
TRD studies have acquired high-resolution data (< 20 mm?®) but re-
ported FC alterations based on the whole amygdala rather than the
subregions (Nakamura et al., 2021; Vasavada et al., 2021) (Olman and
Yacoub, 2011). While there has been one previous high-resolution
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Fig. 1. T1-weighted coronal (left), and sagittal (right) MR images depicting location of the amygdala and three main subregions. Superficial (SF = green), laterobasal

(LB = blue) and centromedial (CM = red).

subregional amygdala study in TRD vs HC that reported left SF hypo-
connectivity (Batail et al., 2023), no previous study has evaluated sub-
regional connectivity differences between TRD and TSD using
high-resolution data. Given the limited understanding of the role of
the amygdala subregions in TRD and the inconsistencies in results and
imaging methods to date, there is clearly a need for further
investigation.

The primary aim of this work was to build on current FC findings by
using high-resolution fMRI data and subregional ROI analyses to
examine alterations in resting-state FC of the amygdala in a TRD cohort
compared with HC, with a secondary aim of comparing TRD and TSD
cohorts. Conceptually, this technically advanced yet practical approach
was designed to achieve a ‘baseline’ for subregional FC variations in
TRD compared with HC as a step towards resolving inconsistency in
results across studies. Based on previous studies, it was hypothesized
that hypoconnectivity of the amygdala subregions would distinguish
TRD from HC. We also hypothesized that amygdala subregional con-
nectivity would differ between TRD and TSD. Further, as there are few
reports of FC findings using both subregional ROIs and whole amygdala
ROIs in the same cohorts, our third aim was to compare findings using
both whole amygdala and subregional analysis methods.

2. Methods and materials
2.1. Participants

Thirty-nine TRD patients, thirty-five TSD patients and thirty-eight
healthy controls (HC) totalling 112 participants aged between 18 and
65 years were recruited for the study. Referencing the Structured Clin-
ical Interview for the DSM-5 (SCID-5), all TRD and TSD participants met
DSM-5 criteria for primary diagnosis of Major Depressive Disorder (APA,
2013). Symptom severity was characterized by a 17-item Hamilton
Depression Rating Scale (HAMD-21) (Hamilton, 1960). TRD was defined
as the presence of unremitting moderate to severe symptoms in patients
who had undergone at least two trials of six weeks duration of adequate
dosage of antidepressant medication of different pharmacological clas-
ses and a HAMD-21 score of 16 and above. TSD was defined as at least
two weeks of symptom remission and a HAMD-21 score of nine and
below. Healthy controls had no previous history of psychiatric illnesses
as assessed using the SCID-5. Exclusion criteria included inability to
provide consent, lack of proficiency in English language, current diag-
nosis of eating disorder or other psychiatric disorder, substance depen-
dence for past three months, pregnancy, prior history of or current
neurological disorder, prior brain injury, Electroconvulsive Therapy
(ECT) or Transcranial Magnetic Stimulation in previous 6-month period,
or contraindications for MRI. Further details relating to the cohorts can
be found in a previous publication (Barreiros et al., 2022). Ethics
approval for the research protocol was obtained from Western Sydney

Local Health District Human Research Ethics Committee and written
consent was obtained from all participants. Imaging studies were un-
dertaken at Westmead Hospital Radiology Department, Sydney,
Australia.

2.2. Data acquisition

All imaging data were acquired on a 3 Tesla Siemens Prisma MRI
system in conjunction with VE11C software (Siemens Medical Solutions,
Germany) and a 64-channel head/neck array RF coil for signal recep-
tion. Participants were instructed to remain still and awake whilst
viewing a fixation cross projected onto a coil-mounted screen during 8
min of resting-state data acquisition. Imaging parameters for the func-
tional 2D T2*-weighted GRE-EPI sequence were as follows: Repetition
time (TR) = 1500 ms; Echo time (TE) = 33 ms; Field-of-view (FOV) =
255 mm; Matrix = 104 x 104; Flip angle (FA) = 85°; Phase encoding
direction = A to P; Total acceleration = 6 (MB 3); 320 vol; 60 interleaved
axial-oblique slices at 2.5 mm thick (0 mm gap) parallel to the AC-PC
line were acquired covering the whole brain with an isotropic voxel
size of 2.5 mm?®.

A 3D T1-weighted gradient echo sequence was also acquired to
provide a high-resolution structural scan for use in the pre-processing
workflow for normalisation. Imaging parameters were as follows:
Repetition time (TR) = 2400 ms; Echo time (TE) = 2.21 ms; Field-of-
view (FOV) = 256 mm; Matrix = 288 x 288; Flip angle (FA) = 8°;
Phase encoding direction = A to P; Acceleration (GRAPPA) = 2; 192
sagittal slices at 0.9 mm thick parallel to the interhemispheric fissure
were acquired covering the whole brain with an isotropic voxel size of

0.9 mm°.

2.3. Imaging data analyses

Whole-brain voxel-wise analyses were performed using a combina-
tion of Matlab R2022b (The MathWorks Inc. Natick, Massachusetts),
SPM12 (Wellcome Trust Centre for Neuroimaging, London, UK) and
CONN functional connectivity toolbox v22b (http://www.nitrc.org/
projects/conn/). Preprocessing of anatomical and functional images
was performed using the CONN modular preprocessing pipeline
(Nieto-Castanon, 2020b). In brief, the data underwent realignment,
unwarping, coregistration and resampling for motion correction and
magnetic susceptibility interactions. Outliers were excluded and a BOLD
reference image was created for each subject. Data were then normal-
ised into standard Montreal Neurological Institute space and segmented
into grey matter, white matter and cerebrospinal fluid, then resampled
to isotropic 2 mm voxels. As the functional data were acquired at high
resolution, smoothing with a Gaussian kernel of 6 mm full width half
maximum (FWHM) was undertaken in order to maximise SNR whilst
minimising spatial shift that can occur in small structures when larger
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FWHM values are employed (Blazejewska et al., 2019). Denoising was
performed using a standard pipeline including regression of potential
confounders (Nieto-Castanon, 2020a), followed by bandpass filtering
(0.01-0.1 Hz). Data was assessed for head motion and outliers were
detected using the Assessment of Repetitive Tasks (ART)-based scrub-
bing technique in CONN. Outliers were defined as having greater than
0.9 mm framewise displacement, resulting in data from four TRD par-
ticipants being identified as having unacceptable levels of head motion
and excluded from further analysis, leaving a total of 108 datasets. A full
description of the analysis methods is located in the Supplementary
Information.

First-level analyses were based on a priori selection of ROIs. Six
amygdala subregional masks or ROIs were extracted from The JuBrain
Anatomy Toolbox (Eickhoff et al., 2005). These ROIs, left and right
centromedial (CM), laterobasal (LB) and superficial (SF) (Fig. 1) were
created using cytoarchitectonically-defined probabilistic maps from the
JuBrain Cytoarchitectonic Atlas (Amunts et al., 2005). A further two
whole amygdala ROIs constructed from a combination of the three
subregional masks (left and right) were also extracted for the compari-
son analysis. These were used as seed regions in CONN to explore
whole-brain voxel-wise FC and to determine FC strength represented by
Fisher’s z transform of the correlation coefficients from a weighted
General Linear Model. This was computed by averaging the time course
of all voxels in each seed ROI and correlating with the time course of
every other voxel in the brain. Correlation coefficients were used in the
group level analyses, performed using a General Linear Model. TRD and
HC groups were compared using two-sample t-tests, followed by com-
parison of TRD and TSD groups. Statistical parametric maps were
generated, and results were thresholded using a combination of
cluster-forming p < 0.001 voxel-level threshold and a familywise cor-
rected False Discovery Rate correction of p-FDR < 0.05 cluster-size
threshold to control the proportion of false positive findings in signifi-
cant results (Chumbley et al., 2010). Additionally, mean beta FC esti-
mates were extracted from significant clusters identified in the primary
analysis to further explore in post-hoc secondary analyses.

2.4. Analyses of demographic and clinical factors

Comparison of all three groups was performed for age (one-way
ANOVA) and gender (chi square test). Patient groups were also
compared for clinical measures including depression severity (HAMD-
21), quality of life (SOFAS), age at first depressive episode, length of
time on antidepressant medications (independent sample t-tests) and
history of ECT and suicidality (chi square tests). To further explore
variances in neural measures between TRD and TSD and to confirm that
these were not driven by clinical differences between the patient groups,
a univariate GLM ANOVA was used to explore the effect of group (fixed
factor) controlling for co-variates of age at first depressive episode,

Table 1
Demographic and clinical characteristics of all study participants.
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length of time on antidepressant medications, quality of life and HAMD-
21 scores.

For the TRD group, the same clinical variables were also tested for
potential correlations with FC values. Independent samples t-tests were
undertaken to compare FC variances between those patients with and
without a history of suicidal ideation, suicide attempts and ECT
treatment.

All statistical analyses were undertaken using SPSS software version
29 (IBM-SPSS, 2012). All statistical tests were corrected for multiple
comparisons and effects considered significant at p < 0.05.

3. Results
3.1. Demographic and clinical characteristics

Demographic and clinical characteristics data relating to the cohort
are shown in Table 1. All groups were comparable for age and gender; as
expected, the depressive profile of the TRD group was significantly
worse in comparison with the TSD group. The TRD group exhibited
greater severity of depressive symptoms, poorer functioning and a
higher number of suicide attempts. Results for both group analyses are
summarised in Table 2.

3.2. Functional connectivity analyses - healthy controls vs TRD

Significant connectivity differences between groups were identified

Table 2
Summary of group results from functional connectivity analyses.
Seed Brain region Voxels Peak MNI T- P FDR
region in coordinates value
& Cluster ——
y z
groups
Right Right fusiform 95 48
LB gyrus —62 -20 5.49 P
HC >  Right cerebellar 0.023
TRD crus 1
Right inferior
temporal gyrus
Right Left Inferior 138 —48 18 16 5.24 p
LB frontal gyrus 0.003
TRD (pars
> opercularis &
TSD pars
triangularis)

Note: Results shown are those surviving multiple comparison corrections
(cluster-level threshold of Prpr < 0.05) and voxel-level threshold of p-uncor-
rected < 0.001.

Abbreviations: TRD -Treatment-Resistant Depression; HC-Healthy Controls;
TSD - Treatment-Sensitive Depression; LB — Laterobasal.

TRD (35)

Demographics
Age, Mean + SD [Min-Max]
Gender (M), N (%)

42.3 + 14.1 [18.1-64.3]
14 (40)

Clinical Profile
Age of onset, Mean + SD [Min-Max]
HAMD-21 score, Mean + SD [Min-Max]
SOFAS score, Mean + SD [Min-Max]

26.97 +13.13 [8-53]
25.23 + 6.46 [16-41]
73.91 + 16.18 [40-100]

History of ECT, N (%) 10 (28.6)
History of Suicidal Ideation, N (%) 28 (80)
History of Suicidal Attempt, N (%) 19 (54.3)

Time on ADM (yrs), Mean + SD [Min-Max] 4.44 £+ 3.71 [0.17-12]

TSD (35) HC (38) F/t/X"2 sig
37.2 £ 11.0 [20.0-57.4] 47.1 + 14.3 [18.9-66.0] n.s. n.s.

17 (48.6) 17 (44.7) n.s. n.s.
21.66 + 9.26 [8-50] n.a. n.s. n.s.
4.18 + 3.10 [0-9] n.a. 15.819 <0.001
89.58 + 5.47 [78-95] n.a. —-5.275 <0.001
0 (0) n.a. 11.667 0.001
26 (74.3) n.a. n.s. n.s.
5(14.3) n.a. 13.938 <0.001
4.18 + 4.16 [0.12-17] n.a n.s n.s.

Abbreviations: n.a. — not applicable, n.s. — not significant; SD — Standard Deviation; M — male; HAMD-21 — Hamilton Depression Rating Scale, 21 items.
SOFAS - Social and Occupational Functioning Assessment Scale; ECT — Electroconvulsive Therapy; ADM — Antidepressant Medication; N — total number.
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between the right LB and a right-sided cluster centred on the fusiform
gyrus, with hypoconnectivity in the TRD group relative to HC (Fig. 2).
There were no FC group differences seen for any other subregion
bilaterally.

No FC group differences were identified for the left or right whole
amygdala ROIL. However, at a less conservative threshold (uncorrected
initial voxel threshold of p < 0.005 with a p cluster corrected FDR
threshold of 0.05) two clusters including parts of the hippocampus,
cingulate gyrus, precuneus cortex and vermis, showed decreased FC
with the right amygdala in the TRD group relative to HC.

3.3. Functional connectivity analyses — TRD vs TSD

Significant connectivity group differences were identified between
the right LB and the left inferior frontal gyrus with hyperconnectivity in
TRD relative to TSD (Fig. 3). As observed in the previous analysis, there
were no FC group differences seen for any of the other subregions
bilaterally or for the left or right whole amygdala ROI, even at the less
conservative threshold (uncorrected initial voxel threshold of p < 0.005
with a p cluster corrected FDR threshold of 0.05).

3.4. Functional connectivity analyses—HC vs TSD

No significant differences in FC between the amygdala subregions to
any other brain regions were identified between the HC and TSD groups.

3.5. Correlations between FC and clinical and demographic measures

Post hoc analyses were conducted by running a univariate GLM
ANOVA to evaluate the potential of age at first episode, length of time on
antidepressant medications, HAMD-21 and SOFAS scores to be
contributing factors to the group differences in FC measures identified
between TRD and TSD. After controlling for clinical measures, there was
still a significant effect of group (F (1,44) = 4.58, p = 0.038), that is,
there were no significant effects of these clinical measures on the FC
differences identified between the right LB and the cluster in the left
inferior frontal gyrus. In the TRD cohort, no significant effects were
identified in testing for correlations with FC values using three clinical
variables; patients with and without a history of suicidal ideation, sui-
cide attempts and history of ECT.

a)

T(71)

3.70
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4. Discussion

This study utilised high-resolution fMRI data to examine patterns of
subregional amygdala functional connectivity in TRD relative to healthy
individuals (HC) and depressed patients who respond to treatments
(TSD). As hypothesised, altered connectivity was identified in both
group comparisons. Firstly, a pattern of hypoconnectivity was identified
between the right amygdala LB subregion and the right fusiform gyrus in
TRD relative to HC. Secondly, hyperconnectivity was found between the
right amygdala LB and the left inferior frontal gyrus in the TRD cohort
relative to TSD. These findings suggest that altered FC of the right LB
subregion is a distinguishing feature of TRD.

These findings contribute to the limited work done so far in under-
standing the role of the amygdala and its subregions in TRD. This study
highlighted that FC alterations of the right LB subregion are likely
implicated in TRD. In comparison to HC, FC of the right LB was signif-
icantly decreased in TRD whereas it was significantly increased relative
to TSD. To our knowledge, there are nine previous studies reporting
amygdala resting state FC in TRD compared to HC, and only two
comparing TRD and TSD. Based on a search of the literature, this study is
the first to use both high resolution data and subregional ROIs to more
accurately locate and report FC alterations in the amygdala subregions
in a TRD cohort compared to TSD and only the second to compare TRD
and HC cohorts.

The findings of the present study did not replicate previous findings
in TRD relative to HC. Three of the six studies using whole amygdala
ROIs reported hypoconnectivity of the right amygdala but to different
brain regions (Chen et al., 2020; Ge et al., 2019; Vasavada et al., 2021).
Another reported amygdala hyperconnectivity to the Default Mode
Network (Siegel et al., 2021), and two found no significant amygdala FC
differences (Lui et al., 2011; Wu et al., 2011). For the whole amygdala,
we found differences between TRD and HC only at a less conservative
threshold, with a pattern of hypoconnectivity for TRD to regions of the
Default Mode Network, hippocampus and cerebellum. Of the three
studies utilising subregional ROIs, two found left-sided hypo-
connectivity of the SF, one to the left fusiform face area (Wang et al.,
2017) and another to the left prefrontal cortex (Batail et al., 2023). The
third study reported both hypoconnectivity of the right SF as well as
hyperconnectivity of the right CM in their TRD cohort relative to HC
(Zhang et al.,, 2022). Our study did not identify any connectivity

b)

0.1

0.05

-0.05

I TRD N HC

Fig. 2. Functional connectivity (FC) differences between Treatment-Resistant Depression (TRD) and Healthy Control (HC) groups. a) significant cluster centred in the
right fusiform gyrus (inferior view) showed altered connectivity between right laterobasal (LB) amygdala subregion, with HC > TRD. b) mean FC of the right LB and
right fusiform gyrus for TRD and HC groups. The colour scale bar represents the strength of the t-statistic. The mean FC on b) represents beta values of FC between the
two regions (95 % CI). Results corrected for multiple comparisons at cluster-level threshold of Pppr <0.05 and voxel-level threshold of p-uncorrected < 0.001.
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a)

4.58

T(68)

3.53
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b)

0.05

-0.05

I TRD BN TSD

Fig. 3. Functional connectivity (FC) differences between Treatment-Resistant Depression (TRD) and Treatment-Sensitive Depression (TSD) groups. a) significant
cluster in the left inferior frontal gyrus (inferior view) showed altered connectivity between right laterobasal (LB) amygdala subregion, with TRD > TSD. b) mean FC
of the right LB and left inferior frontal gyrus for TRD and TSD groups. The colour scale bar represents the strength of the t-statistic. The mean FC on b) represents beta
values of FC between the two regions (95 % CI). Results corrected for multiple comparisons at cluster-level threshold of Prpr <0.05 and voxel-level threshold of p-

uncorrected < 0.001.

differences related to the CM and SF subregions. During our review, it
became evident that very little work has been done in directly
comparing amygdala subregional FC in TRD and TSD cohorts. Two
previous studies identified in the literature had conflicting results that
were also inconsistent with those of the present study. Significantly
decreased connectivity between the left amygdala and left anterior
cingulate cortex in TRD relative to TSD was identified in a study using
low resolution data and whole amygdala ROIs (Lui et al., 2011) whereas
no FC differences were identified in a study using standard resolution
data and both whole and subregional ROI methods (Zhang et al., 2022).
Our study also found no significant FC differences using whole amygdala
ROIs in TRD relative to TSD.

Interestingly, within this small group of nine previous studies that
have compared amygdala FC in TRD vs HC, cohort heterogeneity was
evident. Underscoring the confounding nature of this issue, significant
FC differences have also been shown within a TRD cohort in which a
comparison was made between Anxious Depression and Non-anxious
Depression subgroups (Yuan et al., 2023). Although the present study
did not assess anxiety as a confounding factor, heterogeneity was
evident within the TRD cohort with 29 % reporting exposure to ECT.
Additionally, medication status varied broadly, with the length of time
on medication ranging from 62 days to 12 years. Given reports of in-
flammatory marker levels decreasing with ECT (Hestad et al., 2003)
together with findings of a large meta-analysis reporting that antide-
pressant medications may decrease peripheral inflammatory markers
that have been shown to be increased in depression (Kohler et al., 2018),
the wide variation in medication timeframes and ECT history in our
cohort has potentially contributed to inconsistent results. In essence, the
lack of congruency in FC findings across all these TRD studies is a
hallmark that may be attributed not only to differences in acquisition
and analysis methods but may be a reflection of the broad heterogeneity
within and across TRD cohorts, supporting the premise that patients
diagnosed with TRD may have little in common other than their lack of
treatment response and providing a potential explanation for inconsis-
tent study results as well as the limited success of current treatment
regimens (Malhi et al., 2019).

The connectivity findings in the present study are interesting given
what we know so far about the functional role of the LB subregion in the
context of psychiatric disorders. Previous work has shown that the LB is
involved in fear conditioning and regulates visual and auditory sensory
input (Bzdok et al., 2013; Roy et al., 2009; Shen et al., 2019; Yang and
Wang, 2017). It also acts as a connectivity hub and, as proposed by
Pessoa, has an overarching “What is it?” function, meaning that it acts a
decision-maker in relation to incoming information, particularly in

terms of stimulus value (Pessoa, 2010). This subregion has also been
shown to play a role in anxiety, social stress and negative regulation of
social behaviour (Felix-Ortiz and Tye, 2014; Yang and Wang, 2017).

The amygdala and fusiform gyrus are linked structurally by the
inferior longitudinal fasciculus and a relationship between the two has
been established in previous task-based fMRI studies, supporting the role
of both structures in facial perception (Chan et al., 2009; Edmiston et al.,
2024; Frank et al., 2019; Miiller-Bardorff et al., 2018). In particular, the
right fusiform gyrus has been shown to be the primary contributor to
visual processing including facial recognition and face perception
(Ocklenburg and Giintiirkiin, 2018; Rangarajan et al., 2014; Zhang et al.,
2016). Bidirectional communication between the right amygdala and
right fusiform gyrus has been demonstrated, increasing in line with
facial discrimination task load, in support of Pessoa’s “What is it?” hy-
pothesis (Herrington et al., 2011; Pessoa, 2010). Interplay between the
amygdala and the right fusiform gyrus has also been demonstrated in
studies investigating depression using task-based fMRI (Chan et al.,
2009; Sacu et al., 2023). Our findings are in line with a previous study
that also reported decreased amygdala-fusiform FC in TRD relative to
HC at baseline that subsequently increased after ECT treatment,
although their findings were left-sided rather than right-sided (Wang
et al., 2017). Our results of right LB amygdala hypoconnectivity with
visual processing regions in TRD relative to HC parallel those in
task-based studies that are suggestive of impaired bottom-up emotion
processing of visual stimuli in the right amygdala (Ochsner et al., 2009;
Ramasubbu et al., 2014). Given the known relevance of impaired facial
processing in depressive symptoms, these findings may be indicative of a
lesser known function of the amygdala-fusiform circuitry that could
potentially be negatively impacting general social functioning in TRD
cohorts (Akinci et al., 2022; Demenescu et al., 2010; Kupferberg and
Hasler, 2023; Monferrer et al., 2023; Rutter et al., 2020).

The second key finding in TRD was hyperconnectivity of the right LB
with the left inferior frontal gyrus compared to TSD. Part of the medial
prefrontal cortex, the inferior frontal gyrus is implicated in several
functions including semantic processing and social cognition. In
particular, the left inferior frontal gyrus is thought to be responsive to
the cognitive demands required during the execution of social tasks
(Diveica et al., 2023) and also acts as a hub in the brain’s emotional
circuitry (Li et al., 2021a). Several previous studies using Amplitude of
Low-Frequency Fluctuation and Regional Homogeneity analyses have
demonstrated abnormal functional activity in the left inferior frontal
gyrus in TRD relative to non-refractory Major Depressive Disorder,
pinpointing this area as a potential differentiator between these cohorts
(Guo et al., 2012; Sun et al., 2022; Wu et al., 2011).
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Previous work has linked aberrant amygdala connectivity and sui-
cide attempts, with FC alterations of the right amygdala being a differ-
entiator of suicidal behaviour (Huang et al., 2020; Kang et al., 2017;
Stumps et al., 2021). Another study in veterans showed that right
amygdala connectivity alterations were indicative of recent suicide at-
tempts (Jagger-Rickels et al., 2023). Our TRD and TSD cohorts displayed
a significant difference in number of suicide attempts (54 % vs 14 %, p <
0.001), potentially reflected in our findings of right LB hyper-
connectivity in TRD. Additionally, a direct relationship between severity
of depression symptoms and strength of right amygdala FC has been
reported; this is in alignment with our findings, noting HAMD-21 scores
were significantly higher in the TRD cohort compared to TSD (p <
0.001) (Quidé et al., 2023). Although the present study did not focus on
anxiety as a comorbid condition, it is likely that a proportion of both
TRD and TSD cohorts experienced coexisting symptoms, particularly in
the context of published comorbidity figures of over 70 % for depression
and anxiety (Almeida-Filho et al., 2007). Previous work has shown that
comorbidity in depression patients infers less likelihood of remission
and greater likelihood of recurrence (Choi et al., 2020; Vittengl et al.,
2019). Further, the top-down influence exerted on the amygdala by the
medial prefrontal cortex is thought to be undermined by a range of
chronic stressors causing structural amygdala neuronal remodelling and
abnormal amygdala activation resulting in emotional disturbances (Liu
et al.,, 2020; Zhang et al., 2021). The LB subregion is particularly
implicated in relation to social stress and anxiety due to its composition
of mainly excitatory neurons (Shen et al., 2019; Yang and Wang, 2017)
(Zhang et al., 2021). Previous work found decreased volumes in the
right lateral nucleus of the right LB subregion in MDD and an inverse
relationship between right LB volume and severity of depression and
anxiety (Tesen et al., 2022). It is interesting to note that another study
showed bilateral LB hypoconnectivity compared to HC, but only in the
subgroup of MDD patients with anxiety, so it is feasible that our findings
of right LB hypoconnectivity compared to HC may be reflection of
anxiety as a comorbid condition in our TRD cohort (Li et al., 2021b).

There is growing evidence in human studies that the pathophysi-
ology of depression and anxiety disorders may, in part, be related to
stress-induced neuroinflammation promoting regional changes in brain
function, structure and volume (Han and Ham, 2021; Milaneschi et al.,
2021; Risbrough et al., 2022; Slavich and Irwin, 2014). Decreased
connectivity between the right amygdala and ventromedial prefrontal
cortex in depression patients has pointed to inflammation, evidence by
increased levels of C-reactive proteins (Mehta et al., 2018). Interest-
ingly, around 25 % of depression patients exhibit neuroinflammatory
markers associated with treatment resistance and have poorer prognoses
than those without inflammation (Hassamal, 2023). The case for further
work investigating inflammatory markers and amygdala FC of the sub-
regions in TRD cohorts is compelling.

Aside from cohort heterogeneity in TRD, there are also several po-
tential technical explanations for lack of congruent FC findings across
studies. There is considerable diversity in both data analyses and
acquisition protocols, particularly in relation to the spatial resolution of
fMRI data (Foster et al., 2023; Kotoula et al., 2023; Miola et al., 2023).
The divergent findings in this study may reflect the use of high spatial
resolution data acquired with voxel volumes of 15.6 mm® combined
with subregional amygdala ROIs for data analyses. Of the eight previous
TRD rs-fMRI studies identified, four reported whole amygdala findings
using low resolution data (above 50 mm3) whilst one used standard
resolution data. Of the three studies reporting subregional findings, two
used standard and only one used high-resolution data (Batail et al.,
2023). Although larger voxels result in inherently higher signal-to-noise
ratios, their use can be disadvantageous when imaging the amygdala.
Due to the amygdala location deep in the temporal lobe near the sphe-
noid sinuses, intravoxel dephasing can occur during data acquisition,
detrimentally affecting signal-to-noise ratio levels. Additionally, its po-
sition abutting the Basal Vein of Rosenthal, together with the diminutive
size of the subregions, can result in confounding signals and partial
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volume effects which reduce signal accuracy and compromise the ability
to resolve the very small subregional structures (Boubela et al., 2015;
Olman and Yacoub, 2011).

Further, the use of whole amygdala ROIs during data analyses may
potentially confound findings. Zhang and colleagues reported both
hypoconnectivity of the right SF and hyperconnectivity of the right CM
in TRD compared with HC; however, their subregional results were not
replicated in repeat analyses using a right whole amygdala ROI (Zhang
et al., 2022). This was also the case in the present study, where the
significant right LB subregional findings were unable to be replicated
using the right whole amygdala ROL. These results support the premise
that the common practice of considering the amygdala as a single
structure may produce erroneous results, in part due to the potential for
averaging of positive and negative subregional signals which are unable
to be accurately interpreted using whole amygdala ROIs (Roy et al.,
2009; Zhang et al., 2018).

The potential for measurement errors to confound findings is
amplified when interrogating FC of very small structures such as the
amygdala subregions with large voxels; however, these errors can be
minimised whilst simultaneously maximising contrast-to-noise ratio by
employing protocols with image resolution appropriate to the size of the
structures being imaged (Blazejewska et al., 2019; Yoo et al., 2001).
Similarly, data analysis methods using subregional ROI masks can aid in
teasing out more accurately the individual FC contributions to other
brain regions. Although probabilistic cytoarchitectonic maps of the
amygdala subregions are now freely available, not all researchers
employ this method which has the potential to introduce a level of
standardisation and accuracy in localising significant clusters anatomi-
cally (Eickhoff et al., 2005). Further, tailoring the data preprocessing
steps to take into account the acquired spatial resolution, selected
region-of-interest and method of controlling family-wise error (FWE) are
all methods of minimising measurement error (Mikl et al., 2008).

5. Limitations and future work

There are several limitations to this study which may be overcome in
future work. A causal relationship between treatment resistance and FC
alterations cannot be implied due to the cross-sectional nature of the
study. Severity of depression has the potential to be a confounding factor
and, although the findings in this study held when controlling for
depression severity in the TRD vs TSD comparison, resolving both these
limitations in future work would necessitate a longitudinal approach in
which depression patients are followed before and after TRD diagnosis.
Additionally, as disparity in FC results is characteristic across the limited
number of published TRD studies, replication of the current study results
using fMRI data with similar or higher resolution, for example at 7T,
would strengthen both the current findings and the case for acquisition
of higher resolution fMRI data and a subregional amygdala ROI analysis
approach in future studies. A further limitation was that this study did
not specifically evaluate anxiety as a coexisting condition across cohorts,
potentially confounding the results. Although previous work has shown
that altered connectivity of the subregions is implicated in anxiety
(Etkin et al., 2009; Yuan et al., 2016; Li et al., 2021a) any discussion on
the role of anxiety based on the findings of this study are purely spec-
ulative. Future work could provide new insights into the role of anxiety
as a potential contributor to symptom persistence in TRD.

An additional limitation from a technical perspective is that we used
a high-resolution acquisition protocol coupled with data analysis of in-
dividual subregions, meaning the method on which our comparisons
were based differed from all but one previous study of TRD. This in-
troduces a lack of generalisability when comparing our findings across
studies, and this issue has been raised again in a recent meta-analysis of
TRD neuroimaging studies, in which the authors noted that heteroge-
neity in both clinical cohorts and study methodologies is a barrier to
results generalisability (Miola et al., 2023). However, our methodology
has harnessed the technical advancements in the field that are now
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available to researchers who can build on this work using updated
techniques. Harmonisation of acquisition protocols and analysis
methods across studies and sites is a recognised method of promulgating
generalisability (Yamashita et al., 2019) and this concept has been
widely embraced by collaborative groups such as International Con-
sortium for Brain Mapping and Enhanced Neuroimaging and Genetics
through Meta-Analysis.

6. Conclusion

This study showed that altered connectivity of the right LB subregion
was a distinguishing feature of TRD. While much of the work to date has
focused on the whole amygdala, these results, obtained with high res-
olution data focusing on the amygdala subregions, emphasise the po-
tential for improved techniques to advance our knowledge of the
pathophysiological processes that underpin TRD. The study also pro-
vides a window into the highly specialised role of the right LB subregion
and its complex interplay between different brain regions bilaterally.
Review of the literature for this work revealed that heterogeneity - of
cohorts, of data acquisition and of analysis techniques - is likely con-
straining our efforts to better understand the underlying neural mech-
anisms of TRD and future work may benefit from addressing these
considerations.
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Chapter 5: Subregional Amygdala Connectivity to Resting State
Networks: 3T vs 7T

Although higher SNR is an inherent feature of 7T MRI systems compared to 3T systems, lack
of access to 7T means that most clinical research is performed at 3T. However, previous work
at 7T has demonstrated the spatial resolution benefits of imaging the amygdala, providing

evidence of the heterogenous structure and function of its nine component subnuclei.

We have seen in previous chapters that much of the research done at 3T has reported findings
based on the amygdala as a single structure. At 7T, it is possible to resolve the amygdala

3 and less;

contributions at a subnuclei level with high resolution data with VV of 10mm
however, the available SNR at 3T has generally precluded the acquisition of data with
equivalent levels of resolution. Consequently, the work in this chapter is based on the widely

accepted collection of three subregions used in Chapter Four (Eickhoff et al., 2005).

This chapter reports a qualitative comparison referencing the findings of a study by Elvira and
colleagues titled ‘Contributions of human amygdala nuclei to resting-state networks’ (Elvira
et al., 2022). Their work used gold standard high resolution 7T fMRI data acquired as part of
the Human Connectome Project to demonstrate amygdala co-activation at a subnuclei level
with three of the primarily cortical resting state networks. The aim of the study comprising this
chapter was to investigate the feasibility of using data acquired with an existing high resolution
2D sequence (used in Chapter Four) and a novel higher resolution 3D sequence, both optimised
for 3T, to interrogate functional connections between the amygdala subregions and defined
resting state networks-of-interest with primarily cortical connections. Findings from the 2D
and 3D sequences are discussed in relation to how closely the connections mirror the subnuclei

7T findings of Elvira and colleagues, with the 2D results most closely matching 7T findings.

This chapter demonstrates the capability of optimised high resolution 2D fMRI protocols to
resolve individual functional connections of the amygdala at a subregional level to resting state
networks compared to results obtained at 7T, the gold standard. The results of the study in this
chapter support the implementation of optimised high resolution 2D sequences into fMRI
research protocols more broadly as a means of improving spatial accuracy of FC findings in
relation to the amygdala and its subregions at 3T, the most widely available clinical research

field strength.
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5.1 Introduction

The currency of MR imaging is signal-to-noise ratio (SNR) which theoretically scales linearly
with field strength. The introduction of high-field 7 Tesla (7T) MRI systems for clinical
research has provided researchers with opportunities to make use of the concomitant SNR
advantages in several ways, depending on the imaging technique of choice. For structural
studies, increased SNR has facilitated the acquisition of data with sub-mm isotropic resolution
and increased spatial location accuracy, allowing in-vivo identification of the amygdala
subnuclei (Brown et al., 2020; Ghanem et al., 2024). For fMRI studies, increased spatial and/or
temporal resolution is possible, depending on individual study requirements; for those
investigating very small structures such as the amygdala, spatial resolution is typically
prioritised (Geissberger et al., 2020; Zhang et al., 2018). A further advantage for fMRI studies
at higher field strengths is that susceptibility effects are also increased resulting in increased
BOLD sensitivity (Ladd et al., 2018; McRobbie et al., 2017) and this combination of superior

spatial specificity and contrast-to-noise ratio (CNR) is attractive for neuroimaging research.

Paradoxically, however, increased susceptibility effects at 7T are also simultaneously
disadvantageous in terms of localised signal loss (Olman et al., 2009). Further disadvantages
to be considered are increased Radiofrequency (RF) power deposition, referred to as Specific
Absorption Rate (SAR), reported in watts per kilogram. Since SAR is dependent on the square
of the main magnetic field strength, an fMRI sequence scanned at 7T theoretically generates a
SAR value around 5.4 times higher than the same sequence acquired at 3T (Balchandani &
Naidich, 2015). Practically speaking, staying within regulated SAR limits may involve
compromises in the imaging sequence such as acquisition of fewer slices for a reduced
coverage or lengthening repetition times to allow tissue cooling (Ladd et al., 2018). An
additional consideration is that physiological side effects of exposure to high magnetic fields
have also been reported, manifesting as nausea, drowsiness and transient episodes of metallic

taste sensations (Cavin et al., 2007).

In relation to the amygdala, it is worth noting that terminology differences act as a confounder
to literature searches. Some authors have used the term amygdala ‘subnuclei’ or ‘nuclei’ when
referring to less granular ‘subregional’ parcellations in their fMRI studies at 3T (Engman et al.,
2016; Hofmann & Straube, 2019; Rausch et al., 2016). Additionally, data from some 7T studies
has been analysed at a subregional level rather than as an interrogation of the individual

subnuclei, even with data at high spatial resolution levels of 1.3mm? (Huggins et al., 2021),
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1.5mm isotropic (Zhang et al., 2018) and 1.7mm isotropic (Solano-Castiella et al., 2011) that
could potentially distinguish the subnuclei. Several other studies used high resolution data
ranging from 1.5mm? x 2mm (Geissberger et al., 2020; Pedersen et al., 2017) to 2mm isotropic
(Ebneabbasi et al., 2021) to report findings on the amygdala as a single structure. Other studies
have investigated amygdala activation by parcellating the amygdala into five (Robertson et al.,
2022) and six subregions (Brown et al., 2020). Only two resting state studies were identified
that parcellated the amygdala at the level of seven (Klein-Fliigge et al., 2022) or more
subnuclei, including the study that the work in this chapter references, which identified nine
(Elvira et al., 2022) as depicted in Figure 5.1. It is noteworthy that both studies made use of the
freely available high resolution 1.6mm? isotropic Human Connectome Project data acquired at

7T (Van Essen et al., 2012) rather than study-specific data acquisitions.

A B

Figure 5.1: Location of amygdala in medial temporal lobe (A & B). Location of nine
subnuclei within amygdala (C & D).

Note: Ce = Central; Me = Medial; AB = Accessory Basal;, Ba = Basal; La = Lateral;, PL =
Paralaminar;, AAA = Anterior Amygdaloid Area; Co = Cortical; CAT = CorticoAmygdaloid
Transition (Elvira et al., 2022).
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5.1.1 Spatial resolution requirements

Olman and Yacoub have contended that spatial resolution of the selected fMRI sequence should
be driven by the research question; that is, different spatial scales are required depending on
the brain regions under examination (Olman & Yacoub, 2011). Standard resolution data,
defined as VV of 20-50mm? is adequate to examine varying neural responses in different
regions of the cortex and can be acquired at 3T, whereas ultra-high resolution data (VV of
Imm? or less) is required to resolve the function of cortical columns and hypercolumns
(Chaimow et al., 2018; Hendriks et al., 2020; Olman & Yacoub, 2011; Platt et al., 2021).
Situated between these two categories is data designated as high resolution with VV of 1-
20mm? (Olman & Yacoub, 2011). Data at this level of resolution is required to resolve neural
signals in very close proximity to each other in cortical and subcortical regions (Olman &

Yacoub, 2011) such as the amygdala (Geissberger et al., 2020; Sladky et al., 2018).

Continuous technological improvements in MRI scanner hardware and software have resulted
in 3T systems that are now highly optimised to take advantage of available SNR for high
resolution fMRI studies (Knudsen et al., 2023; Stirnberg et al., 2017). However, as outlined in
the review in Chapter 3, many neuropsychiatric studies have relied on standard spatial
resolution data which limits the ability to resolve fine-grained subregional activity (Bollmann
& Barth, 2021; Foster et al., 2023). This approach is potentially hindering progress towards a
more nuanced understanding of the individual roles of the subregions and their contributions
to the heterogeneity and psychopathology of depression (Elliott et al., 2020; Li et al., 2021;
Yatham, 2023).

Lack of access to 7T has meant that 3T is still the most commonly utilised field strength for
clinical research. Although the concept of higher SNR at 7T is appealing, previous work has
demonstrated the capability of 3T systems to provide sufficiently high levels of spatial
resolution to image the amygdala at a subregional level (Balderston et al., 2015; Kwon et al.,
2024; Labuschagne et al., 2024; Li et al., 2021). In the setting of limited access to 7T, as well
as taking into account the associated safety issues (Okada et al., 2022) and increased
susceptibility-related signal losses in the temporal lobes where the amygdala is located (Cramer
et al., 2024; Ladd et al., 2018), 3T may be the preferred option. Implementation of optimised
fMRI acquisition protocols at 3T may be an important step in expanding our knowledge of the

functions of the individual subregions. Optimisation of spatial resolution is a simple yet
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effective method towards achieving this goal (Bandettini, 2001), and one that can be easily

implemented in clinical research settings by a specialist MRI radiographer.
5.2 Fundamentals of SNR and tSNR

SNR is defined as the ratio of global signal intensity to background noise and is typically
measured on a single MR image as a method of assessing one aspect of image quality.
Contributions to noise include thermal and physiological as well as scanner system elements.
In fMRI, temporal or time-series SNR (tSNR) is measured by dividing the mean signal over
the image volumes by the standard deviation along the time-series (Poser et al., 2010) and
provides information on temporal noise properties that may affect the stability of SNR over the
time-series (Murphy et al., 1993). It is not uncommon for both terms to be theoretically referred
to as SNR in fMRI (Welvaert & Rosseel, 2013) but in practical terms, their values vary at
different levels of spatial resolution due to mainly physiological noise contributions over time

(Figure 5.2).

Accurate quantification of functional connectivity is dependent on adequate tSNR levels with
which to spatially localise and measure low-frequency BOLD fluctuations (Golestani &
Goodyear, 2011). Although the focus of this work is on spatial resolution and its relationship
to tSNR, contrast-to-noise ratio (CNR) measures are also central to fMRI as the technique is
reliant on BOLD contrast. CNR in resting state fMRI is a measure of the low frequency signal
fluctuations compared to noise. Adequate CNR levels will ensure signals from different regions
or voxels are distinguishable from each other and from the associated noise (Huettel et al.,
2004; Narasimhan & Jacobs, 2002). As signal amplitudes are relatively low in resting state
BOLD, tSNR and CNR levels are particularly sensitive to noise and increased levels of noise
can negatively impact the accuracy of FC measures (Peer et al., 2016). The ideal imaging
scenario in which tSNR and BOLD contrast are maximised whilst noise is minimised provides
the best opportunity for optimal data acquisition and accurate FC measurements (Murphy et
al., 2007; Welvaert & Rosseel, 2013). Although their results initially appear intuitively at odds,
Bellgowan and colleagues have demonstrated that the use of smaller VV in the temporal lobes,
the location of the amygdala and an area of high susceptibility, resulted in higher tSNR and
CNR measurements. They attributed their findings to greater tissue homogeneity responsible
for less intravoxel dephasing and signal loss (Bellgowan et al., 2006). Newton and colleagues

also reported significant improvements in CNR with a higher spatial resolution acquisition
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technique, noting the significant contribution of reduced levels of partial volume averaging to

the results (Newton et al., 2012).
5.2.1 Spatial resolution and voxel volumes (VV)

Intuitively, 7T is a superior option for imaging at high spatial resolution in general. However,
its inherent disadvantages mean it may not always be the best option, depending on the study
endpoint (Okada et al., 2022). Spatial resolution (VV in mm?) is a key parameter in protocol
optimisation and, as we have seen, its selection should be based on the research question
(Olman & Yacoub, 2011). Spatial resolution is intrinsically tied to SNR levels, as the two are
directly proportional; thus, higher spatial resolution imaging requires smaller VVs which
theoretically possess inherently lower SNR (Olman & Yacoub, 2011) as seen in Figure 5.2. In
practice, however, when noise contributions are accounted for in time series data, tSNR values
increase to a peak at smaller VV before plateauing, demonstrating that the use of larger VV
add no further tSNR benefits whilst simultaneously reducing spatial resolution (Figure 5.2). As
outlined in Chapter 2, the optimum slice thickness for functional imaging of the amygdala is 2
- 2.5mm?’ resulting in an isotropic VV of 8 - 15.6mm? (Robinson et al., 2004). Beyond this point
there are marginal tSNR gains to be made (Figure 5.2 - right). As previously noted, smaller
voxels reclaim SNR that may be lost due to phase error mismapping and partial voluming
caused by tissue heterogeneity in larger voxels, both of which lead to increased noise levels,
and this is more evident at increasing field strengths. As they are more likely to contain
homogenous tissue, smaller voxels benefit from less intravoxel dephasing (Bandettini, 2002;
Robinson et al., 2004) and they are also less likely to be affected by vascular signal from vessels

such as the nearby basal vein of Rosenthal (Boubela et al., 2015).
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Figure 5.2: SNR (left) and tSNR (right) as a function of voxel volume with 2D acquisition
at field strengths of 1.5T, 3T and 7T.

Note: SNR (left) scales linearly with field strength whereas tSNR (right) demonstrates
diminishing tSNR returns with larger voxel volumes (Triantafyllou et al., 2005).

Overall tSNR reductions resulting from susceptibility-related field distortion, signal loss
(Olman et al., 2009; Yang et al., 2012) and noise are observable at all three field strengths as
depicted in Figure 5.2, but these issues are exacerbated at 7T (Viessmann & Polimeni, 2021).
A further complication of higher field strength imaging is wavelength variation. At 3T the RF
transmission wavelength in tissue is approximately 26cm (Bernstein et al., 2006) but this value
is significantly shorter at 7T, being 11-12cm. As a result, RF inhomogeneity due to nonuniform
RF transmission across tissues, together with alterations in tissue properties, also contribute to
lower achievable tSNR levels in practice (Erturk et al., 2019; Pohmann et al., 2016). This is
reflected in the comparative SNR and tSNR values at a VV of 20mm?®, the upper limit of high
spatial resolution as previously defined. Interestingly, although 7T systems possesses over
twice the theoretical SNR to 3T systems as seen in Figure 5.2 - left, at this level of spatial
resolution the tSNR differential is significantly reduced, with a value of approximately 80 for
7T compared with 68 for 3T. Given the disadvantages of 7T related to physiological effects,
RF wavelength tissue complications and increased SAR levels potentially limiting whole brain
coverage required for resting state studies, 3T is potentially the more attractive option for

functional connectivity studies probing the amygdala subregions.
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5.3 Imaging the amygdala subregions at 3T

The 2D T2*-W GRE-EPI sequence is considered the gold standard and is widely used in
clinical and research settings (Bollmann & Barth, 2021; Foster et al., 2023). The 3D GRE-EPI
version, typically not in use outside research settings, has been shown to have significant
advantages over the 2D sequence, including greater sensitivity for functional connectivity
measures as well as higher spatial resolution capabilities and the potential for shorter
acquisition times and potentially smaller sample sizes. This is largely due to inherently higher
SNR levels resulting from the different k-space acquisition strategy, and this is more evident
in the centrally located deep grey matter structures (Lutti et al., 2013; Stirnberg et al., 2017;
Tijssen et al., 2011). Additionally, extrapolation of findings from previous work at 7T indicates
that reduced levels of thermal SNR may also contribute to the superior performance of 3D
sequences at 3T (Lutti et al., 2013). Taking into consideration the potential SNR gains in
subcortical structures and the requirement for higher spatial resolution imaging to resolve the
functional connections of the individual amygdala subregions, an investigation into the utility
of a 3D sequence was warranted. A fuller discussion of the technical considerations of the 2D

and 3D sequence comparison is located in Appendix D.

As noted, the optimum slice thickness to maximise SNR in fMRI investigations of the
amygdala is between 2mm and 2.5mm (Robinson et al., 2004). The slice thickness of the
previously optimised 2D sequence used in this study was 2.5mm, resulting in a voxel volume
(VV) of 15.6mm°. The 3D sequence, a works-in-progress sequence developed and provided by
Siemens Healthineers (Erlangen, Germany), was optimised for this amygdala study; a slice
thickness of 2mm provided a VV of 8mm?, just over half that of the 2D sequence. Both
sequences benefited from the use of isotropic voxels which have been shown to increase signal

sampling accuracy (Mulder et al., 2019; Smith et al., 2013).

5.3.1 Study Aim

The primary aim of this pilot study was to assess the FC capabilities of two high-resolution
GRE-EPI sequences, 2D (optimised in line with Chapter Three recommendations and also used
in Chapter Four) and 3D, with different VV and acquisition strategies, optimised for use at 3T.
The two sequences were assessed for their capability in identifying subregional amygdala
functional connectivity with primarily cortical resting state networks. Results were compared
to those reported by Elvira and colleagues (Elvira et al., 2022) who used a combination of 2D

data and Independent Component Analysis, a data driven technique useful in exploratory
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settings when there are no a priori assumptions (Rosazza et al., 2012). They investigated the
functional connectivity contributions of individual amygdala subnuclei to resting-state
networks utilising Human Connectome Project (HCP) data (Van Essen et al., 2012) acquired
with a 2D GRE-EPI sequence at 7T (Elvira et al.,, 2022). These authors identified FC
contributions of nine amygdala subnuclei to three of the seven resting state networks identified
by Yeo and colleagues (Yeo et al., 2011). These networks (hereafter referred to collectively as
networks-of-interest) were the Default Mode, Somatomotor and Ventral Attention networks
(Elvira et al., 2022). Resting state networks are referred to by an alternate nomenclature in the
analysis software used in this study; however, for ease of comparison, the Yeo nomenclature
used by Elvira et al. is used in this work. Details of all Yeo and CONN toolbox nomenclatures

are outlined in Table S1 in Appendix D.

For their 7T study, Elvira and colleagues parcellated the amygdala into nine subnuclei (Table
5.1) and reported individual subnuclei connections to the three networks-of-interest. They also
calculated relative contributions of each of the subnuclei within the networks-of-interest. Table
5.1 lists the nine the individual subnuclei and their subregional groupings (CM, LB and SF). It
also includes the individual subnuclei connections to networks-of-interest and rankings in order
of contribution to each network-of-interest reported for each of the subnuclei in the 7T study.
Although amygdala FC at a subnuclei level has been demonstrated using high quality, high
resolution data with VV of 10mm? and less at 7T, this has not been the case at 3T due to lower
inherent SNR levels. Therefore, this study is based on the coarser parcellation of three
subregions as previously defined (Eickhoff et al., 2005). The overarching aim of the study was
to demonstrate that, in the absence of widespread access to gold standard 7T systems,
researchers can use data from optimised 3T sequences to interrogate amygdala FC at a

subregional level to primarily cortical resting state networks.
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Table 5.1: Amygdala subregions used in 3T study; subnuclei used in 7T study; network-of-

interest connections

3T Subregions 7T Individual Subnuclei Networks-of-interest

Identified at 7T

Centromedial (CM) Central (Ce) Default Mode (5)

Ventral Attention (4)

Medial (Me) Default Mode (4)

Laterobasal (LB) Accessory basal (AB) Default Mode (2)

Somatomotor (4)

Basal (Ba Somatomotor (5)

Lateral (La) Nil

Paralaminar (PL) Somatomotor (2)
Superficial (SF) Anterior Amygdaloid Area (AAA) Ventral Attention (2)

Somatomotor (3)

Cortical (Co) Default Mode (1)

Ventral Attention (1)

CorticoAmygdaloid Transition (CAT) Somatomotor (1)
Ventral Attention (3)

Default Mode (3)

Note: Yeo nomenclature used by Elvira & colleagues. Numbers refer to order of relative
contributions of amygdaloid subnuclei to that network-of-interest as reported in 7T study. For
example, two subnuclei located in the Superficial (SF) subregion were the primary contributors
of functional connections to all three networks. These were Cortical nucleus for Default Mode
Network & Ventral Attention Networks and Corticoamygdaloid Transition area for
Somatomotor Network (labelled 1) (Elvira et al., 2022).
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5.4 Materials and Methods

5.4.1 Participants

Ten healthy participants (5 males) aged 18 - 64 years (mean 35 years) took part in this pilot
study. All participants were physically healthy and had no significant history of neurological
disease, psychiatric disease, or head injury. Approval was obtained from Western Sydney Local
Health District Ethics Committee and written informed consent was obtained from all
participants. Imaging studies were undertaken at Westmead Hospital Radiology Department,

Sydney, Australia.

5.4.2 Data acquisition

All imaging data were acquired on a 3 Tesla Siemens Prisma MRI system in conjunction with
VEI11C software (Siemens Healthineers, Erlangen, Germany). A 64-channel head/neck array
RF coil was employed for signal reception. Participants viewed a fixation cross projected onto
a coil-mounted screen whilst two sequences of resting-state data (2D and 3D) were acquired.
Participants were instructed to remain still and awake. Imaging parameters for the functional
2D T2*-weighted GRE-EPI sequence were as follows: Repetition time (TR) = 1500ms; Echo
time (TE) = 33ms; Field-of-view (FOV) = 255mm; Matrix = 104 x 104; Flip angle (FA) = 85°;
Phase encoding direction = A to P; Total acceleration = 6 (MB 3); 320 volumes ; 60 interleaved
axial-oblique slices at 2.5mm thick (Omm gap) parallel to the AC-PC line were acquired

covering the whole brain with a VV of 15.6mm? in an acquisition time of 8 minutes 12 seconds.

Imaging parameters for the functional 3D T2*-weighted GRE-EPI sequence were as follows:
Repetition time (TR) = 54ms (total = 2160ms); Echo time (TE) = 28ms; Field-of-view (FOV)
= 224mm; Matrix = 112 x 112; Flip angle (FA) = 10°; Phase encoding direction = A to P; Total
acceleration = 4; 220 volumes ; 80 ascending axial slices at 2mm thick (Omm gap) parallel to
the AC-PC line were acquired covering the whole brain with a VV of 8mm? in an acquisition

time of 8 minutes 11 seconds.

Both GRE-EPI sequences were tailored to result in equivalent acquisition times of just over 8
minutes by adjusting the total number of volumes. The total number of slices for each sequence
was prefaced on the requirement for a whole number multiple of the slice acceleration factor
of the individual sequence. Additionally, due to the location of the amygdala in an area known
for increased magnetic susceptibility issues due to air/bone/tissue/interfaces, slice partial

Fourier sampling was not engaged in the 3D sequence to avoid the potential for increased signal
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losses (Stirnberg et al., 2017). The main magnetic field was shimmed once automatically prior

to the first GRE-EPI acquisition to reduce variability in field homogeneity between sequences.

A high-resolution structural 3D T1-weighted magnetisation-prepared gradient echo sequence
was also acquired with imaging parameters as follows: Repetition time (TR) = 2400ms; Echo
time (TE) = 2.21ms; Inversion Time (TI) = 900ms; Field-of-view (FOV) = 256mm; Matrix =
288 x 288; Flip angle (FA) = 8°; Phase encoding direction = A to P; Acceleration (GRAPPA)
=2 ; 192 sagittal slices at 0.9mm thick parallel to the interhemispheric fissure were acquired

covering the whole brain with a VV of 0.7mm? in an acquisition time of 6 minutes 23 seconds.

5.4.3 ROI selection, data preprocessing and analyses

Functional connectivity was assessed with a seed-based connectivity Region-of-Interest (ROI-
to-ROI) method. Analyses were based on a priori selection of ROIs. Six amygdala subregional
masks or ROIs were extracted from The JuBrain Anatomy Toolbox (Eickhoff et al., 2005). Left
and right centromedial (CM), laterobasal (LB) and superficial (SF) ROIs were created using
cytoarchitectonically-defined probabilistic maps from the JuBrain Cytoarchitectonic Atlas

(Amunts et al., 2005) and imported into the CONN toolbox for analyses.

Data analyses were performed using a combination of Matlab R2022b (The MathWorks Inc.
Natick, Massachusetts), SPM12 (Wellcome Trust Centre for Neuroimaging, London, UK) and
CONN functional connectivity toolbox v22b (http://www.nitrc.org/projects/conn/).
Preprocessing of anatomical and functional images was performed using the CONN modular
preprocessing pipeline (Nieto-Castanon, 2020b). Noting that spatial smoothing in ROI analyses
has a negligible effect (Huettel et al., 2004) and is potentially detrimental for native high
resolution data undergoing resting state analyses by reducing spatial specificity (Alakorkko et
al., 2017; Bollmann & Barth, 2021; Lindquist, 2008; Sladky et al., 2013) this step was removed
from the preprocessing pipeline. Similarly, in line with findings showing that slice time
correction is not required for high resolution data (Glasser et al., 2013; Wu et al., 2011) this
step was also removed. The data underwent realignment, unwarping, co-registration and
resampling for motion correction, and magnetic susceptibility interactions and a BOLD
reference image was created for each subject. Data were then segmented into grey matter, white
matter and cerebrospinal fluid and then normalised into standard Montreal Neurological
Institute space. Functional data were denoised using a standard pipeline including regression
of potential confounders (CompCor) from white matter, CSF and motion parameters (Nieto-

Castanon, 2020a), followed by bandpass filtering (0.01-0.1 Hz). Data was assessed for head
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motion using the Assessment of Repetitive Tasks (ART)-based scrubbing technique in CONN,
with outliers being defined as having greater than 0.9mm framewise displacement. No

participants were excluded based on less than 5% scans deemed as outliers.

ROI to ROI analyses were undertaken separately for the 2D and 3D sequences to characterise
FC strengths between the six seed ROIs and the target network ROIs. As the study aim was to
identify the presence of functional connections between a prescribed set of ROIs as per Elvira
et al, a one sample t-test was used to test each individual subregional amygdala ROI seed (left
and right LB, CM and SF) for significant correlations with each of the network ROIs (targets)
in CONN using a Fisher-transformed bivariate correlation coefficient using a General Linear
Model and calculated from the BOLD signal time series for each ROI pair. The target ROIs
comprised the individual regions of each resting state network in CONN, including the
networks-of-interest. Due to the small sample size in this pilot study, the results did not survive
correction for multiple comparisons at a significance threshold of p<0.05 after controlling for
false discovery rate; consequently, results displayed in Table 5.2 were thresholded at an
uncorrected p < 0.05. Functional connectivity results of both sequences were collated for

comparison.
5.5 Results

5.5.1 Network-of-interest to subregion connectivity — 2D sequence

The ROI-to-ROI analysis for the 2D sequence identified connections to all three networks-of-
interest from five of the six subregions. In total, ten separate subregional connections to the
three networks-of-interest were identified. For the Default Mode Network, four connections
were identified: namely, with the right and left CM, left LB and left SF. For the Somatomotor
network, two separate connections to the left LB were identified, potentially arising separately
from the AB and Ba subnuclei. For the Ventral Attention network, four connections were also
identified; with the left CM, right and left SF and left LB. Whilst Elvira and colleagues reported
connections between this network and subnuclei in the CM and SF, their findings for the Ventral

Attention network did not include any individual subnuclei that form the LB subregion.

5.5.2 Network-of-interest to subregion connectivity — 3D sequence

The ROI-to-ROI analysis for the 3D sequence identified overall fewer connections, with only
two between networks-of-interest and subregions. One connection was identified between the
Ventral Attention network and right SF, the only finding in alignment with those of Elvira and

colleagues. A second connection between the Somatomotor network and left CM was also
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identified; however, Elvira and colleagues did not report a connection between this network
and any subnuclei in the CM, but rather to those subnuclei located in the LB and SF subregions.

No Default Mode network connections were identified using the 3D sequence.

Functional connectivity results for network-of interest to amygdala subregions for 2D and 3D
sequences are shown in Table 5.2 and Figure 5.3. Results for connections to other networks are
shown in Appendix D (Table S3 for the 2D sequence and Table S4 for the 3D sequence). See

Table S2 in Appendix D for comparison of Yeo and CONN network region nomenclature.

Figure 5.3: Amygdala subregional functional connectivity in healthy controls: 2D > 3D

Subregional amygdala regions-of-interest demonstrating stronger functional connections to
other brain regions in 2D sequence (at left) compared to 3D sequence (at right). Neurological

image orientation shown with left hemisphere on left and frontal lobes at the top.

CM = centromedial (red); LB = laterobasal (blue); SF = superficial (green); L RPFC = Left
Rostral Prefrontal Cortex (yellow); L & R LAT SM = Left and right lateral sensorimotor
(orange); PCC = Posterior Cingulate Cortex (purple); SUP SM = Superior Sensorimotor
(dark green); Whole amygdala region (aqua ellipse).
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Table 5.2: Resting-State Functional Connectivity results between networks-of-interest and

amygdala subregions for 2D and 3D sequences

Subregion Target Network-of-interest  T-stat p-unc  Results common to Elvira
& sequence and region <0.05 etal. (subnucleilevel)

2D
R_CM* Default Mode - PCC -3.27 0.010 DMN (Ce & Me)
L CM* Default Mode - PCC -3.68 0.005 DMN (Ce & Me)
L CM* Ventral Att. - RPFC (L) -2.48 0.034 Ventral Att. (Ce only)
L LB* Default Mode - PCC -3.84 0.004 DMN (AB only)
L LB* Somatomotor - Lateral (R) *2.76  0.022 Somatomotor (AB, Ba, PL)
L_LB# Ventral Att. - RPFC (L) -2.67 0.025 Ventral att. (#CM, SF)
L LB* Somatomotor - Lateral (L) *2.28 0.048 Somatomotor (AB, Ba, PL)
R_SF* AVentral Att. - RPFC (L) -2.30 0.047 Ventral att. (AAA, Co, CAT
L SF* Ventral Att. - RPFC (L) -3.3 0.009 Ventral att. (AAA, Co, CAT)
L_SF* Default Mode - PCC -2.59 0.029 DMN (Co, CAT)

3D
L CM# Somatomotor - Superior -2.27 0.050 Somatomotor (#LB, SF)
R_SF* AVentral Att. - RPFC (L) -2.85 0.019 Ventral att. (AAA, Co, CAT)

Note: 7T findings of Elvira et al. shown for comparison (Elvira et al., 2022).

Results did not survive multiple comparisons at Prpr<0.05; shown at p-uncorrected < (.05

A indicates same network connection in both 2D and 3D sequences

" indicates positive correlation with network region

* indicates subregions containing subnuclei connected with network-of-interest in this study
that replicate findings of Elvira et al.

# indicates subregions containing subnuclei connected with network-of-interest in this study

that differ from findings of Elvira et al.
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5.6 Discussion

This study investigated the capability of two high resolution fMRI sequences optimised for use
at 3T to identify functional connections between the amygdala subregions (CM, LB and SF)
and resting state networks-of-interest, Default Mode, Ventral Attention and Somatomotor. FC
results were compared to findings reported at 7T by Elvira and colleagues, who explored FC
of nine amygdala subnuclei to networks-of-interest using a combination of 2D data and
Independent Component Analysis, a data driven technique useful in exploratory settings when
there are no a priori assumptions (Rosazza et al., 2012). The main findings of the study were
that the performance of the 2D sequence was superior to that of the 3D sequence in identifying
subregional amygdala connections to networks-of-interest. Whilst the 3D sequence identified
only two subregional connections to network-of-interests, the 2D sequence identified ten
separate connections from the three networks-of-interest to five of the six amygdala subregions.
In comparison, the 7T study identified 14 connections between the networks-of-interest and

eight of the nine amygdala subnuclei.

In considering the performance of the 2D 3T sequence in this pilot study compared to the results
reported at 7T, it is noteworthy that the findings of Elvira and colleagues were identified using
high resolution data (VV 4.1mm?®) acquired at 7T as part of the Human Connectome Project
(Van Essen et al., 2012). Additionally, their analysis was performed using two 16-minute
resting state data acquisitions per participant (Elvira et al., 2022) whereas the data acquired in
this 3T study comprised of one 8-minute resting state acquisition per sequence with VV of
8mm? (3D) and 15.6mm? (2D). In such a setting, it may seem surprising that the findings of
the 2D 3T sequence were relatively favourable in comparison to the 7T findings. Signal
averaging by acquiring multiple volumes of data over longer acquisition times, in one or more
runs, is a commonly used method of increasing SNR; however, previous work has shown that
there is minimal benefit derived in using acquisition times of longer than six minutes to
investigate FC strength of resting state networks including the Default Mode Network (Van
Dijk et al., 2010).

Although they did not specify laterality in their findings, the authors did identify an effect of
hemisphere, noting increased connectivity on the right, which was in contrast to the findings
of the present study which identified more left-sided connections overall. Interestingly, Elvira
et al. also reported that the amygdala subnuclei function in preferential configurations in their

interactions with resting state networks, for example for the DMN, the relative contributions
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from amygdala subnuclei in order were Cortical, Accessory Basal, CorticoAmygdaloid
Transition, Medial and Central, with this combination representing contributions from all three
subregions. Relative contributions of each of the amygdala subnuclei to the networks-of-
interest in the 7T study are listed in Table 5.1. A more direct performance assessment between
the 2D 3T and 7T findings is presented in Table 5.3, with left and right subregional findings

grouped together for clarity in the following discussion.
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Table 5.3: 2D 3T subregional amygdala functional connectivity findings compared to 7T

subnuclei amygdala functional connectivity findings to networks-of-interest

Subnuclei Network-of-interest Subregion Network-of-interest
No laterality 7T Elvira et al. Left or Right 3T 2D
specified
Central (Ce) DMN R Centromedial (CM) DMN
VAN
Medial (Me) DMN L Centromedial (CM) DMN
VAN
Accessory basal (AB) DMN R Laterobasal (LB) *Nil
Somatomotor
Basal (Ba) Somatomotor L Laterobasal (LB) DMN
Lateral (La) *Nil Somatomotor
Paralaminar (PL) Somatomotor VAN
Somatomotor

Anterior Amygdaloid VAN
Area (AAA)

Somatomotor

Cortical (Co) DMN R Superficial (SF) VAN
VAN

CorticoAmygdaloid Somatomotor L Superficial (SF) VAN

Transition (CAT) VAN DMN
DMN

Note: DMN = Default Mode Network; VAN = Ventral Attention Network, R = right; L = left

5.6.1 Centromedial subregion

For the CM subregion, the 2D 3T sequence identified three connections to two networks-of-
interest, two of which were to the Default Mode Network. The 7T study also identified two

connections between the Default Mode Network and the two subnuclei that make up the CM
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subregion. Given that laterality was not specified, it is possible that the left and right CM
connections identified in the 2D 3T analysis emerged from these individual subnuclei. Also, in
line with the 7T findings, a connection between the Ventral Attention network and the CM was
identified. The 7T study also reported a connection between the Ventral Attention network and
one of the two CM subnuclei, the Ce; this may represent the connection shown in the 2D 3T
analysis at a coarser level. In summary, of three network-of-interest connections reported at 7T

between the two subnuclei that form the CM, the 2D 3T sequence also identified three.

5.6.2 Laterobasal subregion

The LB, the largest subregion by volume at around 80% of the whole amygdala structure, is
comprised of four individual subnuclei (Roddy et al., 2021; Saygin et al., 2011). In the 7T
study, four individual connections, one to the Default Mode Network and three to the
Somatomotor network, were reported between three of the four subnuclei. Of these four
network-of-interest connections, the 2D 3T sequence identified three. The 2D 3T sequence also
identified four separate connections, lateralised to the left LB, three of which aligned with the
findings of the 7T study. These included one connection to the Default Mode Network and two
to the Somatomotor network. A fourth connection between the left LB and the Ventral Attention
Network identified in the 2D 3T analysis was not reported in the 7T study. No connections
were identified between any of the networks-of-interest and the right LB in the 2D 3T analysis.
Similarly, no connections were identified to one of the LB subnuclei, the La, in the 7T study.
In summary, of the four network-of-interest connections reported at 7T between the subnuclei

that form the LB, the 2D 3T sequence identified three.

5.6.3 Superficial subregion

Incongruously, the SF subregion, although much smaller than the LB, appears to be the most
heavily connected, with seven connections between its individual subnuclei to all three
networks-of-interest identified in the 7T study. Connections between each of the three
subnuclei comprising the SF subregion were reported to at least two networks-of-interest, with
one subnucleus connecting to all three networks-of-interest. The 2D 3T sequence identified
three connections from the SF to two of the three networks-of-interest, the Default Mode and
Ventral Attention networks. In summary, of the seven network-of-interest connections reported

at 7T between the three subnuclei that form the SF, the 2D 3T sequence identified three.
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5.6.4 Subregions and individual subnuclei

Overall, the high resolution 2D 3T sequence showed promising capability in identifying
amygdala connections to the networks-of-interest at a subregional level in comparison to
subnuclei connections identified in the 7T study, notwithstanding the very small sample size.
Scrutinising the connections of each subregion and comparing them to those of the individual
subnuclei in Table 5.3, it is evident that the same three network-of-interest connections were
identified for the CM subregion and its individual subnuclei (Ce and Me). As the CM is the
smallest subregion by volume, at less than five percent of the whole amygdala (Roddy et al.,

2021), this is a favourable result.

For the largest subregion, the LB, the 2D 3T sequence identified three of the same four
connections identified at 7T between three of its four individual subnuclei (AB, Ba, PL) and
networks-of-interest, as well as a fourth to the Ventral Attention network. The only individual
subnucleus in the LB displaying no connections to the networks-of-interest at 7T was the La

subnucleus.

A comparison of the SF subregion and its individual subnuclei showed that, of seven
connections between the SF subnuclei (AAA, Co, CAT) and networks-of-interest at 7T, three
were identified at a subregional level by the 2D 3T sequence, with connections between two
subnuclei (AAA, CAT) and the Somatomotor network not identified. However, two of three
connections to the Ventral Attention Network and one of two to the Default Mode Network
were identified. Given that the volume of this subregion is only around 15 percent of the total
amygdala volume at approximately 265mm?® (Roddy et al., 2021) it may be difficult to spatially
locate so many different signals arising from within such a small region at the level of
resolution provided by the 2D 3T sequence that, although considered high-resolution, has VV
of four times larger than the 7T data. This premise is supported by previous work demonstrating
the capability of ultra-high resolution 7T fMRI data to differentiate multiple signals arising
from various depths in the cortex where high resolution data is unable to resolve the signals
individually (Polimeni & Wald, 2018). Intriguingly, the CM is approximately four times
smaller than the SF, yet the same three individual network-of-interest connections were
identified by the 2D 3T sequence as were reported at 7T, demonstrating the potential of the 2D
sequence to spatially locate at least three individual connections within a small region. The

location of the CM subregion superiorly in the amygdala may also have contributed to these
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results; even though diminutive, positionally it benefits from a more homogeneous tissue

environment, being distanced further from the skull base than the other subregions.

Negative correlations were identified between all subregions and networks in both 2D and 3D
3T sequences with the exception being two positively correlated connections between the left
LB and Somatomotor networks in the 2D 3T sequence (Table 5.2). It has been suggested that
global signal regression to reduce noise during data preprocessing is responsible for negatively
correlated network findings (Murphy et al., 2009). However, the work of Chang and Glover
identified negative correlations in the absence of this data preprocessing step (Chang & Glover,
2009). It has also been proposed that ‘anti-correlations’ are intrinsic to task-positive and task-
negative network interactions and are representative of the participant’s state of non-focused
attention during resting state data acquisition (Fox et al., 2009; Greicius et al., 2003).
Regarding the only positive correlations identified in the study, Kerestes and colleagues also
reported significant positive correlations between the left LB and the Somatomotor network in
their study (Kerestes et al., 2017) whilst Sylvester and colleagues reported mainly negative
correlations between subregions and resting state networks (Sylvester et al., 2020). However,
the results in this small pilot study did not reach significance and, as such, must be interpreted

with caution.

Previous work comparing two similar 2D and 3D sequences to those in this study, but with
identical spatial resolution of 2.4mm isotropic, reported overall higher functional connectivity
values for the 3D sequence, noting its superiority in demonstrating connections to the Default
Mode Network (Stirnberg et al., 2017). However, in this study the 2D sequence performance
was superior in identifying multiple subregional connections not only to the Default Mode
Network but to all three networks-of-interest. In contrast, the 3D sequence identified only two;
however, the performance of the 3D sequence may have been impacted by physiological noise,
which is known to be significantly more detrimental when employing a novel 3D k-space
acquisition strategy (Triantafyllou et al., 2005). Additionally, data acquired in the temporal
lobes, the location of the amygdala, is affected by physiological noise more so than other brain
regions (Klein-Fliigge et al., 2022). Previous work has shown the potential gains in tSNR by
performing individual physiological noise regression in analyses of 3D datasets (Lutti et al.,
2013; Stirnberg et al., 2017). Individual pulse and waveform data can be collected and recorded
by means of a vendor-supplied respiratory belt fitted around the participant’s chest and a pulse-
oximeter device located on a finger. It was intended that physiological data capture capability

would be available on the 3D sequence for the purposes of this study; however, due to technical

Chapter 5 — Subregional Amygdala Connectivity to Resting State Networks: 3T vs 7T 135



difficulties at the sequence compilation level it was unavailable for use during participant data

acquisition.

Interestingly, as has been demonstrated in the work in Chapter Four, variations in amygdala
connectivity results were again demonstrated in this study when comparing findings utilising
a whole amygdala ROI versus three individual subregional ROIs. For the 2D 3T analysis, when
the left whole amygdala was used as a single ROI, only three of eight network-of-interest
connections previously identified with subregional ROIs were seen at p-unc < 0.05. They were
Default Mode, Ventral Attention and Somatomotor. For the right whole amygdala, only one of

two network-of-interest connections was identified, to the Default Mode Network.

A similar pattern was evident in the results for the 3D 3T analysis; when the left whole
amygdala was used as a single ROI, the single network-of-interest connection previously
identified at subregional level was no longer observable. However, for the right whole
amygdala, the single network-of-interest connection to the Ventral Attention Network was
retained. A potential explanation for these anomalous findings is that averaging of positive and
negative discrete subregional signals occurs when the amygdala is considered as a single

structure (Honey et al., 2009; Roy et al., 2009).
5.7 Limitations

There are a number of limitations to this study which may be overcome in future work, not the
least that as a pilot, results did not reach significance after correction for multiple comparisons
and thus are not generalisable due to the study being underpowered. A distinct limitation is that
the spatial resolution of the two sequences differed, rendering head-to-head comparisons
unviable; however, that was not the primary purpose of the study. Additionally, the amygdala
subregional ROIs used in this study were based on cytoarchitectonic parcellations freely
available in the SPM Anatomy Toolbox (Eickhoff et al., 2005) whereas Elvira et al.
automatically segmented nine subnuclei for each individual participant using very high
resolution T2-weighted images. Standardised ROIs have been shown to produce less accurate
FC measures compared with individual segmentation (Sohn et al., 2015). Notwithstanding, the
cytoarchitectonic derivation of the subregional amygdala ROIs in the SPM Anatomy Toolbox
used in this study has been validated and is a method available to all researchers who value
reproducibility, as the subregions, represented by maximum probability maps, are registered to
standard MNI space. Conversely, tissue probability thresholds derived from automatic

segmentation methods can differ between analysis platforms, rendering results non-comparable
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across platforms and leading to inconsistent results and lack of reproducibility across studies

utilising different software platforms (Tudorascu et al., 2016).

Variations in data preprocessing are also a limitation in terms of results comparisons across
studies. As the data from both sequences was high resolution and the TR periods relatively
short, slice timing correction and data smoothing were removed from the processing pipeline.
As the native spatial resolution differed, this may have affected the results, and the data from
both sequences may have benefited from smoothing with the same kernel width in order to
match their spatiotemporal resolution for FC comparisons. Elvira et al. also used unsmoothed
data in reporting their findings but employed individual subnuclei masks during analysis. As
well as providing increased tSNR, data smoothing is an effective method of accounting for
inter-subject anatomical variations (Bazeille et al., 2021; Wu et al., 2011). As subject-specific
ROIs were not used in this study, data smoothing may have been beneficial; however, any such
advantage needs to be considered through the prism of potential reductions in spatial specificity
that accompany smoothing of native high resolution data (Alakorkkd et al., 2017; Bollmann &
Barth, 2021).

The lack of physiological data correction, shown to have preferential data quality benefits, also
likely constrained the performance of the 3D sequence and its deployment in future
investigations of amygdala subregional FC is warranted. Lastly, although a discussion relating
to echo times and their impact on BOLD sensitivity in different brain regions is outside the
scope of this work, it should be noted that the echo times of the two sequences differed. Shorter
echo times generally result in higher SNR due to less T2* dephasing prior to signal sampling
(Kriiger et al., 2001). Fundamentally, it could reasonably be expected that the 3D sequence
with an echo time of 28ms would benefit in terms of SNR levels compared with the 2D
sequence with a corresponding echo time of 33ms. However, there are other factors at play;
echo times are optimal when maximum BOLD contrast is achieved, and this relates to
differences in T2* signal decay and varies with field strength (Puckett et al., 2018). Further,
the T2* values of cortical and subcortical brain regions differ and, as selection of TE value for
fMRI data acquisition involves compromise between BOLD sensitivity, SNR and research
question, it should be noted that this particular research question related to connectivity with
cortical regions comprising three brain networks. As TE values between 30-35ms have been
shown to be optimal for investigation of the cortex using a 2D sequence at 3T (Kang et al.,
2023; Mileti¢ et al., 2020), it is perhaps unsurprising that the 2D sequence with a TE of 33ms
outperformed its 3D counterpart in this study.
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5.8 Conclusion

The 2D GRE-EPI sequence optimised for high resolution acquisitions at 3T showed promise
in accurate identification of amygdala subregional FC to resting state networks, highlighting
the potentially underutilised capability of high spatial resolution fMRI at 3T. The performance
of the 2D version was superior to that of the 3D version in most closely identifying functional
connections between the amygdala subregions and the networks-of-interest in comparison to
the subnuclei findings of Elvira et al. at 7T. In identifying ten of fourteen subnuclei connections
at subregional level, particularly those three in the diminutive CM subregion, the 2D sequence
demonstrated its potential in this small pilot study, and the strength of these results is
highlighted when viewed from the perspective of the network connections, where the 2D

sequence only missed one connection to the Somatomotor network from the SF subregion.

Given the increased spatial resolution and inherent tSNR advantages derived from its novel k-
space acquisition strategy, the 3D sequence did not achieve the results that might have been
expected. However, optimal performance requires the capture of individual physiological noise
signals for regression during analysis, a feature that was unavailable at the time of data
acquisition. Nevertheless, further investigation of its capabilities is warranted given that 2D
sequences such as the one used are reliant on achieving relatively high levels of acceleration
that require MR scanners with powerful gradient systems and sophisticated multi-array
receiver coils. In contrast, the 3D sequence may have more translational value as it is less

dependent on acceleration techniques requiring more powerful scanner and coil performance.

In conclusion, a high spatial resolution 2D GRE-EPI sequence optimised for 3T has
demonstrated its capability and potential to identify amygdala functional connections at a
subregional level and further work in larger cohorts is required to replicate and confirm these
findings. Given the focus on increased understanding of the amygdala in relation to its role in
depression, investigation at a subregional level rather than as a whole structure is a logical step

to progressing our knowledge.
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Chapter 6: Subregional Amygdala Functional Connectivity at 3T:
Comparison of High-Resolution 2D and 3D Acquisitions

The work in this chapter follows on from Chapter Five by assessing the capabilities of the two
sequences used in the previous chapter but with a focus on subcortical rather than cortical
functional connections from the amygdala subregions. With the bulk of fMRI literature relating
to cortical studies, there are few articles focusing on subcortical connectivity as this area of the

brain is quite challenging to visualise.

The primary aim of this pilot study was to compare the subregional amygdala functional
connectivity capabilities of the 2D and 3D high resolution sequences, with different voxel
volumes and k-space acquisition strategies, in relation to other subcortical regions such as the
brainstem and hippocampus that are traditionally not well-visualized with current techniques.
The results of the study confirmed that the 3D sequence outperformed its 2D counterpart, with
this result likely due to its novel k-space acquisition strategy and the significant signal-to-noise-

advantage this accorded.

This is the first published study to directly compare the performance of high resolution 2D and
3D fMRI data acquired at 3T in identifying subregional amygdala functional connections to

deep subcortical structures such as the brainstem, hippocampus and contralateral amygdala.

This chapter is published in the Journal of Neuroimaging
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ABSTRACT

Background and Purpose: Amygdala dysfunction is implicated in major depressive disorder. Despite wide acknowledgement
of its heterogeneity, the amygdala is predominantly considered as a single entity and functional connectivity investigations have
reported findings using standard or low spatial resolution functional MRI data. This study compared the capabilities of two high
spatial resolution acquisition strategies, the gold standard 2D and a novel 3D, in identifying amygdala functional connectivity to
other brain regions at a subregional level.

Methods: Resting state fMRI data were acquired at 3T in 10 healthy controls using both versions of a Gradient-Echo Echo Planar
Imaging (GRE-EPI) sequence. Whole brain voxel-wise functional connectivity measures were calculated using the whole amygdala
and six subregional seed regions-of-interest; left and right basolateral, centromedial and superficial.

Results: The 3D data identified multiple stronger bilateral connections between both centromedial subregions, most notably to
subcortical structures including brainstem and hippocampus, as well as intra-amygdala subregional connections. The 2D data
displayed stronger connections to several cortical regions. Whole amygdala and subregional FC results differed.

Conclusions: This study identified underutilized capability in current fMRI acquisition techniques at 3T. 2D GRE-EPI sequences
optimized for high spatial resolution with voxel volumes of 15.6 mm? capably demonstrate functional connectivity patterns of the
amygdala at a subregional level, allowing interrogation of heterogeneous amygdala function at a more granular level. The novel 3D
acquisition with voxel volumes of 8 mm?® showed promise in outperforming its 2D counterpart in identifying amygdala subregional
connections to other subcortical structures that are traditionally difficult to image well.

1 | Introduction neuropsychiatric conditions including major depressive disorder

(MDD) [1, 2]. It has been the focus of numerous functional
The amygdala is a small subcortical structure forming magnetic resonance imaging (fMRI) studies since the 1990s
part of the limbic system and its dysfunction is known to when 1.5 Tesla (T) MRI systems became widely available [3].
contribute to maladaptive emotion processing characteristic of ~ Although cutting-edge at that time, 1.5T systems produced data
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FIGURE 1 | Ti-weighted coronal image acquired at 7T depicting the location of the amygdala subnuclei. Anterior amygdaloid area (part of

superficial subregion) not visible.

that is now considered low spatial resolution, with the amygdala
being considered as a single entity in reported findings [4-9].
However, it is now widely acknowledged that the amygdala
is not a homogenous structure, being composed of multiple
nuclei with diverse functional connections to multiple brain
regions [10, 11], including traditionally difficult-to-image areas
such as the brainstem and cerebellum [12]. Interrogating the
amygdala at a more granular level requires much higher spatial
resolution imaging than has traditionally been the norm [13],
primarily due to the higher temporal resolution requirements
of fMRI and the inverse nature of the relationship between the
two [14].

Signal-to-noise resolution (SNR) is key to high temporal and
spatial resolution imaging and scales linearly with field strength
[15]. SNR in fMRI studies is technically a measure of temporal
SNR (tSNR) averaged across all the images in the time-series,
although the two terms tend to be used interchangeably [16].
Spatial resolution is referenced as voxel volume (VV) in mm? and
has an intrinsic relationship with SNR, as the two are directly
proportional [15]. High spatial resolution imaging (defined as VV
of < 20mm?) requires small VVs which theoretically possess lower
SNR [17]. Whilst it may seem counterintuitive, there are potential
SNR benefits to be recouped by employing an acquisition
sequence with smaller voxels, particularly in relation to deep cen-
tral structures such as the amygdala, located adjacent to the skull
base and air-filled cavities [18]. Field distortion issues are preva-
lent at air/bone /tissue interfaces and magnetic susceptibility-
related signal dropout results from protons effectively precessing
at different frequencies, thus reducing overall SNR [19, 20].
Smaller voxels containing homogenous tissues suffer fewer
signal losses related to phase errors, partial volume effects
and intravoxel dephasing that typically occur in larger voxels
[14, 21].

TABLE 1 | Three amygdala subregions and their individual subnu-
clei [23].

Centromedial Laterobasal Superficial
Central Accessory basal Anterior
Medial Basal amygdaloid area
Lateral Cortical
Paralaminar Cortico amygdaloid
transition

Ultra-high-field 7T studies optimized for acquisition of very
high spatial resolution have reported functional connectivity
(FC) patterns of up to nine individual subnuclei (Figure 1)
[22-24], whilst others have defined three primary subregions, the
centromedial (CM), laterobasal (LB), and superficial (SF), each
composed of individual subnuclei (Table 1) [25, 26].

Although 7T systems theoretically possess more than twice the
SNR levels of 3T systems, in practice there are several factors that
collectively reduce its inherent SNR advantages over 3T, includ-
ing tissue property alterations, radiofrequency-field inhomogene-
ity, and susceptibility-related signal losses [27]. In addition, lack of
access to 7T means that 3T is the most widely used field strength
for clinical research [28, 29]. Consequently, 3T is an excellent
compromise, particularly when considering advancements in
radiofrequency (RF) coil design and acceleration techniques that
have facilitated high spatial resolution fMRI data [17, 30].

Whilst a handful of studies have reported FC from the amygdala
to other brain regions at the subregional level using high
spatial resolution data acquired at 3T [1, 31-33] numerous
studies continue to report findings based on the amygdala as
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a single structure with standard or low spatial resolution data
[34-39].

fMRI investigations of the amygdala have traditionally been task-
based, with paradigms that are currently in use focusing on the
amygdala as a single structure [40, 41]. This is due, in part, to the
lack of suitably developed tasks or paradigms to activate specific
subregions given that functional contributions of individual
subregions remain poorly understood [31, 42]. An alternative
technique, resting state fMRI (rs-fMRI) has become a mainstay for
researchers investigating neural function [43, 44]. Unconstrained
by task demands and specificity, this technique can provide a
“baseline” of FC for true comparisons of functional organization
across cohorts [45] and allow interrogation of amygdala
subregional FC differences reflective of their underlying
heterogeneity.

The 2D T2*-W GRE-EPI sequence is the workhorse of fMRI;
it has high Blood Oxygen Level Dependent (BOLD) sensitivity
at 3T, high temporal and spatial resolution capabilities and
is widely employed [30, 46-48]. A novel 3D version of this
sequence has been shown to possess key advantages over its 2D
counterpart; that is, inherently higher temporal resolution and
SNR capabilities resulting from an alternate k-space acquisition
strategy, allowing use of smaller voxels [49]. SNR in the 3D version
has been shown to be higher in central brain regions, the location
of deep subcortical structures such as the amygdala, whereas
SNR in the 2D version is typically reduced with greater distance
from RF coil arrays [49-52]. Consequently, the 3D version shows
potential for improved performance in resolving FC of the
individual amygdala subregions to other subcortical structures
at 3T.

The primary aim of this pilot study was to compare the
subregional amygdala FC capabilities of these two high resolution
GRE-EPI sequences with different VVs and acquisition strategies,
particularly in relation to other central and subcortical locations
such as the brainstem and hippocampus that are traditionally not
well-visualized [12]. Based on previous work demonstrating the
benefits of smaller voxels together with central SNR advantages
previously outlined, we hypothesized that the novel 3D sequence
would outperform the traditional 2D sequence in demonstrating
functional connections between the amygdala subregions and
other subcortical brain regions. Both sequences were optimized
for use at 3T, with 2D VV being 15.6 mm?® and 3D VV being
8 mm?.

2 | Methods

2.1 | Participants

Ten healthy participants (five males) aged 18-64 years (mean 35
years) took part in this study. All participants were physically
healthy with no significant history of neurological or psychiatric
illness, or head injury. Approval was obtained from Western
Sydney Local Health District Human Research Ethics Committee
and written informed consent was obtained from all participants.
Imaging studies were undertaken at Westmead Hospital
Radiology Department, Sydney, Australia.

2.2 | Data Acquisition

Image data were acquired on a 3 Tesla Siemens Prisma MRI
system running VEIIC software (Siemens Healthineers,
Erlangen, Germany) together with a 64-channel head/neck
array RF coil. Participants were instructed to remain very still
whilst focusing on a fixation cross projected onto a coil-mounted
screen during acquisition of the 2D and 3D versions of the
resting-state sequence.

Imaging parameters for the 2D T2*-weighted GRE-EPI sequence
were as follows: Repetition time (TR) = 1500 ms; Echo time (TE)
= 33 ms; Field-of-view (FOV) = 255 mm; Matrix = 104 x 104; Flip
angle (FA) = 85°; Phase encoding direction = A to P; Total accel-
eration = 6 (MB 3); volumes = 320. Sixty interleaved axial-oblique
slices at 2.5 mm thick (0 mm gap) parallel to the AC-PC line were
acquired covering the whole brain with an isotropic voxel size of
2.5mm (VV =15.6 mm?) in an acquisition time of 8 min and 12 s.

Imaging parameters for the 3D T2*-weighted GRE-EPI sequence
were as follows: TR = 2160 ms; TE = 28 ms; FOV = 224 mm;
Matrix = 112 X 112; FA = 10°; Phase encoding direction = A to
P; Total acceleration = 4; volumes = 220. Eighty ascending axial
slices at 2 mm thick (0 mm gap) parallel to the AC-PC line were
acquired covering the whole brain with an isotropic voxel size of
2 mm (VV = 8 mm?) in an acquisition time of 8 min and 11 s.

Due to the inherent differences in k-space acquisition strategies,
the TR values differed between the two sequences; therefore the
total number of volumes required (320 for the 2D sequence and
220 for the 3D sequence) was calculated to result in equivalent
acquisition times of just over 8 min. The total number of slices for
each sequence was prefaced on the requirement for whole brain
coverage and a whole number multiple of the slice acceleration
factor of the individual sequence [49]. In addition, due to
the location of the amygdala in an area known for increased
magnetic susceptibility issues due to air/bone/tissue/interfaces,
slice partial Fourier sampling was not engaged in the 3D sequence
to avoid the potential for increased signal losses [49]. The main
magnetic field was shimmed once automatically prior to the first
GRE-EPI acquisition to reduce variability in field homogeneity
between sequences [49, 53].

A further 3D T1-weighted magnetization-prepared gradient echo
sequence was acquired to provide high-resolution structural data
with imaging parameters as follows: TR = 2400 ms; TE = 2.21 ms;
Inversion Time (TI) = 900 ms; FOV = 256 mm; Matrix = 288 X
288; FA = 8°; Phase encoding direction = A to P; Acceleration
(GRAPPA) = 2; 192 sagittal slices at 0.9 mm thick parallel to the
interhemispheric fissure were acquired covering the whole brain
with an isotropic voxel size of 0.9 mm in an acquisition time of 6
min and 23 s.

2.3 | Data Analyses

The functional seed-based connectivity analysis was based on
a priori selection of regions-of-interest (ROIs). To facilitate
this, six amygdala subregional masks or ROIs created from
cytoarchitectonically-defined probabilistic maps (Amunts et al.
2005) were extracted from The JuBrain Anatomy Toolbox
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(Eickhoff et al. 2005) [54, 55]. The ROIs, left and right CM, LB,
and SF, were uploaded into the CONN toolbox in preparation
for whole-brain voxel-wise analyses, which were performed
using a combination of Matlab R2022b (The MathWorks Inc.
Natick, Massachusetts), SPM12 (Wellcome Trust Centre for
Neuroimaging, London, UK) and CONN FC toolbox v22b
(http://www.nitrc.org/projects/conn/).

Preprocessing of anatomical and functional images for both 2D
and 3D acquisitions was performed concurrently using the CONN
modular preprocessing pipeline (Nieto-Castanon 2020a) [56]. In
line with findings showing that slice time correction [57, 58] and
spatial smoothing [18, 30, 59, 60] are unnecessary and potentially
detrimental for native high resolution data undergoing resting
state analyses by reducing spatial specificity, both steps were
removed from the preprocessing pipeline. The data underwent
realignment, unwarping, co-registration, and resampling for
motion correction and magnetic susceptibility interactions and
a BOLD reference image was created for each subject. Data were
then segmented into grey matter, white matter, and cerebrospinal
fluid and then normalized into standard Montreal Neurological
Institute space. Functional data were denoised using a
standard pipeline including regression of potential confounders
(CompCor) from white matter, cerebrospinal fluid and motion
parameters (Nieto-Castanon 2020b), followed by bandpass
filtering (0.01-0.1 Hz) [61]. Data was assessed for head motion
using the Assessment of Repetitive Tasks (ART)-based scrubbing
technique in CONN, with outliers being defined as having greater
than 0.9 mm framewise displacement; however, no participants
were excluded based on less than 5% scans deemed as outliers.

The six ROIs (left and right CM, LB, and SF) were then used
as seed regions to explore whole-brain voxel-wise FC and to
determine FC strength represented by Fisher’s z transform of the
correlation coefficients from a weighted General Linear Model.
This was computed by averaging the time course of all voxels
in each seed ROI and correlating with the time course of every
other voxel in the brain. Correlation coefficients were used in the
group level analyses, performed using a General Linear Model.
The 2D and 3D sequences were compared voxel-wise to identify
potential differences in FC strengths from individual subregional
ROIs to all other parts of the brain using paired -tests. Statistical
parametric maps were generated and results thresholded using
a combination of cluster-forming p < 0.001 voxel-level threshold
and an FDR-corrected p < 0.05 cluster-size threshold (Chumbley
et al. 2010) [62].

3 | Results

Results of the whole brain voxel-wise analyses and comparison
between the 2D and 3D sequences are shown in Table 2. Com-
pared to the 3D sequence, the 2D sequence demonstrated higher
FC values between four subregions (right CM, LB and SF, and left
CM), and three cortical regions, the right and left parahippocam-
pal gyri and the right fusiform cortex (Figure 2). The 2D sequence
did not identify any subcortical functional connections

In contrast, the 3D sequence demonstrated higher FC values than
the 2D sequence between three subregions (left and right CM and
right LB) and eight individual brain regions, the majority of which

were subcortical, including bilateral amygdala, hippocampus and
brainstem regions (Figure 3). Significantly higher connectivity to
cortical regions was also identified between both the right and
left CM subregions and the right fronto-orbital cortex as well as
between the right LB subregion and right middle frontal gyrus.

In addition, the 3D acquisition displayed significantly higher
bilateral intra-amygdala connectivity arising from both the left
and right CM subregions. The left CM subregion connected with
the right CM and LB subregions as well as the left LB and SF
subregions. The right CM subregion connected with all three
left-sided subregions as well as the right LB subregion. The
subregional sites of the intra-amygdala connections identified
from the right and left CM subregions were localized using
their Montreal Neurological Institute coordinates in the JuBrain
Anatomy Toolbox [63]. Subregional locations represented by
amygdala coordinates are shown in brackets in Table 2.

Whole amygdala ROI results differed from the subregional
results. Compared to the 3D sequence, the 2D sequence displayed
stronger FC from the left amygdala to only two clusters,
the left and right parahippocampal gyri (p = 0.000012 and
p = 0.000338, respectively, FDR-corrected). No significantly
higher connectivity values were noted for the 3D sequence
relative to the 2D sequence for the whole amygdala ROIs.

4 | Discussion

This pilot study in a healthy control cohort compared the
capabilities of two optimized versions of the T2*-Weighted
GRE-EPI sequence at 3T, the gold standard 2D version in
common use for fMRI acquisitions, and a novel 3D version. As
hypothesized, the novel 3D sequence was superior in identifying
functional connections between the amygdala subregions
and other subcortical structures, including the brainstem and
hippocampus, whilst the 2D sequence identified stronger cortical
connections from four of the six individual amygdala subregions
to three regions, the parahippocampal gyri bilaterally and
the right fusiform cortex. Previous work has shown that the
parahippocampal gyrus acts as a link between the temporal lobe
memory system and the Default Mode Network [64]. FC findings
between the CM and SF to the parahippocampal gyri were in
alignment with those of those of Roy et al. [65] who reported
connections between right CM and right parahippocampal gyrus
and also between right SF and left parahippocampal gyrus in
healthy controls using rs-fMRI data with VV of 27 mm?. Our
findings of stronger FC identified by the 2D sequence compared
to 3D between right LB and right fusiform cortex are also in line
with those of Herrington et al. in their investigation into facial
recognition in healthy controls and, interestingly, hyperconnec-
tivity between these two brain regions was noted by Foster et al.
in healthy controls compared to a treatment-resistant depression
cohort [33, 66].

In contrast, the 3D version outperformed the 2D sequence
in demonstrating subcortical connections, notwithstanding the
identification of three additional subregion-to-cortex connec-
tions. Of note was its capability in identifying bilateral brainstem
connections from bilateral CM subregions. In a previous rs-fMRI
study, Roy et al. reported the efferent role of the CM in connecting
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TABLE 2 | Differences in functional connectivity strength between amygdala subregions and other brain regions: 2D versus 3D sequence

comparison.
Amygdala Peak MNI Cluster size
subregion Connected brain region coordinates x,y, z in voxels T-stat/p value
2D > 3D L_CM Parahippocampal gyrus—L -30, —4, —34 5 5.77/0.000269
Parahippocampal gyrus—R +20, —16, —28 7 7.37/0.000042
R_CM Parahippocampal gyrus—R +22, —18, —28 8 5.97/0.000211
R_LB Fusiform cortex—R 426, +0, —42 7 4.78/0.000997
R_SF Parahippocampal gyrus—R +18, -2, =30 5 5.00/0.000742
3D >2D L_CM Amygdala—L (CM, SF, LB) -20, -8, —14 23 5.14/0.000613
Amygdala— L (CM, LB) —28, -4, -18 21 5.84/0.000248
Amygdala—R (CM, LB) +24, -4, 14 59 6.65/0.000093
L_CM Hippocampus—L -30, —22, -14 14 7.68/0.000031
Hippocampus—R +30, —20, —14 13 6.98/0.000065
L_CM Fronto-orbital cortex—R +36, +20, —18 1 5.6/0.000335
+42, 422, —16 5 5.77/0.000271
L_CM Brainstem—L —6, —18, —20 8 6.8/0.000078
Brainstem—R +6, —18, —20 8 5.46/0.000401
R_CM c(LB,CM) -30, -2, —20 17 4.96/0.000777
Amygdala—L (CM, LB, SF) -22,-4,-16 10 5.06/0.000678
Amygdala—L (CM, SF) -16, -8, —14 7 5.54/0.000362
Amygdala—R (CM, LB) +24, -4, -14 38 5.39/0.000436
Amygdala—R (CM) +24, —-12, —12 5 5.75/0.000276
R_CM Brainstem—L -6, —20, —20 5 5.15/0.000603
Brainstem—R +8, —18, =20 7 5.56/0.000350
R_CM Hippocampus—L -34, -20, -14 7 5.02/0.000723
Hippocampus—R —28, -22,-14 6 7.45/0.000039
+32, —20, 16 5 6.10/0.000179
R_CM Fronto-orbital cortex—R +38, +18, —18 5 5.54/0.000359
R_LB Middle frontal gyrus—R +46, +14, +48 5 6.28/0.000145

Note: Subregional contributions to voxel clusters represented by amygdala Montreal Neurological Institute coordinates are shown in brackets. Minimum reported

cluster size = 5 voxels. Results corrected for multiple comparisons at cluster-level threshold of Prpr < 0.05 and voxel-level threshold of p uncorrected < 0.001.
Abbreviations: CM = Centromedial; LB = Laterobasal; SF = Superficial; L = Left; R = Right.

with the brainstem and cerebellum bilaterally as well as cortical
regions [65]. Their findings were in alignment with those of
Labuschagne et al., whose results were suggestive of the CM’s
centralized output role or hub for behavioral responses [31]. The
brainstem houses multiple structures with varied functions and
previous work has shown that it is the central (Ce) rather than the
medial (Me) nucleus that is the output region of the CM, acting as
a pathway for modulation of autonomic responses such as cardiac
and respiratory rate in periods of stress or heightened emotion
[11, 67-69]. Tracer techniques in animal models have shown struc-
tural connections between the brainstem and the Ce subnucleus,
outlining the neural circuitry involved in the startle response and
fear conditioning [12, 67, 70]. A previous high resolution study
combining data acquired at 3T and 7T also reported that, of all the
subnuclei, the strongest connections to the brainstem originated
from the Ce subnucleus, noting its role in fear response [24].
These authors also reported a strong predictive pattern related to
sleep between the Ce subnucleus and several brainstem regions,
with their results suggesting a relationship between increasing
severity of sleep issues and increasing strength of FC between the
Ce subnucleus and the brainstem. Taken together, these findings

support the premise that the connections identified between the
CM and brainstem in the present study may, in fact, be arising
from the Ce subnucleus of the CM.

Investigation of brainstem FC imposes similar technical
challenges as amygdala imaging; its individual subregional
structures are small in size with a deep central location, thus
achieving adequate SNR can be problematic [24]. In addition,
data acquisition in the region of the brainstem is more susceptible
to both respiratory and cardiac physiological noise, exacerbated
by the flow of cerebrospinal fluid [71]. The use of the multiband
acceleration technique, used in the 2D sequence, has also been
shown to exacerbate motion issues in and around the brainstem
[72], a potential reason for its lower sensitivity in identification
of amygdala subregion-to-brainstem connections in the present
study.

The ability to identify stronger amygdala subregion-to-
hippocampus connections was also a notable feature of the
3D performance, with connections between both left and right
CM subregions to bilateral hippocampal locations evident.
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FIGURE 2 | Amygdala subregional functional connectivity in
healthy controls: 2D > 3D. Subregional amygdala regions-of-interest
demonstrating stronger functional connections to other brain regions
(purple) in 2D sequence compared to 3D sequence. Neurological image
orientation shown with left hemisphere on left and frontal lobes at the
top. CM, centromedial (red); FC, fusiform cortex; L, Left; LB, laterobasal
(blue); PHG, parahippocampal gyrus; R, Right; SF, superficial (green);
Whole amygdala region (aqua ellipse).

As the amygdala is known to modulate emotion processing
and memory retrieval, it has been suggested that emotional
memories are enhanced by glucocorticoid hormonal effects via
amygdala connections with the hippocampus [70, 73], and that
intrinsic amygdala-hippocampal circuitry encodes fear memory
[74]. In the context of prior animal work reporting input to
the hippocampus from the Ba subnucleus and output from the
hippocampus to the Ce, Ba, and La subnuclei [75], it is possible
that our results were representative of a hippocampal connection
to the Ce portion of the CM. Although there is limited high
resolution work in humans reporting FC between the amygdala
and hippocampus, this theory is supported by the findings of a 3T
study investigating FC between resting state networks and two
amygdala components, the bed nucleus of the stria terminalis and
the central nucleus (Ce) [76]. These authors reported significant
connectivity between the hippocampus and the Ce nucleus
utilizing high resolution Human Connectome Project data with
the same spatial resolution as our 3D data in a healthy control
cohort.

A further noteworthy finding was the capability of the 3D
sequence in identifying stronger intra-amygdala FC bilaterally
relative to the 2D sequence. Both the left and right CM displayed
connections to multiple clusters in the left and right amygdala,
the subregional locations of which were defined using individual
cluster coordinates. These findings are again in alignment with

those of Berry et al. who reported connections from the Ce
nucleus (part of CM) to both the SF and LB subregions, noting
the key role of the LB in mediating incoming connections to the
Ce nucleus which primarily functions as an output center [76, 77].

Extensive animal work has described intra-amygdala connections
at a subnuclei level [11, 70, 73, 78, 79] but there is a dearth of
literature relating to investigation of FC between the subnuclei
or subregions in humans [80]. Whilst identification of intra-
amygdala FC was not the primary purpose of this work, the
results relating to multiple CM subregional connections are
interesting in that context. A previous high resolution healthy
control study (VV = 3.2 mm?®) performed at 4.7T investigating
amygdala response and emotion processing reported connectivity
between three groups of “subnuclei” [81]. They defined a CM
subnuclei group (effectively the CM in the present study), a basal
subnuclei group (defined as Ba, AB, and Co) and a lateral nucleus.
For context, their basal subnuclei group and lateral nucleus form
part of the LB subregion and Co forms part of the SF subregion in
the present study. Not only were connections identified between
their three subnuclei group, but differences in FC as well as
sensitivity to emotional stimuli consisting of low, medium, and
high emotional facial images were also reported. Interestingly,
their CM group (our CM) was the most sensitive to negative
emotional stimuli and displayed the highest BOLD response
amplitude, potentially stemming from intrinsic behavioral and
autonomic response regulation [81]. These high resolution
imaging findings demonstrating multiple unilateral and bilateral
intra-subregional connections from the CM subregion bilaterally,
notably to the LB subregion, go some way towards supporting
the theory of functional heterogeneity of the amygdala widely
described in previous animal studies [73, 78].

Interestingly, the results of another 3T study investigating FC
in generalized anxiety disorder compared with healthy controls
were suggestive of subregional disorganization in their patient
group between the BLA (LB minus the PL) and CMA (CM) based
on antithetical connections from these two subregions to target
regions; that is, the BLA connected to the CMA regions and
vice versa [82]. Further, in support of the findings in the present
study demonstrating multiple subcortical functional connections
from bilateral CM subregions, Etkin et al. also reported a strong
pattern of primarily subcortical CMA connectivity in both their
healthy control cohorts, whilst BLA connectivity was found to be
primarily cortical [82]. These results are a potential explanation
for the FC differences demonstrated between our two sequences.
The performances of the 2D and 3D versions was comparable,
with very few differences in FC strength between cortical
regions and the amygdala subregions whilst the 3D sequence
performance was superior in demonstrating stronger subcortical
connections with the CM subregion.

The 3D sequence in the present study also identified unilateral
intra-subregional connectivity within both the left and right CM
subregions, but in no other subregion. Only two studies were
identified that reported intra-subregional FC findings. Etkin et al.
reported significantly increased FC from the CM to both right
and left CM compared to BLA in healthy controls [82] whilst
Roy et al. reported significant FC in healthy controls within the
right and left LB and the right and left SF but not the CM [83].
Animal work has demonstrated dense structural connections
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FIGURE 3 | Amygdala subregional functional connectivity in healthy controls: 3D > 2D. Left-sided (at left) and right-sided (at right) subregional

amygdala regions-of-interest demonstrating stronger functional connections to other brain regions (purple) in 3D sequence compared to 2D sequence.
Neurological image orientation shown with left hemisphere on left and frontal lobes at the top. BS, brainstem; CM, centromedial (red); FOC, fronto-
orbital cortex; HC, hippocampus; L, Left; LB, laterobasal (blue); MFG, middle frontal gyrus; R, right; SF, superficial (green); whole amygdala region

(aqua ellipse).

between Me and Ce subnuclei [84], as well as input and output
connections between the Ce, Me, Ba, and La [75]. Further work
using more fine-grained ROIs is needed to explore the potential
of the sequence to identify individual subnuclei signals.

Lastly, an important finding was that results differed when using
awhole amygdala analysis approach compared to the subregional
approach, potentially a reflection of reduced sensitivity to individ-
ual subregional signals when using the whole amygdala for anal-
ysis. This finding has implications for future work interrogating
the heterogeneous amygdala, supporting the notion that a more
granular analysis methodology is required for increased accuracy.

Both versions of the GRE-EPI sequence used in this study are
considered high resolution with VVs of 20 mm? or less [17].
Robinson et al. showed that a slice thickness of 2 mm to 2.5 mm
is optimal for fMRI studies of the amygdala. Beyond this, there
is an inverse relationship between slice thickness and SNR,
driven primarily by intravoxel dephasing [21]. Consequently, for
this study the slice thickness of the 2D sequence was selected
at 2.5 mm whilst for the novel 3D version, the effective slice
thickness was 2 mm. Both sequences were optimized to benefit
from the use of isotropic voxels which have been shown to
increase signal sampling accuracy [85, 86]. As the VV of the
2D sequence was almost twice that of the 3D version, SNR and

tSNR levels of the 2D sequence are theoretically higher with all
other parameters being equal [87]. However, the k-space data
acquisition strategies of the two sequences differed markedly
[49]. Aside from its high temporal resolution capabilities, the 3D
volume excitation technique with 3D Fourier encoding typically
results in relatively large tSNR gains over the 2D slice-by-slice
acquisition method [88]. Previous work has shown that a similar
3D sequence to that used in this study outperformed its 2D
counterpart in terms of tSNR, most notably in the center of the
brain where tSNR values were twice as high in the 3D sequence
[49]. With identical VV employed in both sequences, the authors
attributed this finding to several technical facets; variations in T1
tissue contrast generated by the different acquisition strategies
and preferential benefits of physiological noise correction for
the 3D acquisition [49]. However, they also reported lower g-
factor (noise amplification factor) values in the 3D acquisition
due to lower acceleration requirements, noting that g-factor noise
enhancement typically detracts from SNR centrally [49]. As the
2D sequence in the present study was more highly accelerated,
it is likely that SNR in the 3D version benefited from a lower
g-factor. Additional reductions in g-factor over conventional
sampling patterns are achieved with the parallel imaging method
known as Controlled Aliasing in Parallel Imaging Results in
Higher Acceleration (CAIPIRINHA), a blipped and segmented k-
space sampling pattern similar to that used in the 3D version [89].
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Our results in demonstrating preferential subcortical connectivity
are suggestive of a central tSNR advantage for the 3D version,
despite its smaller VV, likely driven by its novel k-space sampling
strategy. Aside from VV disparity between our sequences, there
were several other aspects precluding a direct SNR comparison.
The total volume TR of the 3D sequence was longer than that of its
2D counterpart and, in order to obtain the same total acquisition
time of just over 8 min, fewer volumes were acquired. Variability
in both these parameters is known to affect SNR levels [14].
However, using ImageJ version 1.52c and Microsoft Excel 2007
software, rudimentary SNR calculations across the imaging time
series in the region of the amygdala showed a tSNR advantage
of more than 250% for the 3D sequence over its 2D counterpart.
Similarly for the 3D sequence, the Mean Pixel Value, a measure of
the average signal in a voxel across the time series, averaged 90%
of the 2D value despite the 3D voxels being approximately only
half the volume. In the absence of a direct methodological com-
parison, these calculations support further investigation into the
potential benefits of the 3D sequence for functional interrogation
of central brain regions such as the amygdala in a larger cohort.

There are multiple limitations to be overcome in future studies
of this nature. First, the sample size is very small and, despite
being in keeping with cohort sizes in other similar studies
[90], the work would benefit from being replicated in a much
larger group. Although both sequences were high resolution,
their spatial resolution values and acquisition strategies differed
significantly, thus the results are not directly comparable.
However, as the literature is suggestive of superior central SNR in
similar 3D sequences, this study provided an opportunity to test
the capabilities of the novel 3D version optimized for translation
into a clinical research setting. From an analysis perspective, the
use of standardized ROIs together with localization of subregions
within clusters defined by MNI coordinates could lead to
inaccuracies in the intra-amygdala FC findings. In addition,
several data preprocessing steps were removed from the pipeline
in line with current literature related to optimizing native high
resolution data, and this may have had a disproportionate effect
due to differences in VV between the two sequences. As study
repeatability and reproducibility come under increased scrutiny,
steps such as standardization of data processing [91] and use of
validated analysis tools such as the JuBrain Anatomy Toolbox to
reduce results variability have been recommended [63].

Although the current analysis approach included widely-used
denoising procedures such as aCompCor [92] and temporal
band-pass filtering [93], another limitation was the inability to
capture individual physiological data for motion correction in
the 3D sequence. Spatially correlated physiological noise may
present as correlated signal fluctuations and an individualized
approach is reportedly beneficial [94]; however, there are other
considerations. Alterations in neuronal activity are known to be
correlated with cardiac and respiratory signals and heart rate and
breathing variability are associated with emotional arousal. This
means that for studies interrogating the amygdala, with its role
in emotion regulation, regression of these signals may result in
removal of signals of interest [95].

Lastly, given that there is such wide variation in nomenclature
relating to the amygdala subnuclei and subregions, it is a
hazardous pastime attempting to compare findings across

published studies. The requirement for some form of
standardization will be key to advancements in this area
now that systems have evolved to produce images with
sufficient spatial resolution to interrogate the amygdala and its
components at 3T, the field strength most widely used for clinical
research.

Whilst the high resolution gold standard 2D GRE-EPI sequence
performed well in investigation of amygdala subregional FC to
cortical regions, it was outperformed by the novel 3D version in
identifying subcortical FC. The SNR advantages of the 3D acqui-
sition strategy make it an attractive option for researchers, given
that current 2D sequences are reliant on achieving relatively high
levels of acceleration that require MR scanners with powerful
gradient systems and sophisticated multi-array receiver coils. In
contrast, the novel 3D sequence may have more translational
value, being less dependent on acceleration techniques requiring
more powerful scanner and coil performance. Notwithstanding
the issues of increased sensitivity to physiological motion [49], the
argument to employ a high resolution 3D acquisition strategy for
interrogation of intra-amygdala FC is compelling, particularly in
view of the limited peer-reviewed literature available. The novel
3D sequence demonstrates great potential in identification of sub-
cortical FC, notably intra-amygdala and brainstem FC alterations
which may prove beneficial in differentiating neuropsychiatric
cohorts with overlapping symptoms, thus advancing our under-
standing of the underlying neural mechanisms responsible for
depression.
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7.1 Introduction

The overarching goal of this thesis was to investigate the potential of fMRI sequence
optimisation, in the form of higher spatial resolution imaging, to improve our ability to discern
functional connectivity (FC) patterns of the amygdala to other brain regions. The capability to
demonstrate connectivity at a subregional level was investigated using a 3T MRI system, the

most widely accessible field strength for clinical researchers.

The context for this work was that amygdala dysfunction is implicated in depression and there
is broad acknowledgement that current clinical tools are suboptimal in diagnosis of this
condition which is characterised by broad heterogeneity. Advancing our knowledge of the
neural substrates underpinning depression is key to improving patient outcomes. The
amygdala, the subject of extensive research, has been traditionally classified as a single
structure; yet it is, in effect, a complex amalgamation of individual subnuclei. More than twenty
years after the introduction of 3T systems for fMRI, there are well-documented inconsistencies
in amygdala findings in both task-based and resting state studies in depression cohorts (Grehl
et al., 2023; Kotoula et al., 2023). Where subjective clinical diagnostic measures are widely
acknowledged as imprecise, objective imaging measures have shown significant potential to
stratify depression subtypes, allowing for more targeted treatment regimes (Klein-Fliigge et al.,
2022). Central to this goal is the development of a more nuanced understanding of the role of
the amygdala at a more granular level. Widely accessible 3T fMRI, with its recent advances in
both hardware and software, is the technique with potential to reliably characterise amygdala

FC at a subregional level, leading to advances in the field.

This thesis represents a body of work that has its genesis in the perceived limitations relating
to spatial resolution of widely used protocols for fMRI studies interrogating the amygdala, as
well as its treatment as a homogenous structure. This premise was subsequently supported by
a formal scoping review quantifying the extent of the use of lower spatial resolution data. With
the goal of advancing the field, two versions of an optimised high resolution acquisition
sequences were introduced; firstly, the 2D gold standard sequence was employed to interrogate
FC of the amygdala at a subregional level in depressed and healthy cohorts. Next, the
capabilities of both 2D and 3D versions were scrutinised in relation to their potential to
replicate, at a subregional level at 3T, amygdala subnuclei FC to resting state networks reported

at 7T. Finally, as there has been little work reported in this area, the sequences were directly
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compared to ascertain their abilities to identify subcortical connections to the amygdala

subregions.
7.2 Overview of Thesis Findings

Chapter Three, in addressing the first aim, consisted of two sections: a formal scoping review
protocol and the resultant comprehensive scoping review. The review was an integral step in
surveying the current landscape in relation to 3T fMRI studies reporting amygdala findings. In
documenting relevant imaging protocols in use globally, it provided an in-depth window into
the technical side of research methodology and parameter selections. A primary driver for this
review, aside from documenting the detail as a baseline, was to promote discussion about

protocol choices and their impact on data quality and study outcomes.

The results of the scoping review were unexpected on several levels. Firstly, of 192 studies
included in the review, less than 16% acquired high spatial resolution data in reporting
amygdala-related findings, with only 11% reporting subregional findings. Further, of the
twenty-one studies that did report subregional FC, only 19% used high resolution data, another
19% used low resolution data whilst the majority used standard resolution data. These results
were interesting in the context of the SNR capabilities of 3T MRI systems in comparison to the
1.5T systems initially used for fMRI. It is possible that many of the studies reviewed were
based on acquisition protocols that were initially developed for 1.5T systems; lack of
collaboration with specialist imaging professionals may result in protocols not being updated
by researchers in line with the evolution of technology. An alternate explanation is that
researchers may be employing more general acquisition protocols developed for cortical fMRI
studies without consideration of the need to tailor their protocol strategies to optimise for
investigation of the deeper and smaller subcortical structures. Whatever the reasons, it appears
that there have been missed opportunities to capitalise not only on the increased SNR at 3T,

but the evolution of RF coil technology and acceleration techniques over the past twenty years.

Data reproducibility, particularly fMRI data, has become a hot topic in recent years for a
number of reasons, with the two fundamental issues being variations in data acquisition and
data analyses, leading Simmons and colleagues to coin the term ‘researcher degrees of freedom’
(Simmons et al., 2011). Increased access to 3T systems, whilst a positive development for
advancement of neuroresearch generally, has enabled greater numbers of researchers to make

their own acquisition protocol parameter decisions, effectively in silos. The results of this can
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be seen in the broad data heterogeneity as demonstrated in this scoping review, rendering
comparison of results across studies problematic. A further, well-documented issue is the
abundance of highly cited yet low-powered studies (Szucs & loannidis, 2020). In parallel, a
burgeoning interest in software development for analysis has led to methodological variations
as groups have developed their own in-house methods, such as FMRIB Software Library,
known as FSL, from the University of Oxford and CONN toolbox from Massachusetts Institute
of Technology. The multiplicity of preprocessing and data analysis options within different
software packages results in workflow variations that can impact results. An additional
confounder is the lack of clarity in reporting important details such as the technique used for
multiple-comparisons corrections. For those researchers with a focus on neuroimaging,
highlighting these issues for discussion has been a significant step in moving towards more

common ground (Poldrack et al., 2017).

In the interests of promoting protocol harmonisation, data reproducibility and improved
reporting standards, two ancillary by-products were generated as part of the scoping review
process in Chapter Three. In addition to documenting protocol variations across studies, the
published review included a list of protocol recommendations for fMRI of the amygdala and
its subregions based on best practice identified during the broad literature review. A data
acquisition reporting checklist template for use by researchers was also included in the
supplementary material; this was developed during the review process as it became evident
that crucial elements of the data acquisition process were unreported in many publications,

precluding meaningful comparisons across studies.

In summary, Chapter Three demonstrated that the majority of fMRI studies reporting amygdala
findings had focused on the amygdala as a single entity using data with suboptimal spatial
resolution for interrogation of subregional activation and functional connections. The review
also revealed that, of the handful of studies reporting subregional findings, less than 20% used

data with optimal high spatial resolution.

In addressing the second aim, the published study forming Chapter Four investigated FC
patterns of the amygdala subregions based on high spatial resolution data. These data were
acquired using the gold standard 2D GRE-EPI sequence previously optimised for resting state
data acquisition in neuropsychiatric studies. This work aimed, firstly, to identify potential
differences in FC of the amygdala subregions between a Treatment-Resistant Depression

(TRD) cohort and healthy controls (HC) and secondly, between TRD and Treatment-Sensitive
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Depression (TSD) cohorts. The results implicated the right laterobasal (LB) subregion as a
differentiator of FC alterations between groups, with decreased FC in TRD relative to HC and
increased FC in TRD relative to TSD. These findings are of note in the context of the
composition of the LB which contains mainly excitatory neurons. LB dysfunction has been
implicated in social stress and anxiety (Shen et al., 2019; Yang & Wang, 2017) and structural
neuronal remodelling resulting from chronic stressors is thought to be responsible for amygdala
dysfunction manifesting as emotional disturbances characteristic of depression (Liu et al.,
2021; Zhang et al., 2021). Neuronal remodelling has been shown to result in volume loss and,
with reports of an inverse relationship between symptom severity in depression and anxiety
and right LB volume (Tesen et al., 2022), investigation of right LB volumes in the cohorts in

this study may be a worthwhile undertaking in future work.

From a methodological perspective, the findings regarding the latter part of the second aim
relating to FC differences between a subregional versus whole amygdala approach were
surprisingly consequential. All FC data analyses were repeated, with the only difference being
that the amygdala was considered as a single structure, requiring the whole amygdala to be
defined as the region-of-interest (ROI) rather than utilising individual subregional ROls.
Interestingly, the significant subregional FC findings could not be replicated in either of the
two group comparisons, and this was in alignment with one other study that also reported
significant subregional FC variations, yet no whole amygdala FC variations (Zhang et al.,
2022). These findings have wide implications for the field, particularly in the context of the
results of the scoping review in Chapter Three, which showed that almost 90% of studies
reported whole amygdala findings. It has been proposed that interpretation of amygdala FC
patterns is open to error when the structure is considered as a single entity; positive and negative
signals from individual subregions may be averaged in this scenario (Roy et al., 2009; Zhang
et al., 2018). This work has demonstrated that, even in the setting of optimal high spatial
resolution data acquisition, consideration of the amygdala as a single structure is likely

contributing to incongruent results across studies.

In summary, the work in Chapter Four showed that, using high spatial resolution data acquired
with an optimised 2D GRE-EPI sequence, FC alterations of the right LB were a distinguishing
feature of TRD. As well as providing a general demonstration of the feasibility of using
optimised high resolution protocols for fMRI data acquisition at 3T, this work also illustrated

the value of a subregional approach to data analysis in terms of increased accuracy in
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identifying individual subregional FC contributions, as these results were not replicated using

a whole amygdala analysis approach.

To address the third aim, a novel higher resolution 3D sequence with an alternate k-space
acquisition strategy and a voxel volume around half that of the 2D version was introduced in
Chapter Five. In the pilot study forming this chapter. the capabilities of both sequences were
assessed by investigating resting state network functional connections to the subregions in a
cohort of healthy controls. Data from both versions of the sequence were qualitatively
compared against FC results reported at 7T by Elvira and colleagues, who demonstrated FC
patterns between eight of the nine amygdala subnuclei to three resting state networks-of-

interest, including the Default Mode Network, in healthy controls (Elvira et al., 2022).

Consequently, it was notable that the optimised 2D version, in outperforming its 3D
counterpart, achieved robust results by identifying ten functional connections to networks-of-
interest compared with fourteen subnuclei connections in the gold standard 7T study. To
highlight the strengths of these findings, when viewed from a network perspective the 2D 3T
results replicated the 7T results at a subregional level in connections with the Ventral Attention
and Default Mode networks and only missed one network connection for the Somatomotor
network from the superficial (SF) subregion. To place these results squarely into context, they
are particularly promising when considering the nature of the 7T data which was accessed from
the Human Connectome Project; the spatial resolution was very high with VV of 4.1mm? and
32 minutes of resting state data were analysed for each participant compared with 8 minutes in
each of the 2D and 3D sequences (Elvira et al., 2022). The demonstration of similar findings
at a subregional level to those seen at a subnuclei level at 7T attested to the potential of this
high resolution 3T approach, positioning it as a more accurate method compared to the
commonly used combination of standard/low resolution data and whole amygdala analyses that
had been identified in Chapter Three. However, our results were uncorrected in this small pilot
study and replication in a much larger cohort, including patients, would be meaningful in view
of the encouraging nature of these preliminary findings. Although the study participants were
healthy individuals, the study design was based on identifying functional connections to
regions with relevance in depression, such as the Default Mode Network, and thus transferable
to patient cohort studies. The Default Mode Network is a key contributor to the
pathophysiology of Major Depressive Disorder, with altered FC to brain regions, including the
amygdala, being implicated (Chou et al., 2023; Li et al., 2013; Sambataro et al., 2014; Tozzi et
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al.,2021; Young et al., 2018). Use of high resolution data acquired at 3T to successfully identify
aberrant FC patterns seen at 7T is a compelling demonstration of underutilised capability, and

one with potential to progress the field.

Much of the published fMRI work to date has been focused on the brain’s cortical connectivity
patterns with less of a focus on subcortical regions due to the difficulty in visualising the deep

central locations well with traditional fMRI sequences (Harrison et al., 2021).

In addressing the fourth aim, Chapter Six highlights the potential of the 3D sequence, with its
inherently higher SNR centrally due to an alternate k-space acquisition strategy (Afacan et al.,
2012; Lutti et al., 2013; Stirnberg et al., 2017). In this study, a whole brain voxelwise analysis
directly comparing data from the two sequences introduced in Chapter Five was undertaken
and our hypothesis was supported by the results, which in this analysis, reached statistical
significance; the novel 3D version proved superior in identifying stronger subcortical FC,
demonstrated between the left and right centromedial subregions to bilateral areas in the
brainstem and hippocampus. Interestingly, as was the case for the published study in Chapter
Four, FC results differed when the amygdala was considered as a single structure rather than
as individual subregions, adding further weight to the argument for widespread adoption of this
subregional approach. A further notable finding was that of intra-amygdala connectivity, that
is, connectivity between the subregions, including interhemispheric connectivity between both
the left and right CM to multiple subregional clusters in the opposite hemisphere. Although
these findings of intra-amygdala connectivity are in agreement with animal work (Pitkénen et
al., 1997; Sah et al., 2003), the lack of published work in humans makes it challenging to
ascertain whether further investigation of potentially aberrant intra-amygdala connectivity is
warranted. However, the findings of two studies identified in a literature search indicate the
possible significance of this avenue of imaging research. In reporting FC between all three
subregions in healthy individuals, Hrybouski and colleagues found distinct subregional
response patterns to negative emotional stimuli, with the highest sensitivity displayed by the
centromedial subregion (Hrybouski et al., 2016). Additionally, Etkin and colleagues reported
subregional disorganisation relating to the centromedial subregion and basolateral complex in
a Generalised Anxiety Disorder cohort (Etkin et al., 2009). Given that the prevalence of
comorbid anxiety in those diagnosed with Major Depressive Disorder is reportedly 45-67%,
whilst 30-63% of patients diagnosed with anxiety have coincident symptoms of Major

Depressive Disorder (Choi et al., 2020), further exploration of the functional relationships
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between the amygdala subregions, in concert with their respective subcortical and cortical

relationships, may further elucidate the neural underpinnings of both debilitating conditions.
7.3 General Discussion

Despite fMRI research investigations spanning almost three decades, the holy grail of
biomarker identification at an individual level in mental health has not yet been attained. It is
now accepted practice to classify physical disorders presenting with similar symptoms into
cohorts for specialised treatment based on differences in laboratory and imaging findings (Insel
et al., 2010). Yet in mental health disorders, including Major Depressive Disorder, diagnosis
remains symptom-based despite widespread recognition that many symptoms are shared across
conditions, and cohort heterogeneity is common within conditions (Malhi et al., 2021).
Acknowledgement of the potential benefits of classification and stratification using a
neuroscientific approach was the basis of the Research Domain Criteria (RDoC) project funded
by the US National Institute of Mental Health. This project had its genesis in the perceived
need for improved classification methods facilitated by the generation of ‘...a framework for
research on pathophysiology, especially for genomics and neuroscience’. In defining mental
health conditions as brain circuitry disorders, RDoC classification relies on objective tools such
as functional neuroimaging and electrophysiology as well as genetic biomarkers (Insel et al.,

2010).

Clearly there is desire to progress the field, so what is holding us back? In broad terms, the
primary confounding issue spanning multiple aspects of this body of work based on imaging
in depression appears to be ‘heterogeneity’. As expected, heterogeneity was prevalent in
relation to spatial resolution of fMRI data used to interrogate the amygdala, as presented in
Chapter Three, with the issue being a primary driver for this work to be undertaken.
Heterogeneity was also notable in study cohorts such as those reported in Chapter Four, and
this challenge was noted in other studies reviewed during the course of this thesis work (Grehl
et al., 2023; Kotoula et al., 2023; Yuan et al., 2023). Resting state analysis methods were also
found to be quite variable (Azeez & Biswal, 2017) and a further, unanticipated source of
heterogeneity was revealed in the nomenclature used to describe the amygdala and its
components. Although the main theme of this thesis work relates to data quality of imaging in
depression cohorts and has been addressed in depth, a brief review of the other confounding

issues is justified
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7.3.1 Cohort heterogeneity

Widely acknowledged as a potential confounder for individual patient treatment as well as a
limitation to research study outcomes, MDD cohort heterogeneity is facing renewed attention.
There are over 200 differing combinations of symptoms that meet the DSM criteria for MDD,
and over 70% of patients are diagnosed with a comorbid condition (Buch & Liston, 2021;
Diagnostic and Statistical Manual of Mental Disorders, 2022). In view of this, considerable
effort has been invested in neuroimaging and genome studies to advance our knowledge of the
neurobiological reasons for such heterogeneity amongst patient groups (Buch & Liston, 2021).
A recent overarching meta-analysis showed that thousands of fMRI studies investigating
depression have reported, among other findings, both hypoconnectivity and hyperconnectivity
to a variety of brain regions including the amygdala in depressed cohorts compared with
healthy controls (Wang et al., 2024). A noteworthy and very relevant finding of this review was
that the most cited work since 2018 was that of Drysdale and colleagues who aimed to stratify
a large depression cohort (Drysdale et al., 2017) by investigating potential FC biomarkers of
neurophysiological subtypes, underscoring the level of interest in this avenue of imaging
research (Wang et al., 2024). In fact, our group’s previous work in MDD has pointed to intra-
cohort stratification between treatment responders and non-responders which is suggestive of
the theory that Treatment-Resistant Depression represents a distinct neurobiological subtype of
depression (Barreiros et al., 2024; Rai et al., 2022). Also supportive of this hypothesis regarding
cohort heterogeneity are the study findings outlined in Chapter Four that showed altered FC of
the right LB subregion as a differentiator between treatment-resistant and treatment-sensitive

depression cohorts (Foster et al., 2025).

As depression is a heritable condition, genome studies have been meta-analysed for increased
power to investigate the neural basis of heterogeneity, resulting in identification of genetic risk
variants exhibiting alterations in excitatory neurotransmitter function (Howard et al., 2019;
Ripke etal., 2013; Wray et al., 2018). The laterobasal (LB) subregion, with its role being central
to fear and anxiety regulation, has been implicated due to its composition of primarily
excitatory glutamatergic neurons. The remaining proportion (around 20%) are Gamma-
aminobutyric acid (GABA) inhibitory interneurons that act to modulate the excitatory neurons
(Prager et al., 2016; Sah et al., 2003). Previous work points to an association between
hyperexcitability of the LB and anxiety and depression via a mechanism of altered balance of

inhibitory GABAergic to excitatory glutamatergic neurons (Fu & Tasker, 2024; Munshi et al.,
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2023), an intriguing finding in the context of the results described in Chapter Four regarding
FC of the right LB subregion differentiating between TRD and TSD cohorts. Our study did not
focus on anxiety but, given its high comorbidity with depression (Choi et al., 2020), it is
feasible that a proportion of both depression cohorts was affected. Although purely speculative,
it is possible that the LB hyperconnectivity seen in the treatment-resistant cohort was driven
by an imbalance between excitatory and inhibitory neurons, manifesting as hyperexcitability

of the LB subregion.

All these considerations point to the fact that, to achieve better patient outcomes, we need more
objective measures to diagnose depression patients within their broader heterogenous cohorts.
The work in this thesis showed that FC alterations of the amygdala at a subregional level can
distinguish between two different cohorts, those who are resistant to medication and those who
respond. These findings highlight the fact that improved imaging data quality and updated
analysis methods may augment our understanding of clinical heterogeneity in the context of
depression and other neuropsychiatric conditions. The ability to utilise differences in FC
metrics to stratify patient cohorts into subsets would serve to tip the scale away from the current
practice of subjective symptoms-based diagnoses towards objective metrics-based
stratification, a move that, as noted by Klein-Fliigge and colleagues in their pivotal work

referenced in Chapter One, is crucial to advancing the field.

7.3.2 Analysis methods

There are two primary computational methods of analysing BOLD data derived from resting
state acquisitions; data-driven and model-driven, and whilst a deeper discussion is outside the
scope of this work, a shallow dive further contextualises the issue of data heterogeneity. Model-
driven approaches, including the seed-based correlation method used in the experimental
studies in this thesis work, require a priori knowledge and selection of regions of interest
(Rajamanickam, 2020). Although this method has been widely used, there is a range of
alternative methods available to researchers (Li et al., 2023). Other model-driven methods that
demonstrate temporal changes include multiple regression and GLM, whilst coherence is a
frequency domain method focusing on spectral signal information. Data-driven methods are
more numerous and include Independent Component Analysis, Principal Component Analysis
and Regional Homogeneity, all of which demonstrate temporal changes, whereas Amplitude of
low-frequency fluctuation methods are calculated in the frequency domain (Azeez & Biswal,

2017). This list goes some way towards illustrating the profusion of data analysis options for
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data acquired with the resting state technique; whilst there is huge potential for incorporating
different strategies into our experiments in the hope of revealing more nuanced metrics, the
sheer volume of choices means that direct comparisons are not always easily achieved, and this
can detract from the body of findings more broadly (Botvinik-Nezer et al., 2020; Germani et
al., 2025).

Drilling down further, there are multiple data preprocessing steps that need to be completed
prior to analysis. What are known in general terms as minimal preprocessing pipelines are
available in software packages such as SPM, FSL and AFNI and, whilst the development of
these platforms has gone some way towards introducing a level of standardisation, they still
offer high levels of flexibility with little consensus; in fact, Poldrack and colleagues, in
underscoring the scope of this issue, noted that the number of potential workflow combinations
in FSL was over 69,000 (not a typo!) (Poldrack et al., 2017). Steps are taken to correct for
various data anomalies including head motion during scanning, distortion stemming from field
inhomogeneity, temporal effects of data acquisition and anatomical differences between
subjects. These steps are broadly referred to as realignment, susceptibility distortion correction,
slice timing correction and co-registration/normalisation. Data smoothing is usually performed
to reduce effects of anatomical variability and can also boost SNR, and this is a parameter that
can be varied according to researcher preference and study endpoint. As an example, smoothing
has been shown to impact results of different analysis methods differentially (Nieto-Castanon,
2020; Wu et al., 2011) and is potentially detrimental to spatial specificity in native high
resolution data; therefore, this step was removed from the analysis pipeline for 2D and 3D
sequence data described in Chapters Five and Six. The next step, denoising, accounts for outlier
data, physiological noise contributions and any residual effects of subject movement which are
particularly problematic for resting state data analyses as they can introduce biases into
functional connectivity measures (Poldrack et al., 2011). As a consequence, denoising
strategies for resting state data vary compared to task-based data, tending towards the more

conservative side (Wu et al., 2011).

Further opportunities for variation in methods are encountered when performing ROI analyses
based on a priori selection of particular brain regions, as was the case in this work. Of the
findings to come out of this thesis work, the one with potential for the most widespread impact
is the finding that different FC results are achieved when considering the amygdala as a single

entity, rather than as individual subregions. Previous work has shown both positive and
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negative signal alterations arising from different subregions (Amunts et al., 2005; Roy et al.,
2009) and from within individual subregions (Zhang et al., 2018). A whole amygdala ROI
approach may result in signal averaging whereby these more nuanced results are lost, and this
proved to be the case for the studies in Chapters Four and Six in which the subregional and
whole amygdala FC results differed in the same cohorts. This was in alignment with the only

other study identified that reported results using both methods (Zhang et al., 2022).

The subregional analysis method used in this thesis work was chosen based on its standardised
nature, that is, the ROIs were cytoarchitectonically defined maps created in standard space and
freely available (Eickhoff et al., 2005). Alternatives to the ROI method include use of locational
knowledge from previous literature and seed coordinate identification from group data (Sohn
et al., 2015). However, of the handful of studies reporting on amygdala subregions to date,
most have used this same method as this work (Li et al., 2021; Michely et al., 2020; Qiu et al.,
2018; Tang et al., 2019). This approach has advantages in accuracy over the traditional
spherical ROI method which cannot account for irregularly shaped seed regions such as the
subregions (Eickhoff et al., 2006). However, it may be less accurate in comparison to
individualised amygdala segmentation of study data that can account for spatial variation
between participants (Balderston et al., 2015). Nevertheless, this approach brings its own
disadvantages; although reproducible within a single setting, it has the potential to introduce
variability and bias between laboratories. Given reports of individualised segmentation results
closely paralleling subregional locations derived from probabilistic tractography (Bach et al.,
2011) and cytoarchitectonic parcellations (Amunts et al., 2005) the argument for using

standardised ROIs is robust, particularly in a field striving for reproducibility.

An interesting example of the potential for results variability based on data acquisition and
analysis differences is illustrated by drilling down to the basic methodologies of the following
studies; in comparing MDD and HC cohorts, one study found no significant differences in FC
between the amygdala and prefrontal cortex (Liu et al., 2023), whereas two other studies
reported decreased FC between the two regions in MDD versus HC (Connolly et al., 2017;
Dannlowski et al., 2009). In the first study by Liu and colleagues, the data comprised larger,
standard resolution voxels of 47mm? which was analysed in combination with amygdala ROIs
parcellated from a single-subject dataset provided by the Montreal Neurological Institute, a
method acknowledged to be less accurate than those based on cytoarchitectonic probabilistic

maps (Tzourio-Mazoyer et al., 2002). Data in the other two studies differed, with data in the
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study by Connolly and colleagues also standard resolution but with improved resolution due to
smaller voxels of 27mm?, whilst the study by Dannlowski and colleagues used high resolution
data with voxels of 10.7mm?>. Additionally, these latter two studies both used reproducible ROI
tools freely available in software toolboxes (WFU Pickatlas Tool (Maldjian et al., 2003) and
SPM Anatomy Toolbox (Eickhoff et al., 2005) to define the amygdala location for analysis.
Whilst the disparity in results between these studies may be attributable to a number of factors
including cohort heterogeneity, it is also possible that suboptimal data quality and reduced

accuracy in key parts of the analysis process have contributed.

It is well recognised that addressing issues of methodological variability is critical to advancing
the field. Guidelines released by the Organisation for Human Brain Mapping in 2017 were
designed to draw researchers’ attention to the importance of transparency and reproducibility;
these guidelines included checklists for best practice for conducting and reporting MRI studies
(Poldrack et al., 2017). The introduction of preprocessing ‘pipelines’ such as that used in
CONN toolbox (Whitfield-Gabrieli & Nieto-Castanon, 2012) and fMRIPrep (Esteban et al.,
2019) go some way towards delivering software options that aim to facilitate reproducibility
whilst encouraging transparency in workflows; this is accomplished via a ‘glass box’ approach
of providing visual quality control reports and standard text for methodological details that can

be included in publications (Esteban et al., 2019).

7.3.3 Amygdala nomenclature

In addition to the numerous other issues around heterogeneity, this thesis work provides a
springboard for conversations around the plethora of options used in relation to amygdala
nomenclature, and the potential for further confusion this engenders when it comes to
comparing study results. The subregional naming convention used in this thesis was that
proposed by Amunts and colleagues in 2005 in their cytoarchitectonic parcellation work based
on probabilistic maps. In noting the requirement for ‘reliable localisation’ of functional imaging
data as crucial to advancing the field of neuropsychiatry, the authors foreshadowed the growing
need for accuracy, standardisation and reproducibility in data analysis and reporting (Amunts
etal., 2005). They also recognised that the fast-paced evolution of MRI would result in systems
equipped with higher spatial resolution capabilities sufficient to interrogate the amygdala and
its functionally heterogenous subnuclei at a more granular level. Hence their release of region-
of-interest probabilistic maps or seed regions based on the three subregions used in this thesis

work: the centromedial, laterobasal and superficial. Whilst the use of these three subregional
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maps and nomenclature have become increasingly adopted (Frithholz & Grandjean, 2013;
Kwon et al., 2024; Li et al., 2021), some studies have excluded the superficial subregion (Liu
et al., 2021; Qin et al., 2014), others have included a fourth subregion (Labuschagne et al.,
2024; Tang et al., 2019), whilst others have reported four differently-named subregions (Entis
etal., 2012). In some cases, the subregions are also referred to as clusters, with the terms ventral
and dorsal (Gamer et al., 2010), as well as lateral (Morris et al., 2001) in use. To add to the
complexity, some authors refer to subregions as subnuclei (Engman et al., 2016; Salman et al.,
2024) whilst others refer to subnuclei as subregions (Jacob et al., 2022; Kim et al., 2021; Tesen
et al., 2022), and finally, in one paper identified, the two terms were used interchangeably

throughout (Hu et al., 2023).

This issue has broad repercussions, not the least that disparity in nomenclature increases the
level of difficulty in comparing results across studies, and it is also not just limited to the
amygdala. In their overarching appraisal of fMRI studies of the amygdala, Varkevisser and
colleagues reported difficulties in comparisons of other brain regions across studies, notably in
relation to defining brain regions anatomically versus functionally; they provide the example
of the Anterior Cingulate Cortex in one study being labelled as medial Prefrontal Cortex and
Orbitofrontal Cortex in other studies (Varkevisser et al., 2024).

7.4 Future Work - the big picture

Although there are still many unanswered questions about the causes of depression, it is
important to acknowledge the substantial progress that has been made since the introduction of
fMRI. Comprehensive meta-analyses have already shown group level alterations in brain
networks in Major Depressive Disorder cohorts, with involvement in regions including the
amygdala, dorsolateral prefrontal and anterior cingulate cortices, insula, hippocampus,
thalamus and cerebellum (Miola et al., 2023; Tozzi et al., 2021). Focusing on high resolution
data and large-scale collaborative efforts to increase statistical power, researchers are looking
towards methods such as interrogation of neural dynamics and transitions between activity
states to pave the way towards a better understanding of how behaviour is regulated on an
individual level through network interactions between the amygdala, ventral tegmental area
and neocortical regions (Spellman & Liston, 2020). To progress this network-level
understanding, work has been undertaken in animal models to co-register high resolution

BOLD fMRI data with high spatiotemporal resolution dynamic network information obtained
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via mesoscopic calcium imaging; however, translation to human studies is still some way off

(Kalin, 2020; Lake et al., 2019).

In the meantime, work in humans is ongoing, with attempts to identify the causes of disrupted
brain networks in depression and how best to manage clinical symptoms of apparent
dysregulation in various brain regions, including the amygdala. Novel treatments are being
developed, with fMRI studies utilised to demonstrate underlying neurobiological effects in
response to these treatments (Kalin, 2020), paralleling the more fundamental scientific
approach to drug development in other neurological conditions such as Multiple Sclerosis, and
raising the possibility of more timely clinical trial translation (Dichter et al., 2012). A meta-
analysis of ketamine studies reported modulatory effects on the amygdala and anterior
cingulate cortex, demonstrating its potential to ‘normalise’ hyperactive function in those
regions linked to emotion dysregulation in depression, resulting in significant clinical
improvements (Ramezani et al., 2025). Symptom improvement in a treatment-resistant cohort
following deep brain stimulation of the internal capsule has also been shown, reportedly due to
normalisation of amygdala responsiveness post treatment (Runia et al., 2023). Additionally,
psilocybin, a serotonergic psychedelic compound, has shown promise as an alternative
therapeutic, with fMRI being utilised to monitor underlying brain alterations potentially
responsible for symptom improvement. A meta-analysis showed decreased amygdala
activation in line with clinical symptom improvements in two Major Depressive Disorder
cohort studies as well as changes in activation and FC in the amygdala and ventral medial

prefrontal cortex in ten healthy control studies (Gill et al., 2022).

Whilst these novel studies are showing promising results for improved patient outcomes from
quite different treatment options, it is interesting to note some key commonalities and relate
them back to this thesis work. Of the twenty-one fMRI studies included in these two meta-
analyses of ketamine and psilocybin treatments, only four used high resolution data (Loureiro
et al., 2020; Loureiro et al., 2021; Murrough et al., 2015; Thai et al., 2020). Additionally, the
focus still seems to be very much on the amygdala as a single structure, with none of the ten
studies reporting amygdala results having considered its heterogenous nature in their findings.
This raises the question as to whether disparity across study findings is related not only to
cohort heterogeneity which, as we have seen, is a potentially a primary contributor, but to lack

of spatial specificity in analysing amygdala signals.
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Whilst current studies provide an indication of which brain regions possess altered connectivity
with the whole amygdala in response to treatment, future work using high resolution imaging
and a subregional amygdala analysis approach in treatment cohorts is needed for more accurate
localisation of treatment-elicited signal alterations. This would allow greater specificity in
reporting findings leading to improved congruency of results across studies. Additionally, as
different treatments have their own specific mechanisms, there is potential to learn more about
the biopathology underpinning MDD by differentiating which of the subregions and
component subnuclei are involved in different therapy responses (Cui et al., 2024). To that end,
Yuan and colleagues, in their investigation of ketamine infusions in an anxious depression
cohort, reported FC alterations of the LB subregion as a prognostic indicator of treatment
response, the first report of treatment efficacy at a subregional level (Yuan et al., 2023).
Additionally, investigations into the treatment effects of psilocybin in depression and post-
traumatic stress disorder also point to the LB subregion as being of primary significance in the
manifestation of positive treatment response to psilocybin (Kelly et al., 2024; Tollenaar, 2025).
These reports are interesting in the context of the findings in Chapter Four, which singled out
FC alterations of the right LB as a differentiator between treatment resistance and response in

our MDD cohort.

An additional avenue for future work is greater use of correlations between amygdala
subregional volumes, FC findings and symptom severity. Morphologic alterations of the
amygdala in MDD have been reported widely, with variables such as family history, illness
duration and pharmacotherapy acknowledged as potential confounders (Hamilton et al., 2008).
Work at 7T has demonstrated a significant relationship between depression severity in MDD
and altered volumes of multiple amygdala subnuclei (Brown et al., 2019). A 3T study in an
MDD cohort reported decreased volumes in the right LB subregion and an inverse relationship
between right LB volume and severity of depression and anxiety symptoms (Tesen et al., 2022),
whilst another, also in an MDD cohort, reported reduced volumes in the anterior amygdaloid

area and lateral nucleus, part of the LB, compared to HC (Kim et al., 2021).

Combining measures derived from both structural and functional imaging as standard practice
could shed further light on the neurobiology underpinning depression and other mental health
conditions. There are multiple studies reporting on a single metric; for example, reduced left
amygdala volumes in an MDD cohort compared to HC that were normalised after six infusions

of ketamine (Zhou et al., 2020), and reductions in depressive symptoms that were positively
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correlated with an increase in FC between the left amygdala and left medial Superior Frontal
Gyrus in response to ketamine treatment in an MDD cohort (Liu et al., 2023). To gain a deeper
understanding of the potential drivers of MDD in a female cohort, Yang and colleagues used a
structural and functional data combination approach to show decreased FC between the right
amygdala and putamen together with reduced bilateral putamen and right amygdala volumes,
with the latter metric significantly correlated with anxiety scores (Yang et al., 2017). As fMRI
studies typically acquire high resolution structural T1-weighted images as part of the study
protocol, the addition of volume measurements would allow correlation of amygdala subnuclei
volumes derived from the T1-weighted data together with either FC measures in resting state

studies or activation metrics in task-based studies.

To take this approach a step further, preliminary work has been done in HC using structural
diffusion tensor data to map projections from amygdala nuclei using probabilistic tractography
that can be used as an alternative form of connectivity profile (Bach et al., 2011). A high
resolution version of this ‘connection density’ technique has been adapted at 7T in an MDD
cohort to show that three of the right-sided amygdala subnuclei (lateral, basal and central)
display structural hyperconnectivity whilst the left medial subnucleus demonstrates
hypoconnectivity compared to HC (Brown et al., 2020). Goetschius and colleagues have shown
that interrogation of white matter connectivity between the amygdala and prefrontal cortex
using this tractography methodology is viable at 3T by acquiring diffusion tensor data in a large
cohort of adolescents (Goetschius et al., 2019). To further investigate this relationship and how
it might modulate amygdala reactivity, they also acquired task fMRI data, with their novel
results indicating that higher levels of white matter connectivity between the amygdala and
prefrontal cortex were associated with diminished amygdala reactivity. A similar approach
could be undertaken at 3T to further improve our understanding of the mechanistic and
functional roles of the heterogeneous amygdala by interrogating amygdala white matter

connectivity and reactivity at a subregional level.

This combination approach has been termed multimodal in the literature; it parallels use of the
term ‘multiparametric’ in clinical MR imaging, a term most closely associated with prostate
imaging which was introduced around the same time as the Prostate Imaging-Reporting and
Data System known as PI-RADS (Barentsz et al., 2012). Multimodal studies utilising two or
more types of data and analysis methods are few in MDD (Cui et al., 2024), but one recent

article has demonstrated the promise of this approach. Li and colleagues have outlined a ‘multi-
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modal contrastive learning framework for the automatic diagnosis of MDD’ (Li et al., 2024).
Within this framework, they synthesized structural T1-weighted data to determine grey matter
volumes, resting state fMRI data for functional connectivity measures and diffusion tensor data
for fractional anisotropy measures, all acquired in a single cohort. Using publicly available
MDD data as a training dataset, they generated a deep learning model whose diagnostic

classification strength lay in the complementarity of the individual datasets.

This is the way forward. We now have MRI systems capable of providing the quality of data
required, we have established machine learning as a vital tool in our clinical imaging
environments (Pinto-Coelho, 2023) and we have an urgent need to move beyond diagnosis
using patient-reported clinical symptomatology. Combining metrics from data acquired using
different imaging techniques in a single session for a multimodal approach is achievable and
the potential for progress has been highlighted by the development of collaborative consortia
such as the International Consortium for Brain Mapping as well as Enhanced Neuroimaging
and Genetics through Meta-Analysis (ENIGMA), with its added focus on genomics and

machine learning.

Additionally, there is accumulating evidence of changes to brain structure and function in
depressed patients relating to underlying stress-induced neuroinflammation (Han & Ham,
2021; Milaneschi et al., 2021; Risbrough et al., 2022; Slavich & Irwin, 2014). With
inflammatory biomarkers such as C-reactive protein (CRP) known to be increased in a subset
of depression patients, studies are being undertaken to evaluate potential underlying
relationships with brain connectivity. One study has shown that increased levels of CRP are
predictive of decreased FC between the amygdala and ventromedial prefrontal cortex in
depression, and that this decreased FC was associated with increased symptoms of anxiety
(Mehta et al., 2018). Interestingly, the regulatory roles of individual subnuclei to physiological
and behavioural stressors has been shown to vary, resulting in localised structural remodelling
which could potentially be quantified using high resolution T1-weighted data (Zhang et al.,
2021). In a condition that continues to have an unclear aetiology, the standard addition of
inflammatory marker measures to a multimodal investigative imaging framework for
depression could provide further information to fill in the missing links in our knowledge (Cui

et al., 2024).
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7.5 Future Work — next steps

Several worthwhile avenues for follow-up have presented themselves as a result of this thesis
work. As a first step, it would be of interest to perform volume measurements using the T1-
weighted data acquired in the treatment-resistant and treatment-sensitive cohorts from the study
reported in Chapter Four and compare those to the healthy controls. As there are few reports of
subregional volume metrics in depressed cohorts (Tesen et al., 2022), this would be an
interesting exercise, particularly in view of the potential to compare between refractory and
non-refractory groups. Recent work has shown smaller subregional volumes in an anxious
depression cohort that increased in size following electroconvulsive therapy, and these
increased volumes were correlated with improved anxiety scores (Ishikawa et al., 2025).
Normalisation of amygdala size has also been reported in a meta-analysis of depression patients
treated with pharmacotherapy (Nolan et al., 2020), with these authors also noting the lack of
published studies reporting subregional volume changes and attributing this to challenges
relating to visualisation and definitions of the ‘substructures’ (yet another addition to the
nomenclature!) Additionally, diffusion tensor metrics could be added to the FC and volume
metrics; DTI data is often acquired in research protocols, as it is at our site, but not often
correlated with FC measures. Consideration of all three measures together would provide a true

multimodal approach and the potential for more meaningful translational findings.

Further work is also required to address questions around the use of pipelines for analysis of
high resolution data, especially that acquired with a 3D k-space strategy, as there is currently
expert advice but no consensus on whether some preprocessing steps should be excluded or
altered, as noted for the data used in Chapters Five and Six. This data could be re-processed
with alternate combinations of variables and compared for differences in results. Further to
this, results from different levels of spatial smoothing need further investigation. Spatial
specificity may be lost when native high resolution data are smoothed (Molloy et al., 2014);
however, there are other benefits to smoothing, such as increases in SNR and reduction of inter-
subject variability in group-level analyses, although the latter benefit can also be a disadvantage
when considering inter-subject differences (Triana et al., 2020). It is well-recognised that high
spatial and temporal resolution acquisitions can reduce tSNR and BOLD sensitivity; smoothing
filters that can improve BOLD sensitivity while preserving spatial accuracy of activated
clusters at an individual level have been developed to combat this issue. These techniques,

including AWSOM (Adaptive-weight smoothing with optimized metrics) can preserve signal
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from small clusters whilst avoiding false positive results (Ceja et al., 2024), and may prove to
be particularly useful in analysis of ultrahigh resolution data acquired at 7T (Feinberg et al.,

2023).

A similar 2D and 3D sequence comparison to that reported in a HC cohort but extended to
MDD and HC cohorts would be interesting, particularly in light of the findings in Chapter Six
showing enhanced subcortical FC capabilities of the 3D sequence compared to the 2D
sequence. Pilot data has already been acquired for this experiment, but due to time constraints

of the thesis, these results were not available for inclusion in this work.

In terms of technical comparisons, preliminary calculations demonstrated the tSNR advantages
of the 3D acquisition strategy, outlined in the technical discussion in Appendix D. Estimates of
tSNR levels for both 2D and 3D sequences were generated; although the simple methodology
used does not provide technically accurate metrics for data acquired using undersampling
methods such as parallel imaging (Kellman & McVeigh, 2005), it enabled a simple comparison
between sequences. Strikingly, the average tSNR value over the amygdala ROI in the 3D
sequence was 2.6 times higher than that of the 2D sequence. Whilst the result itself was not
unexpected as there are multiple reports of notably higher tSNR levels in central brain regions
with 3D acquisitions (Chen et al., 2023; Lutti et al., 2013; Stirnberg et al., 2017), the magnitude
of the difference was surprising. Additional comparative data in the form of Mean Pixel Values
(MPV) were derived from the amygdala ROIs in both sequences, representing the amount of
signal in each voxel across the time series. Interestingly, although the 3D voxels were only half
the volume, the average MPV in the region of the amygdala was 90% of that in the 2D voxels.
This finding was attributed to reduced levels of intravoxel dephasing that are known to result
from the use of smaller voxels as discussed in Chapter Two. The particularly strong
performance of the 3D sequence in both metrics is likely due to two primary reasons. Firstly,
the location of the region being measured is in close proximity to air, bone and brain tissue
interfaces that traditionally amplify signal losses, but this was minimised using the smaller 3D
voxels. This theory is supported by measurements made in a more homogenous region of
peripheral brain tissue; results show the average MPV for the 3D sequence was 67% of the
value derived from the 2D sequence. Secondly, the k-space acquisition strategy of the 3D
sequence minimises thermal contributions to total noise (discussed in Chapter Five) and, in
combination with the relatively high levels of signal per voxel, the 3D sequence has an overall

tSNR advantage. This advantage is seen across the whole field-of-view, as demonstrated by
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the peripheral tSNR value; although lower relative to the values centred over the amygdala, the
peripheral tSNR value of the 3D sequence was 1.9 times higher than that of the 2D acquisition.
(see Appendix D for ROI locations, tSNR methods and data).

Lastly, further investigation into the utility of the 3D acquisition sequence is needed, with the
addition of physiological data capture for motion regression. Exploration of the enhanced
sequence capability in identifying cortical level connections and core intrinsic brain networks
is required to determine its value as a potential replacement for the current gold standard 2D
sequence. Its inherent SNR and high resolution advantages, coupled with its apparent
subcortical imaging strengths make the 3D sequence an attractive option, particularly for those

sites whose 3T systems may not have high-end gradient capabilities.

7.6 Key Findings - opportunities for changes in practice identified by this work

1) As a result of the broad literature review performed in Chapter Three, practical
hardware and protocol ‘best practice’ recommendations were published for use by sites

acquiring fMRI data for interrogation of the amygdala.

2) A downloadable reporting template for hardware and parameter selections was also
made available for researchers. The purpose of this template was to ensure that all
required details of the data acquisition process are reported in publications to facilitate
results comparisons and allow potential for study replication. These recommendations

and reporting template initiatives align with the shift towards protocol harmonisation.

3) The work in Chapter Four has demonstrated that high spatial resolution data acquired
at 3T with optimised currently available 2D sequences and analysis techniques are
capable of identifying amygdala functional connectivity at a subregional level in
depressed cohorts. There are few publications reporting on this approach, so there is
still much to be learned about the clinical manifestations of altered connectivity of the
individual subregions to other brain regions, even if identified. However, accurate
identification is the first step, and this approach is easily implemented and could be

widely adopted by other clinical research sites.

4) The work in Chapter Five has further illustrated the untapped potential of currently
available techniques. The relative efficacy of the combined 2D high resolution
acquisition/subregional analysis approach at 3T in identifying resting state network

connections in comparison to the subnuclei results derived from 7T data was a
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convincing display of underutilised capability. This a particularly notable finding in the
setting of very limited access to 7T systems, yet wide availability of 3T systems for

clinical research.

5) The capabilities of the novel higher resolution 3D sequence were highlighted in Chapter
Six, particularly in relation to the enhanced tSNR centrally in the location of the
amygdala. The comparative MPV measures from both datasets were a very effective
demonstration of the benefits of smaller voxels in combatting intravoxel dephasing,
underscoring the benefits to be derived from higher spatial resolution imaging in
locations such as the amygdala. The overall tSNR measures also indicated the value of
its acquisition strategy in reducing thermal noise. These traits suggest it should be the
preferred option for investigation of subcortical FC as well as further investigations of

intra-amygdala FC.

6) The work in Chapters Four and Six have highlighted an urgent need to move beyond
whole amygdala analyses towards a more sensitive subregional approach in order to
ensure that nuanced findings are being captured. This simple change has the potential

to positively impact congruency of results across studies investigating the amygdala.

7) In general, the overarching results of this work point to the conclusion that sequence
selection and optimisation should be driven by the research question, particularly in the
context of amygdala dysfunction in depression. Spatial resolution choices should reflect
the different spatial scales required, depending on the brain regions under examination;
for example, whether cortical networks or subcortical regions are the primary focus.
Similarly, choices regarding echo time and k-space acquisition strategies should reflect
the research question, as these technical selections can be optimised for particular brain
regions as noted in the technical discussion in Appendix D. Lastly, the importance of
knowing what type of data analyses will be undertaken cannot be understated when

selecting data acquisition methods, to ensure that data is fit for purpose.
7.7 Challenges and Limitations

7.7.1 General

A primary limitation of this work was the pilot sample size for the studies referenced in
Chapters Five and Six. Uncorrected findings were reported in the ROI-to-ROI analyses used

in Chapter Five and this experiment requires replication in a larger cohort to ensure validity of
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the reported results. Similarly, although the results of the whole brain voxelwise analysis
method used in Chapter Six were significant when corrected for multiple comparisons, it would

also be valuable to replicate those findings in a larger cohort which included an MDD group.

7.7.2 Technical

There were a number of technical challenges encountered during the course of this thesis work
which resulted in further limitations. Firstly, additional distortion correction was not applied
during data analyses. The inherent design of the GRE-EPI sequence means the images are
susceptible to signal inhomogeneity as well as geometric distortion in the phase encoding
direction (Glover, 2011). Signal inhomogeneity at voxel level manifests as slight variations in
resonant frequency, resulting in cumulative phase errors that are propagated along the phase
encoding direction, traditionally anterior-to-posterior in fMRI. During reconstruction, these
errors result in incorrect localisation of voxels, or mismapping (Olman et al., 2009). Of the
techniques developed to mitigate image distortion, one common method known as reverse
phase encoding involves acquiring several volumes of data in the opposite phase encoding
direction, from posterior-to-anterior, and applying these data during analysis to correct
opposing intensity and spatial distortions at voxel level (Hong et al., 2015; Morgan et al., 2004).
However, both sequences in this work were high resolution with small voxel volumes which
have been shown to reduce intra-voxel signal inhomogeneity (Robinson et al., 2004).
Additionally, parallel imaging, an acceleration technique utilised in both sequences, has been
shown to reduce image distortion significantly (Schmidt et al., 2005). Interestingly, in their
handbook of fMRI data analysis, Poldrack and colleagues have noted that the best method of
distortion correction is minimisation by use of an optimised data acquisition protocol (Poldrack

etal., 2011).

A second limitation relates to the potential impact of physiological noise on the FC results of
the novel 3D sequence. Although data were subjected to noise and motion correction aspects
of the CONN toolbox data analysis pipeline, the acquisition strategy of the 3D sequence may
increase its susceptibility to cardiac and respiratory motion compared to 2D acquisitions (Poser
et al., 2010). These noise contributions have been shown to be mitigated by using high
resolution small voxels (Triantafyllou et al., 2005) such as those used in both sequences. The
methodology in the original thesis plan was to capture pulse and respiration data using pulse
oximetry and a pneumatic belt which can then be modelled in the General Linear Model as

nuisance regressors using methods such as RETROICOR, an image-based retrospective
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correction method (Birn, 2012; Glover et al., 2000). However, due to technical issues at the
sequence compilation level, the physiological data capture component was unable to be
commissioned. Interestingly, it has been noted that, for brain regions in which neuronal effects
may be induced by emotional responses resulting in elevated heart and respiratory rates,
removal of physiological signals may result in removal of signals of interest (Birn, 2012). In
the case of the amygdala with its role in emotion processing, use of this technique may prove
to be counterproductive; however, these effects should be further explored by directly

comparing physiologically corrected and uncorrected datasets.

A pitfall of traditionally low fMRI sampling rates is aliasing of cardiac and respiratory signals
into the low frequency range approaching that of resting state BOLD signal fluctuations (< 0.1
Hz), potentially compromising the signal of interest and resulting in inaccurate FC measures
(Glover et al., 2000). Acceleration methods such as the 2D multiband technique and the novel
3D k-space acquisition strategy used in this work provide a means to overcome this challenge
by enabling significantly higher achievable sampling rates, with some studies reporting sub-
second TR values as low as 350 ms (Jahanian et al., 2019). However, the impact of shorter TR
values on SNR levels is well-established and in studies requiring high spatial resolution such
as those in this thesis, temporal resolution compromises are required (Menon & Goodyear,
2001). In this setting, a perceived limitation of this work is the TR values used; 1500ms for the
2D sequence and 2160ms for the 3D version were used, selected to balance the requirement for
speed, signal, spatial resolution and coverage. However, in an investigation of the effects of
different sampling rates on resting state metrics, Huotari and colleagues showed minimal
differences in FC measures using a range of TR values between 0.1 and 3 seconds (Huotari et
al., 2019). Interestingly, they also noted maximal cardiorespiratory aliasing at TR values
between 1 and 2 seconds in central brain regions. This is a potential explanation for why the
2D sequence with a TR value of 1.5 seconds, underperformed in subcortical regions in the

whole brain voxelwise analysis compared to its 3D counterpart.

Motion artifacts more generally are a further limitation. Dealing with motion in fMRI is an
important consideration, and preventing/mitigating patient motion during the data acquisition
process is a fundamental pillar of MRI radiographer practice. Any residual patient motion in
fMRI data is addressed at the data postprocessing stage with specialised software programmes
identifying outlying data for removal from datasets prior to analysis. However, some of these

strategies can result in fMRI signal discontinuity when motion-affected data is removed
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(Balachandrasekaran et al., 2021). Researchers have continued to seek methods to improve
motion correction strategies, including alternate k-space data acquisition methods (Glover &
Lee, 1995) as well as the introduction of matrix and algorithmic corrections made during data
postprocessing and analysis that are particularly useful in the setting of neonatal and foetal data

acquisition (Balachandrasekaran et al., 2021).
7.8 Conclusion

The introduction of fMRI is arguably the most significant and impactful addition to the field
of neuropsychiatry to date. However, the primary strength of the technique, choice, is also its
Achilles heel. Variability in radiofrequency coil and sequence parameter selections, together
with differences in analysis methods and terminology coalesce to form the meta-analyst’s
nightmare, data heterogeneity. This thesis work has explored data variability and its impact on
amygdala FC measures with a focus on Major Depressive Disorder. Quantifying the paucity of
studies acquiring high resolution data to report subregional amygdala findings was an
important first step in highlighting a problem that had been either undetected or overlooked.
Use of an optimised high spatial resolution 2D sequence to identify subregional FC differences
between depression cohorts and healthy controls was a convincing demonstration of the
underutilised capability of currently available imaging tools. The evidence of this was further
substantiated by the noteworthy performance of the 2D sequence in the comparison with 7T
findings, highlighting the missed opportunities for a more nuanced examination of the diverse
functional connections of the amygdala. While further research is required to evaluate the full
potential of the novel 3D acquisition approach, this early work showed its promise in revealing

functional connections in traditionally challenging subcortical areas.

In the context of minimal discussion in the literature, the disparity in results derived from whole
amygdala versus subregional analysis approaches in two different studies in this work should
serve as a cautionary tale to researchers. In a field striving to better understand the neural
correlates of depression, these results are a stark reminder that the amygdala urgently warrants
consideration as a heterogenous structure and brings into question the accuracy of previously

reported whole amygdala FC results.

The work presented in this thesis, whilst also highlighting new and innovative technology, has
a primary underlying dominant theme, that of underutilised 3T capability. Although

neuropsychiatry clinicians are increasingly looking to improve patient outcomes by moving
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away from subjective clinical diagnoses towards more objective imaging-based disease
stratification, it is clear that the strengths of our current repertoire of imaging tools for probing
brain function in depression remain relatively untapped. The case for focusing on the amygdala
as a heterogeneous collection of small subregions has been established, allowing the greatest
likelihood of clinical translation of findings. In demonstrating the value that technical MRI
specialists can bring to translational research collaborations, this work has shown that sequence
optimisation, in the form of spatial resolution enhancements, is a simple but powerful technique

that has the potential to advance the field in that direction.

Chapter 7 — Overview of Findings, Discussion and Future Work 185



7.9 References

Afacan, O., Hoge, W. S., Janoos, F., Brooks, D. H., & Morocz, I. A. (2012). Rapid full-brain
fMRI with an accelerated multi shot 3D EPI sequence using both UNFOLD and
GRAPPA. Magnetic Resonance in Medicine, 67(5), 1266-1274.
https://doi.org/10.1002/mrm.23106

Amunts, K., Kedo, O., Kindler, M., Pieperhoff, P., Mohlberg, H., Shah, N. J., Habel, U.,
Schneider, F., & Zilles, K. (2005). Cytoarchitectonic mapping of the human
amygdala, hippocampal region and entorhinal cortex: intersubject variability and
probability maps. Anatomy and Embryology, 210(5), 343-352.
https://doi.org/10.1007/s00429-005-0025-5

Azeez, A. K., & Biswal, B. B. (2017). A Review of Resting-State Analysis Methods.
Neuroimaging Clinics of North America, 27(4), 581-592.
https://doi.org/10.1016/j.nic.2017.06.001

Bach, D. R., Behrens, T. E., Garrido, L., Weiskopf, N., & Dolan, R. J. (2011). Deep and
Superficial Amygdala Nuclei Projections Revealed &lt;em&gt;In Vivo&lt;/em&gt;
by Probabilistic Tractography. The Journal of Neuroscience, 31(2), 618.
https://doi.org/10.1523/INEUROSCI.2744-10.2011

Balachandrasekaran A, Cohen AL, Afacan O, Warfield SK, Gholipour A. Reducing the
Effects of Motion Artifacts in fMRI: A Structured Matrix Completion Approach.
IEEE Trans Med Imaging. 2022 Jan;41(1):172-185. doi: 10.1109/TMI1.2021.3107829

Balderston, N. L., Schultz, D. H., Hopkins, L., & Helmstetter, F. J. (2015). Functionally
distinct amygdala subregions identified using DTI and high-resolution fMRI. Soc
Cogn Affect Neurosci, 10(12), 1615-1622. https://doi.org/10.1093/scan/nsv055

Barentsz, J. O., Richenberg, J., Clements, R., Choyke, P., Verma, S., Villeirs, G., Rouviere,
0., Logager, V., & Fiitterer, J. J. (2012). ESUR prostate MR guidelines 2012. Eur
Radiol, 22(4), 746-757. https://doi.org/10.1007/s00330-011-2377-y

Barreiros, A. R., Breukelaar, I. A., Prentice, A., Mayur, P., Tomimatsu, Y., Funayama, K.,
Foster, S., Malhi, G. S., Arns, M., Harris, A., & Korgaonkar, M. S. (2024). Intra- and
Inter-Network connectivity of the default mode network differentiates Treatment-
Resistant depression from Treatment-Sensitive depression. Neurolmage: Clinical, 43,
103656. https://doi.org/10.1016/j.nicl.2024.103656

Birn, R. M. (2012). The role of physiological noise in resting-state functional connectivity.
Neuroimage, 62(2), 864-870. https://doi.org/10.1016/j.neuroimage.2012.01.016

Botvinik-Nezer, R., Holzmeister, F., Camerer, C. F., Dreber, A., Huber, J., Johannesson, M.,
Kirchler, M., Iwanir, R., Mumford, J. A., Adcock, R. A., Avesani, P., Baczkowski, B.
M., Bajracharya, A., Bakst, L., Ball, S., Barilari, M., Bault, N., Beaton, D., Beitner, J.,
... Schonberg, T. (2020). Variability in the analysis of a single neuroimaging dataset

Chapter 7 — Overview of Findings, Discussion and Future Work 186



by many teams. Nature, 582(7810), 84-88. https://doi.org/10.1038/s41586-020-2314-
9

Brown, S. S. G., Rutland, J. W., Verma, G., Feldman, R. E., Alper, J., Schneider, M.,
Delman, B. N., Murrough, J. M., & Balchandani, P. (2019). Structural MRI at 7T
reveals amygdala nuclei and hippocampal subfield volumetric association with Major
Depressive Disorder symptom severity. Scientific Reports, 9(1), 10166.
https://doi.org/10.1038/s41598-019-46687-7

Brown, S. S. G., Rutland, J. W., Verma, G., Feldman, R. E., Schneider, M., Delman, B. N.,
Murrough, J. M., & Balchandani, P. (2020). Ultra-High-Resolution Imaging of
Amygdala Subnuclei Structural Connectivity in Major Depressive Disorder.
Biological Psychiatry: Cognitive Neuroscience and Neuroimaging, 5(2), 184-193.
https://doi.org/10.1016/j.bpsc.2019.07.010

Buch, A. M., & Liston, C. (2021). Dissecting diagnostic heterogeneity in depression by
integrating neuroimaging and genetics. Neuropsychopharmacology, 46(1), 156-175.
https://doi.org/10.1038/s41386-020-00789-3

Ceja, I. F. T., Gladytz, T., Starke, L., Tabelow, K., Niendorf, T., & Reimann, H. M. (2024).
Precision fMRI and cluster-failure in the individual brain. Hum Brain Mapp, 45(12),
€26813. https://doi.org/10.1002/hbm.26813

Chen, X., Wu, W., & Chiew, M. (2023). Improving robustness of 3D multi-shot EPI by
structured low-rank reconstruction of segmented CAIPI sampling for fMRI at 7T.
Neuroimage, 267, 119827. https://doi.org/10.1016/j.neuroimage.2022.119827

Choi, K. W., Kim, Y.-K., & Jeon, H. J. (2020). Comorbid Anxiety and Depression: Clinical
and Conceptual Consideration and Transdiagnostic Treatment. In Y.-K. Kim (Ed.),
Anxiety Disorders: Rethinking and Understanding Recent Discoveries (pp. 219-235).
Springer Singapore. https://doi.org/10.1007/978-981-32-9705-0 14

Chou, T., Deckersbach, T., Dougherty, D. D., & Hooley, J. M. (2023). The default mode
network and rumination in individuals at risk for depression. Soc Cogn Affect
Neurosci, 18(1). https://doi.org/10.1093/scan/nsad032

Connolly, C. G., Ho, T. C., Blom, E. H., LeWinn, K. Z., Sacchet, M. D., Tymofiyeva, O.,
Simmons, A. N., & Yang, T. T. (2017). Resting-state functional connectivity of the
amygdala and longitudinal changes in depression severity in adolescent depression. J
Affect Disord, 207, 86-94. https://doi.org/10.1016/j.jad.2016.09.026

Cui, L., L1, S., Wang, S., Wu, X., Liu, Y., Yu, W., Wang, Y., Tang, Y., Xia, M., & Li, B.
(2024). Major depressive disorder: hypothesis, mechanism, prevention and treatment.
Signal Transduction and Targeted Therapy, 9(1), 30. https://doi.org/10.1038/s41392-
024-01738-y

Dannlowski, U., Ohrmann, P., Konrad, C., Domschke, K., Bauer, J., Kugel, H., Hohoff, C.,
Schoning, S., Kersting, A., Baune, B. T., Mortensen, L. S., Arolt, V., Zwitserlood, P.,

Chapter 7 — Overview of Findings, Discussion and Future Work 187



Deckert, J., Heindel, W., & Suslow, T. (2009). Reduced amygdala-prefrontal coupling
in major depression: association with MAOA genotype and illness severity. Int J
Neuropsychopharmacol, 12(1), 11-22. https://doi.org/10.1017/s1461145708008973

Diagnostic and Statistical Manual of Mental Disorders. (2022). (5th ed., text rev ed.).
American Psychiatric Association.
https://doi.org/doi/book/10.1176/appi.books.9780890425787

Dichter, G. S., Sikich, L., Song, A., Voyvodic, J., & Bodfish, J. W. (2012). Functional
neuroimaging of treatment effects in psychiatry: methodological challenges and
recommendations. Int J Neurosci, 122(9), 483-493.
https://doi.org/10.3109/00207454.2012.678446

Drysdale, A. T., Grosenick, L., Downar, J., Dunlop, K., Mansouri, F., Meng, Y., Fetcho, R.
N., Zebley, B., Oathes, D. J., Etkin, A., Schatzberg, A. F., Sudheimer, K., Keller, J.,
Mayberg, H. S., Gunning, F. M., Alexopoulos, G. S., Fox, M. D., Pascual-Leone, A.,
Voss, H. U, . .. Liston, C. (2017). Resting-state connectivity biomarkers define
neurophysiological subtypes of depression. Nature Medicine, 23(1), 28-38.
https://doi.org/10.1038/nm.4246

Eickhoff, S. B., Heim, S., Zilles, K., & Amunts, K. (2006). Testing anatomically specified
hypotheses in functional imaging using cytoarchitectonic maps. Neuroimage, 32(2),
570-582. https://doi.org/10.1016/j.neuroimage.2006.04.204

Eickhoff, S. B., Stephan, K. E., Mohlberg, H., Grefkes, C., Fink, G. R., Amunts, K., & Zilles,
K. (2005). A new SPM toolbox for combining probabilistic cytoarchitectonic maps
and functional imaging data. Neuroimage, 25(4), 1325-1335.
https://doi.org/10.1016/j.neuroimage.2004.12.034

Elvira, U. K. A., Seoane, S., Janssen, J., & Janssen, N. (2022). Contributions of human
amygdala nuclei to resting-state networks. PLOS ONE, 17(12), e0278962.
https://doi.org/10.1371/journal.pone.0278962

Engman, J., Linnman, C., Van Dijk, K. R. A., & Milad, M. R. (2016). Amygdala subnuclei
resting-state functional connectivity sex and estrogen differences.
Psychoneuroendocrinology, 63, 34-42.
https://doi.org/10.1016/j.psyneuen.2015.09.012

Entis, J. J., Doerga, P., Barrett, L. F., & Dickerson, B. C. (2012). A reliable protocol for the
manual segmentation of the human amygdala and its subregions using ultra-high
resolution MRI. Neuroimage, 60(2), 1226-1235.
https://doi.org/10.1016/j.neuroimage.2011.12.073

Esteban, O., Markiewicz, C. J., Blair, R. W., Moodie, C. A., Isik, A. 1., Erramuzpe, A., Kent,
J. D., Goncalves, M., DuPre, E., Snyder, M., Oya, H., Ghosh, S. S., Wright, J.,
Durnez, J., Poldrack, R. A., & Gorgolewski, K. J. (2019). fMRIPrep: a robust

Chapter 7 — Overview of Findings, Discussion and Future Work 188



preprocessing pipeline for functional MRI. Nature Methods, 16(1), 111-116.
https://doi.org/10.1038/s41592-018-0235-4

Etkin, A., Prater, K. E., Schatzberg, A. F., Menon, V., & Greicius, M. D. (2009). Disrupted
amygdalar subregion functional connectivity and evidence of a compensatory network
in generalized anxiety disorder. Arch Gen Psychiatry, 66(12), 1361-1372.
https://doi.org/10.1001/archgenpsychiatry.2009.104

Feinberg, D. A., Beckett, A. J. S., Vu, A. T., Stockmann, J., Huber, L., Ma, S., Ahn, S.,
Setsompop, K., Cao, X., Park, S., Liu, C., Wald, L. L., Polimeni, J. R., Mareyam, A.,
Gruber, B., Stirnberg, R., Liao, C., Yacoub, E., Davids, M., . . . Dietz, P. (2023).
Next-generation MRI scanner designed for ultra-high-resolution human brain imaging
at 7 Tesla. Nature Methods, 20(12), 2048-2057. https://doi.org/10.1038/s41592-023-
02068-7

Foster, S. L., Breukelaar, I. A., Ekanayake, K., Lewis, S., & Korgaonkar, M. S. (2023).
Functional Magnetic Resonance Imaging of the Amygdala and Subregions at 3 Tesla:
A Scoping Review. Journal of Magnetic Resonance Imaging.
https://doi.org/10.1002/jmr1.28836

Foster, S. L., Landin-Romero, R., Lewis, S., Barreiros, A. R., Matis, S., Harris, A., &
Korgaonkar, M. S. (2025). Amygdala subregional functional connectivity in
treatment-resistant depression. Journal of Affective Disorders Reports, 21, 100932.
https://doi.org/10.1016/j.jadr.2025.100932

Friihholz, S., & Grandjean, D. (2013). Amygdala subregions differentially respond and
rapidly adapt to threatening voices. Cortex, 49(5), 1394-1403.
https://doi.org/10.1016/j.cortex.2012.08.003

Fu, X., & Tasker, J. G. (2024). Neuromodulation of inhibitory synaptic transmission in the
basolateral amygdala during fear and anxiety [Review]. Frontiers in Cellular
Neuroscience, Volume 18 - 2024. https://doi.org/10.3389/fncel.2024.1421617

Gamer, M., Zurowski, B., & Biichel, C. (2010). Different amygdala subregions mediate
valence-related and attentional effects of oxytocin in humans. Proceedings of the
National Academy of Sciences, 107(20), 9400-9405.
https://doi.org/10.1073/pnas.1000985107

Germani, E., Fromont, E., Maurel, P., & Maumet, C. (2025). HCP Multi-Pipeline: a derived
dataset to investigate analytical variability in fMRI. Scientific Data, 12(1), 940.
https://doi.org/10.1038/s41597-025-05247-7

Gill, H., Puramat, P., Patel, P., Gill, B., Marks, C. A., Rodrigues, N. B., Castle, D., Cha, D.
S., Mansur, R. B., Rosenblat, J. D., & Mclntyre, R. S. (2022). The Effects of
Psilocybin in Adults with Major Depressive Disorder and the General Population:
Findings from Neuroimaging Studies. Psychiatry Res, 313, 114577.

https://doi.org/10.1016/j.psychres.2022.114577

Chapter 7 — Overview of Findings, Discussion and Future Work 189



Glover, G. H. (2011). Overview of functional magnetic resonance imaging. Neurosurgery
clinics of North America, 22(2), 133-vii. https://doi.org/10.1016/j.nec.2010.11.001

Glover, G.H. and Lee, A.T. (1995), Motion Artifacts in fMRI: Comparison of 2DFT with PR
and Spiral Scan Methods. Magn. Reson. Med., 33: 624-
635. https://doi.org/10.1002/mrm.1910330507

Glover, G. H., Li, T.-Q., & Ress, D. (2000). Image-based method for retrospective correction
of physiological motion effects in fMRI: RETROICOR. Magnetic Resonance in
Medicine, 44(1), 162-167. https://doi.org/10.1002/1522-
2594(200007)44:1<162::AID-MRM23>3.0.CO;2-E

Goetschius, L. G., Hein, T. C., Mattson, W. 1., Lopez-Duran, N., Dotterer, H. L., Welsh, R.
C., Mitchell, C., Hyde, L. W., & Monk, C. S. (2019). Amygdala-prefrontal cortex
white matter tracts are widespread, variable and implicated in amygdala modulation in
adolescents. Neuroimage, 191, 278-291.
https://doi.org/10.1016/j.neuroimage.2019.02.009

Grehl, M. M., Hameed, S., & Murrough, J. W. (2023). Brain Features of Treatment-Resistant
Depression: A Review of Structural and Functional Connectivity Magnetic Resonance
Imaging Studies. Psychiatric Clinics of North America, 46(2), 391-401.
https://doi.org/10.1016/j.psc.2023.02.009

Hamilton, J. P., Siemer, M., & Gotlib, I. H. (2008). Amygdala volume in major depressive
disorder: a meta-analysis of magnetic resonance imaging studies. Mol Psychiatry,
13(11),993-1000. https://doi.org/10.1038/mp.2008.57

Han, K. M., & Ham, B. J. (2021). How Inflammation Affects the Brain in Depression: A
Review of Functional and Structural MRI Studies. J Clin Neurol, 17(4), 503-515.
https://doi.org/10.3988/jcn.2021.17.4.503

Harrison, O. K., Guell, X., Klein-Fliigge, M. C., & Barry, R. L. (2021). Structural and resting
state functional connectivity beyond the cortex. Neuroimage, 240, 118379.
https://doi.org/10.1016/j.neuroimage.2021.118379

Hong, X., To, X. V., Teh, 1., Soh, J. R., & Chuang, K.-H. (2015). Evaluation of EPI distortion
correction methods for quantitative MRI of the brain at high magnetic field. Magnetic
Resonance Imaging, 33(9), 1098-1105. https://doi.org/10.1016/;.mr1.2015.06.010

Howard, D. M., Adams, M. J., Clarke, T. K., Hafferty, J. D., Gibson, J., Shirali, M.,
Coleman, J. R. 1., Hagenaars, S. P., Ward, J., Wigmore, E. M., Alloza, C., Shen, X.,
Barbu, M. C., Xu, E. Y., Whalley, H. C., Marioni, R. E., Porteous, D. J., Davies, G.,
Deary, 1. J., . .. McIntosh, A. M. (2019). Genome-wide meta-analysis of depression
identifies 102 independent variants and highlights the importance of the prefrontal
brain regions. Nat Neurosci, 22(3), 343-352. https://doi.org/10.1038/s41593-018-
0326-7

Chapter 7 — Overview of Findings, Discussion and Future Work 190



Hrybouski, S., Aghamohammadi-Sereshki, A., Madan, C. R., Shafer, A. T., Baron, C. A.,
Seres, P., Beaulieu, C., Olsen, F., & Malykhin, N. V. (2016). Amygdala subnuclei
response and connectivity during emotional processing. Neuroimage, 133, 98-110.
https://doi.org/10.1016/j.neuroimage.2016.02.056

Hu, H,, Liu, F., Liu, L., Mei, Y., Xie, B., Shao, Y., & Qiao, Y. (2023). Smaller amygdala
subnuclei volume in schizophrenia patients with violent behaviors. Brain Imaging and
Behavior, 17(1), 11-17. https://doi.org/10.1007/s11682-022-00736-4

Huotari, N., Raitamaa, L., Helakari, H., Kananen, J., Raatikainen, V., Rasila, A., Tuovinen,
T., Kantola, J., Borchardt, V., Kiviniemi, V. J., & Korhonen, V. O. (2019). Sampling
Rate Effects on Resting State fMRI Metrics [Original Research]. Frontiers in
Neuroscience, Volume 13 - 2019. https://doi.org/10.3389/thins.2019.00279

Insel, T., Cuthbert, B., Garvey, M., Heinssen, R., Pine, D. S., Quinn, K., Sanislow, C., &
Wang, P. (2010). Research domain criteria (RDoC): toward a new classification
framework for research on mental disorders. Am J Psychiatry, 167(7), 748-751.
https://doi.org/10.1176/appi.ajp.2010.09091379

Ishikawa, Y., Oishi, N., Kyuragi, Y., Hatakoshi, M., Hirano, J., Noda, T., Yoshihara, Y., Ito,
Y., Miyata, J., Nemoto, K., Fujita, Y., Igarashi, H., Takahashi, K., Murakami, S.,
Kanno, H., Izumi, Y., Takamiya, A., Matsumoto, J., Kodaka, F., . . . Suwa, T. (2025).
Electroconvulsive therapy-specific volume changes in nuclei of the amygdala and

their relationship to long-term anxiety improvement in depression. Molecular
Psychiatry, 30(6), 2653-2664. https://doi.org/10.1038/s41380-024-02874-1

Jacob, Y., Morris, L. S., Verma, G., Rutter, S. B., Balchandani, P., & Murrough, J. W.
(2022). Altered hippocampus and amygdala subregion connectome hierarchy in major

depressive disorder. Translational psychiatry, 12(1), 209.
https://doi.org/10.1038/s41398-022-01976-0

Jahanian, H., Holdsworth, S., Christen, T., Wu, H., Zhu, K., Kerr, A. B., Middione, M. J.,
Dougherty, R. F., Moseley, M., & Zaharchuk, G. (2019). Advantages of short
repetition time resting-state functional MRI enabled by simultaneous multi-slice

imaging. Journal of neuroscience methods, 311, 122-132.
https://doi.org/10.1016/j.jneumeth.2018.09.033

Kalin, N. H. (2020). The Critical Relationship Between Anxiety and Depression. American
Journal of Psychiatry, 177(5), 365-367.
https://doi.org/10.1176/appi.ajp.2020.20030305

Kellman, P., & McVeigh, E. R. (2005). Image reconstruction in SNR units: a general method
for SNR measurement. Magn Reson Med, 54(6), 1439-1447.
https://doi.org/10.1002/mrm.20713

Kelly, T. J., Bonniwell, E. M., Mu, L., Liu, X., Hu, Y., Friedman, V., Yu, H., Su, W.,
McCorvy, J. D., & Liu, Q. S. (2024). Psilocybin analog 4-OH-DiPT enhances fear

Chapter 7 — Overview of Findings, Discussion and Future Work 191



extinction and GABAergic inhibition of principal neurons in the basolateral
amygdala. Neuropsychopharmacology, 49(5), 854-863.
https://doi.org/10.1038/s41386-023-01744-8

Kim, H., Han, K.-M., Choi, K. W., Tae, W.-S., Kang, W., Kang, Y., Kim, A., & Ham, B.-J.
(2021). Volumetric alterations in subregions of the amygdala in adults with major
depressive disorder. Journal of Affective Disorders, 295, 108-115.
https://doi.org/10.1016/j.jad.2021.08.012

Klein-Fliigge, M. C., Jensen, D. E. A., Takagi, Y., Priestley, L., Verhagen, L., Smith, S. M.,
& Rushworth, M. F. S. (2022). Relationship between nuclei-specific amygdala

connectivity and mental health dimensions in humans. Nature Human Behaviour,
6(12), 1705-1722. https://doi.org/10.1038/s41562-022-01434-3

Kotoula, V., Evans, J. W., Punturieri, C., Johnson, S. C., & Zarate, C. A. (2023). Chapter 5 -
Functional MRI markers for treatment-resistant depression: Insights and challenges.
In C.-T. Li & C.-M. Cheng (Eds.), Progress in Brain Research (Vol. 278, pp. 117-
148). Elsevier. https://doi.org/10.1016/bs.pbr.2023.04.001

Kwon, H., Ha, M., Choi, S., Park, S., Jang, M., Kim, M., & Kwon, J. S. (2024). Resting-state
functional connectivity of amygdala subregions across different symptom subtypes of

obsessive—compulsive disorder patients. Neurolmage: Clinical, 43, 103644.
https://doi.org/10.1016/j.nicl.2024.103644

Labuschagne, 1., Dominguez, J. F., Grace, S., Mizzi, S., Henry, J. D., Peters, C., Rabinak, C.
A., Sinclair, E., Lorenzetti, V., Terrett, G., Rendell, P. G., Pedersen, M., Hocking, D.
R., & Heinrichs, M. (2024). Specialization of amygdala subregions in emotion
processing. Human Brain Mapping, 45(5), €26673.
https://doi.org/10.1002/hbm.26673

Lake, E. M., Ge, X., Shen, X., Herman, P., Hyder, F., Cardin, J. A., Higley, M. J., Scheinost,
D., Papademetris, X., Crair, M. C., & Constable, R. T. (2019). Simultaneous
mesoscopic Ca<sup>2+</sup> imaging and fMRI: Neuroimaging spanning
spatiotemporal scales. bioRxiv, 464305. https://doi.org/10.1101/464305

Li, B,, Liu, L., Friston, K. J., Shen, H., Wang, L., Zeng, L.-L., & Hu, D. (2013). A
Treatment-Resistant Default Mode Subnetwork in Major Depression. Biological
Psychiatry, 74(1), 48-54. https://doi.org/10.1016/j.biopsych.2012.11.007

Li, M. T., Sun, J. W., Zhan, L. L., Antwi, C. O., Lv, Y. T., Jia, X. Z., & Ren, J. (2023). The
effect of seed location on functional connectivity: evidence from an image-based
meta-analysis. Front Neurosci, 17, 1120741.
https://doi.org/10.3389/fnins.2023.1120741

Li, T., Guo, Y., Zhao, Z., Chen, M., Lin, Q., Hu, X., Yao, Z., & Hu, B. (2024). Automated
Diagnosis of Major Depressive Disorder With Multi-Modal MRIs Based on

Chapter 7 — Overview of Findings, Discussion and Future Work 192



Contrastive Learning: A Few-Shot Study. /IEEE Trans Neural Syst Rehabil Eng, 32,
1566-1576. https://doi.org/10.1109/tnsre.2024.3380357

L, Y. Y., Ni, X. K, You, Y. F.,, Qing, Y. H., Wang, P. R., Yao, J. S., Ren, K. M., Zhang, L.,
Liu, Z. W., Song, T. J., Wang, J., Zang, Y. F., Shen, Y. D., & Chen, W. (2021).
Common and Specific Alterations of Amygdala Subregions in Major Depressive
Disorder With and Without Anxiety: A Combined Structural and Resting-State
Functional MRI Study. Front Hum Neurosci, 15, 634113.
https://doi.org/10.3389/fnhum.2021.634113

Liu, H., Wang, C., Lan, X., Li, W., Zhang, F., Fu, L., Ye, Y., Ning, Y., & Zhou, Y. (2023).
Functional connectivity of the amygdala and the antidepressant and antisuicidal
effects of repeated ketamine infusions in major depressive disorder. Front Neurosci,
17,1123797. https://doi.org/10.3389/fnins.2023.1123797

Liu, T., Ke, J.,, Qi, R., Zhang, L., Zhang, Z., Xu, Q., Zhong, Y., Lu, G., & Chen, F. (2021).
Altered functional connectivity of the amygdala and its subregions in typhoon -
related post - traumatic stress disorder. Brain and Behavior, 11(1), €01952.
https://doi.org/10.1002/brb3.1952

Loureiro, J. R. A., Leaver, A., Vasavada, M., Sahib, A. K., Kubicki, A., Joshi, S., Woods, R.
P., Wade, B., Congdon, E., Espinoza, R., & Narr, K. L. (2020). Modulation of
amygdala reactivity following rapidly acting interventions for major depression.
Human Brain Mapping, 41(7), 1699-1710. https://doi.org/10.1002/hbm.24895

Loureiro, J. R. A., Sahib, A. K., Vasavada, M., Leaver, A., Kubicki, A., Wade, B., Joshi, S.,
Hellemann, G., Congdon, E., Woods, R. P., Espinoza, R., & Narr, K. L. (2021).
Ketamine’s modulation of cerebro-cerebellar circuitry during response inhibition in
major depression. Neurolmage: Clinical, 32, 102792.
https://doi.org/10.1016/j.nicl.2021.102792

Lutti, A., Thomas, D. L., Hutton, C., & Weiskopf, N. (2013). High-resolution functional MRI
at 3 T: 3D/2D echo-planar imaging with optimized physiological noise correction.
Magn Reson Med, 69(6), 1657-1664. https://doi.org/10.1002/mrm.24398

Maldjian, J. A., Laurienti, P. J., Kraft, R. A., & Burdette, J. H. (2003). An automated method
for neuroanatomic and cytoarchitectonic atlas-based interrogation of fMRI data sets.
Neuroimage, 19(3), 1233-1239. https://doi.org/10.1016/S1053-8119(03)00169-1

Malhi, G. S., Bell, E., Bassett, D., Boyce, P., Bryant, R., Hazell, P., Hopwood, M., Lyndon,
B., Mulder, R., Porter, R., Singh, A. B., & Murray, G. (2021). The 2020 Royal
Australian and New Zealand College of Psychiatrists clinical practice guidelines for
mood disorders. Australian & New Zealand Journal of Psychiatry, 55(1), 7-117.
https://doi.org/10.1177/0004867420979353

Mehta, N. D., Haroon, E., Xu, X., Woolwine, B. J., Li, Z., & Felger, J. C. (2018).
Inflammation negatively correlates with amygdala-ventromedial prefrontal functional

Chapter 7 — Overview of Findings, Discussion and Future Work 193



connectivity in association with anxiety in patients with depression: Preliminary
results. Brain, Behavior, and Immunity, 73, 725-730.
https://doi.org/10.1016/j.bbi.2018.07.026

Menon, R. S., & Goodyear, B. G. (2001). Spatial and temporal resolution in fMRI. In P.
Jezzard, P. M. Matthews, & S. M. Smith (Eds.), Functional Magnetic Resonance
Imaging: An Introduction to Methods (pp. 146-158). Oxford University Press.
https://doi.org/10.1093/acprof:0s0/9780192630711.003.0007

Michely, J., Rigoli, F., Rutledge, R. B., Hauser, T. U., & Dolan, R. J. (2020). Distinct
processing of aversive experience in amygdala subregions. Biological Psychiatry:

Cognitive Neuroscience and Neuroimaging, 5(3), 291-300.
https://doi.org/10.1016/j.bpsc.2019.07.008

Milaneschi, Y., Kappelmann, N., Ye, Z., Lamers, F., Moser, S., Jones, P. B., Burgess, S.,
Penninx, B. W. J. H., & Khandaker, G. M. (2021). Association of inflammation with
depression and anxiety: evidence for symptom-specificity and potential causality from
UK Biobank and NESDA cohorts. Molecular Psychiatry, 26(12), 7393-7402.
https://doi.org/10.1038/s41380-021-01188-w

Miola, A., Meda, N., Perini, G., & Sambataro, F. (2023). Structural and functional features of
treatment-resistant depression: A systematic review and exploratory coordinate-based
meta-analysis of neuroimaging studies. Psychiatry Clin Neurosci, 77(5), 252-263.
https://doi.org/10.1111/pcn.13530

Molloy, E. K., Meyerand, M. E., & Birn, R. M. (2014). The influence of spatial resolution
and smoothing on the detectability of resting-state and task fMRI. Neuroimage, 86,
221-230. https://doi.org/10.1016/j.neuroimage.2013.09.001

Morgan, P. S., Bowtell, R. W., McIntyre, D. J. O., & Worthington, B. S. (2004). Correction
of spatial distortion in EPI due to inhomogeneous static magnetic fields using the

reversed gradient method. Journal of Magnetic Resonance Imaging, 19(4), 499-507.
https://doi.org/10.1002/jmri.20032

Morris, J. S., Buchel, C., & Dolan, R. J. (2001). Parallel neural responses in amygdala
subregions and sensory cortex during implicit fear conditioning. Neuroimage, 13(6 Pt
1), 1044-1052. https://doi.org/10.1006/nimg.2000.0721

Munshi, S., Albrechet-Souza, L., Dos-Santos, R. C., Stelly, C. E., Secci, M. E., Gilpin, N.
W., & Tasker, J. G. (2023). Acute Ethanol Modulates Synaptic Inhibition in the
Basolateral Amygdala via Rapid NLRP3 Inflammasome Activation and Regulates
Anxiety-Like Behavior in Rats. J Neurosci, 43(47), 7902-7912.
https://doi.org/10.1523/jneurosci.1744-22.2023

Murrough, J. W., Collins, K. A., Fields, J., DeWilde, K. E., Phillips, M. L., Mathew, S. J.,
Wong, E., Tang, C. Y., Charney, D. S., & losifescu, D. V. (2015). Regulation of
neural responses to emotion perception by ketamine in individuals with treatment-

Chapter 7 — Overview of Findings, Discussion and Future Work 194



resistant major depressive disorder. Translational psychiatry, 5(2), €509-¢509.
https://doi.org/10.1038/tp.2015.10

Nieto-Castanon, A. (2020). FMRI minimal preprocessing pipeline. In Handbook of functional
connectivity Magnetic Resonance Imaging methods in CONN (pp. 3-16). Hilbert
Press. https://doi.org/10.56441/hilbertpress.2207.6599

Nolan, M., Roman, E., Nasa, A., Levins, K. J., O’Hanlon, E., O’Keane, V., & Willian Roddy,
D. (2020). Hippocampal and Amygdalar Volume Changes in Major Depressive
Disorder: A Targeted Review and Focus on Stress. Chronic Stress, 4,
2470547020944553. https://doi.org/10.1177/2470547020944553

Olman, C. A., Davachi, L., & Inati, S. (2009). Distortion and Signal Loss in Medial Temporal
Lobe. PLOS ONE, 4(12), e8160. https://doi.org/10.1371/journal.pone.0008160

Pinto-Coelho, L. (2023). How Artificial Intelligence Is Shaping Medical Imaging
Technology: A Survey of Innovations and Applications. Bioengineering (Basel),
10(12). https://doi.org/10.3390/bioengineering10121435

Pitkdnen, A., Savander, V., & LeDoux, J. E. (1997). Organization of intra-amygdaloid
circuitries in the rat: an emerging framework for understanding functions of the
amygdala. Trends in Neurosciences, 20(11), 517-523. https://doi.org/10.1016/S0166-
2236(97)01125-9

Poldrack, R. A., Baker, C. L., Durnez, J., Gorgolewski, K. J., Matthews, P. M., Munafo, M.
R., Nichols, T. E., Poline, J. B., Vul, E., & Yarkoni, T. (2017). Scanning the horizon:

towards transparent and reproducible neuroimaging research. Nat Rev Neurosci,
18(2), 115-126. https://doi.org/10.1038/nrm.2016.167

Poldrack, R. A., Mumford, J. A., & Nichols, T. E. (2011). Handbook of Functional MRI Data
Analysis. Cambridge University Press. https://doi.org/DOI:
10.1017/CB0O9780511895029

Poser, B. A., Koopmans, P. J., Witzel, T., Wald, L. L., & Barth, M. (2010). Three
dimensional echo-planar imaging at 7 Tesla. Neuroimage, 51(1), 261-266.
https://doi.org/10.1016/j.neuroimage.2010.01.108

Prager, E. M., Bergstrom, H. C., Wynn, G. H., & Braga, M. F. (2016). The basolateral
amygdala y-aminobutyric acidergic system in health and disease. J Neurosci Res,
94(6), 548-567. https://doi.org/10.1002/jnr.23690

Qin, S., Young, C. B., Duan, X., Chen, T., Supekar, K., & Menon, V. (2014). Amygdala
Subregional Structure and Intrinsic Functional Connectivity Predicts Individual
Differences in Anxiety During Early Childhood. Biological Psychiatry, 75(11), 892-
https://doi.org/10.1016/j.biopsych.2013.10.006

Qiu, L., Xia, M., Cheng, B., Yuan, L., Kuang, W., Bi, F., Ai, H., Gu, Z., Lui, S., Huang, X.,
He, Y., & Gong, Q. (2018). Abnormal dynamic functional connectivity of amygdalar

Chapter 7 — Overview of Findings, Discussion and Future Work 195



subregions in untreated patients with first-episode major depressive disorder. J
Psychiatry Neurosci, 43(4), 262-272. https://doi.org/10.1503/jpn.170112

Rai, S., Griffiths, K. R., Breukelaar, I. A., Barreiros, A. R., Boyce, P., Hazell, P., Foster, S.
L., Malhi, G. S., Harris, A. W. F., & Korgaonkar, M. S. (2022). Common and
differential neural mechanisms underlying mood disorders. Bipolar Disorders, 24(8),
795-805. https://doi.org/10.1111/bdi.13248

Rajamanickam, K. (2020). A Mini Review on Different Methods of Functional-MRI Data
Analysis. Archives of Internal Medicine Research, 3, 44-60.
https://www.fortunejournals.com/articles/a-mini-review-on-different-methods-of-
functionalmri-data-analysis.html

Ramezani, F., Mardani, P., Nemati, F., Cattarinussi, G., Sambataro, F., Schiena, G.,
Brambilla, P., & Delvecchio, G. (2025). Effect of ketamine on task-based functional
magnetic resonance imaging findings in major depressive disorder: A mini-review.
Journal of Affective Disorders, 370, 181-189.
https://doi.org/10.1016/j.jad.2024.10.118

Ripke, S., Wray, N. R., Lewis, C. M., Hamilton, S. P., Weissman, M. M., Breen, G., Byrne,
E. M., Blackwood, D. H., Boomsma, D. I., Cichon, S., Heath, A. C., Holsboer, F.,
Lucae, S., Madden, P. A., Martin, N. G., McGuffin, P., Muglia, P., Noethen, M. M.,
Penninx, B. P., . . . Sullivan, P. F. (2013). A mega-analysis of genome-wide
association studies for major depressive disorder. Mol Psychiatry, 18(4), 497-511.
https://doi.org/10.1038/mp.2012.21

Risbrough, V. B., Vaughn, M. N., & Friend, S. F. (2022). Role of Inflammation in Traumatic
Brain Injury—Associated Risk for Neuropsychiatric Disorders: State of the Evidence
and Where Do We Go From Here. Biological Psychiatry, 91(5), 438-448.
https://doi.org/10.1016/j.biopsych.2021.11.012

Robinson, S., Windischberger, C., Rauscher, A., & Moser, E. (2004). Optimized 3 T EPI of
the amygdalae. Neuroimage, 22(1), 203-210.
https://doi.org/10.1016/j.neuroimage.2003.12.048

Roy, A. K., Shehzad, Z., Margulies, D. S., Kelly, A. M. C., Uddin, L. Q., Gotimer, K.,
Biswal, B. B., Castellanos, F. X., & Milham, M. P. (2009). Functional connectivity of
the human amygdala using resting state fMRI. Neuroimage, 45(2), 614-626.
https://doi.org/10.1016/j.neuroimage.2008.11.030

Runia, N., Bergfeld, I. O., de Kwaasteniet, B. P., Luigjes, J., van Laarhoven, J., Notten, P.,
Beute, G., van den Munckhof, P., Schuurman, R., Denys, D., & van Wingen, G. A.
(2023). Deep brain stimulation normalizes amygdala responsivity in treatment-
resistant depression. Mol Psychiatry, 28(6), 2500-2507.
https://doi.org/10.1038/s41380-023-02030-1

Chapter 7 — Overview of Findings, Discussion and Future Work 196



Sah, P., Faber, E. S. L., & Lopez De Armentia, M. P., J. (2003). The Amygdaloid Complex:
Anatomy and Physiology. Physiological Reviews, 83(3), 803-834.
https://doi.org/10.1152/physrev.00002.2003

Salman, Y., Gérard, T., Huyghe, L., Colmant, L., Quenon, L., Malotaux, V., Ivanoiu, A.,
Lhommel, R., Dricot, L., & Hanseeuw, B. J. (2024). Amygdala atrophies in specific
subnuclei in preclinical Alzheimer's disease. Alzheimers Dement, 20(10), 7205-7219.
https://doi.org/10.1002/alz.14235

Sambataro, F., Wolf, N. D., Pennuto, M., Vasic, N., & Wolf, R. C. (2014). Revisiting default
mode network function in major depression: evidence for disrupted subsystem
connectivity. Psychol Med, 44(10), 2041-2051.
https://doi.org/10.1017/s0033291713002596

Schmidt, C. F., Degonda, N., Luechinger, R., Henke, K., & Boesiger, P. (2005). Sensitivity-
encoded (SENSE) echo planar fMRI at 3T in the medial temporal lobe. Neuroimage,
25(2), 625-641. https://doi.org/10.1016/j.neuroimage.2004.12.002

Shen, C.-J., Zheng, D., Li, K.-X., Yang, J.-M., Pan, H.-Q., Yu, X.-D., Fu, J.-Y., Zhu, Y., Sun,
Q.-X., Tang, M.-Y., Zhang, Y., Sun, P., Xie, Y., Duan, S., Hu, H., & Li, X.-M.
(2019). Cannabinoid CB1 receptors in the amygdalar cholecystokinin glutamatergic
afferents to nucleus accumbens modulate depressive-like behavior. Nature Medicine,
25(2), 337-349. https://doi.org/10.1038/s41591-018-0299-9

Simmons, J. P., Nelson, L. D., & Simonsohn, U. (2011). False-Positive
Psychology:Undisclosed Flexibility in Data Collection and Analysis Allows
Presenting Anything as Significant. Psychological science, 22(11), 1359-1366.
https://doi.org/10.1177/0956797611417632

Slavich, G. M., & Irwin, M. R. (2014). From stress to inflammation and major depressive
disorder: A social signal transduction theory of depression. Psychological Bulletin,
140(3), 774-815. https://doi.org/10.1037/a0035302

Sohn, W. S., Yoo, K., Lee, Y. B., Seo, S. W., Na, D. L., & Jeong, Y. (2015). Influence of
ROI selection on resting state functional connectivity: an individualized approach for

resting state fMRI analysis. Front Neurosci, 9, 280.
https://doi.org/10.3389/fnins.2015.00280

Spellman, T., & Liston, C. (2020). Toward Circuit Mechanisms of Pathophysiology in
Depression. Am J Psychiatry, 177(5), 381-390.
https://doi.org/10.1176/appi.ajp.2020.20030280

Stirnberg, R., Huijbers, W., Brenner, D., Poser, B. A., Breteler, M., & Stocker, T. (2017).
Rapid whole-brain resting-state fMRI at 3 T: Efficiency-optimized three-dimensional

EPI versus repetition time-matched simultaneous-multi-slice EP1. Neuroimage, 163,
81-92. https://doi.org/10.1016/j.neuroimage.2017.08.031

Chapter 7 — Overview of Findings, Discussion and Future Work 197



Szucs, D., & loannidis, J. P. A. (2020). Sample size evolution in neuroimaging research: An
evaluation of highly-cited studies (1990-2012) and of latest practices (2017-2018) in
high-impact journals. Neuroimage, 221, 117164.
https://doi.org/10.1016/j.neuroimage.2020.117164

Tang, S., Li, H., Lu, L., Wang, Y., Zhang, L., Hu, X., Bu, X., Hu, X., Gao, Y., Gong, Q., &
Huang, X. (2019). Anomalous functional connectivity of amygdala subregional
networks in major depressive disorder. Depression and Anxiety, 36(8), 712-722.
https://doi.org/10.1002/da.22901

Tesen, H., Watanabe, K., Okamoto, N., Ikenouchi, A., Igata, R., Konishi, Y., Kakeda, S., &
Yoshimura, R. (2022). Volume of Amygdala Subregions and Clinical Manifestations
in Patients With First-Episode, Drug-Naive Major Depression [Original Research].
Frontiers in Human Neuroscience, 15. https://doi.org/10.3389/fnhum.2021.780884

Thai, M., Basgoze, Z., Klimes-Dougan, B., Mueller, B. A., Fiecas, M., Lim, K. O., Albott, C.
S., & Cullen, K. R. (2020). Neural and Behavioral Correlates of Clinical Improvement
to Ketamine in Adolescents With Treatment Resistant Depression [Original
Research]. Front Psychiatry, Volume 11 - 2020.
https://doi.org/10.3389/fpsyt.2020.00820

Tollenaar, B. (2025). Psilocybin’s effect on depression by binding to serotonergic receptors
in the basolateral amygdala (Publication Number 45928) Utrecht University].
Utrecht. https://studenttheses.uu.nl/handle/20.500.12932/48967

Tozzi, L., Zhang, X., Chesnut, M., Holt-Gosselin, B., Ramirez, C. A., & Williams, L. M.
(2021). Reduced functional connectivity of default mode network subsystems in
depression: Meta-analytic evidence and relationship with trait rumination.
Neurolmage: Clinical, 30, 102570. https://doi.org/10.1016/j.nicl.2021.102570

Triana, A. M., Glerean, E., Saramiki, J., & Korhonen, O. (2020). Effects of spatial smoothing
on group-level differences in functional brain networks. Netw Neurosci, 4(3), 556-
574. https://doi.org/10.1162/netn_a 00132

Triantafyllou, C., Hoge, R. D., Krueger, G., Wiggins, C. J., Potthast, A., Wiggins, G. C., &
Wald, L. L. (2005). Comparison of physiological noise at 1.5 T, 3 T and 7 T and
optimization of fMRI acquisition parameters. Neuroimage, 26(1), 243-250.
https://doi.org/10.1016/j.neuroimage.2005.01.007

Tzourio-Mazoyer, N., Landeau, B., Papathanassiou, D., Crivello, F., Etard, O., Delcroix, N.,
Mazoyer, B., & Joliot, M. (2002). Automated Anatomical Labeling of Activations in
SPM Using a Macroscopic Anatomical Parcellation of the MNI MRI Single-Subject
Brain. Neuroimage, 15(1), 273-289. https://doi.org/10.1006/nimg.2001.0978

Varkevisser, T., Geuze, E., & van Honk, J. (2024). Amygdala fMRI—A Critical Appraisal of
the Extant Literature. Neuroscience Insights, 19,26331055241270591.
https://doi.org/10.1177/26331055241270591

Chapter 7 — Overview of Findings, Discussion and Future Work 198



Wang, X., Nie, X., Zhang, F., Wei, Y., Zeng, W., Zhang, Y., & Lin, H. (2024). Functional
magnetic resonance imaging of depression: a bibliometrics and meta-analysis. Annals
of General Psychiatry, 23(1), 39. https://doi.org/10.1186/s12991-024-00525-x

Whitfield-Gabrieli, S., & Nieto-Castanon, A. (2012). Conn: a functional connectivity toolbox
for correlated and anticorrelated brain networks. Brain Connect, 2(3), 125-141.
https://doi.org/10.1089/brain.2012.0073

Wray, N. R., Ripke, S., Mattheisen, M., Trzaskowski, M., Byrne, E. M., Abdellaoui, A.,
Adams, M. J., Agerbo, E., Air, T. M., Andlauer, T. M. F., Bacanu, S. A., Bekvad-
Hansen, M., Beekman, A. F. T., Bigdeli, T. B., Binder, E. B., Blackwood, D. R. H.,
Bryois, J., Buttenschen, H. N., Bybjerg-Grauholm, J., . . . Sullivan, P. F. (2018).
Genome-wide association analyses identify 44 risk variants and refine the genetic
architecture of major depression. Nat Genet, 50(5), 668-681.
https://doi.org/10.1038/s41588-018-0090-3

Wu, C. W, Chen, C.-L., Liu, P.-Y., Chao, Y.-P., Biswal, B. B., & Lin, C.-P. (2011).
Empirical Evaluations of Slice-Timing, Smoothing, and Normalization Effects in

Seed-Based, Resting-State Functional Magnetic Resonance Imaging Analyses. Brain
connectivity, 1(5), 401-410. https://doi.org/10.1089/brain.2011.0018

Yang, J., Yin, Y., Svob, C., Long, J., He, X., Zhang, Y., Xu, Z., Li, L., Liu, J., Dong, J.,
Zhang, 7., Wang, Z., & Yuan, Y. (2017). Amygdala Atrophy and Its Functional
Disconnection with the Cortico-Striatal-Pallidal-Thalamic Circuit in Major
Depressive Disorder in Females. PLOS ONE, 12(1), e0168239.
https://doi.org/10.1371/journal.pone.0168239

Yang, Y., & Wang, J.-Z. (2017). From Structure to Behavior in Basolateral Amygdala-
Hippocampus Circuits [Mini Review]. Frontiers in Neural Circuits, 11(86).
https://doi.org/10.3389/fncir.2017.00086

Young, K. D., Siegle, G. J., Misaki, M., Zotev, V., Phillips, R., Drevets, W. C., & Bodurka, J.
(2018). Altered task-based and resting-state amygdala functional connectivity
following real-time fMRI amygdala neurofeedback training in major depressive
disorder. Neuroimage Clin, 17, 691-703. https://doi.org/10.1016/j.nicl.2017.12.004

Yuan, S., Luo, X., Chen, X., Wang, M., Hu, Y., Zhou, Y., Ning, Y., & Zhang, B. (2023).
Functional connectivity differences in the amygdala are related to the antidepressant

efficacy of ketamine in patients with anxious depression. Journal of Affective
Disorders, 320, 29-36. https://doi.org/10.1016/j.jad.2022.09.125

Zhang, S., Cui, J., Zhang, Z., Wang, Y., Liu, R., Chen, X., Feng, Y., Zhou, J., Zhou, Y., &
Wang, G. (2022). Functional connectivity of amygdala subregions predicts
vulnerability to depression following the COVID-19 pandemic. J Affect Disord, 297,
421-429. https://doi.org/10.1016/j.jad.2021.09.107

Chapter 7 — Overview of Findings, Discussion and Future Work 199



Zhang, W. H., Zhang, J. Y., Holmes, A., & Pan, B. X. (2021). Amygdala Circuit Substrates
for Stress Adaptation and Adversity. Biol Psychiatry, 89(9), 847-856.
https://doi.org/10.1016/j.biopsych.2020.12.026

Zhang, X., Cheng, H., Zuo, Z., Zhou, K., Cong, F., Wang, B., Zhuo, Y., Chen, L., Xue, R., &
Fan, Y. (2018). Individualized Functional Parcellation of the Human Amygdala Using
a Semi-supervised Clustering Method: A 7T Resting State fMRI Study [Original
Research]. Frontiers in Neuroscience, 12(270).
https://doi.org/10.3389/fnins.2018.00270

Zhou, Y. L., Wu, F. C., Liu, W. J., Zheng, W., Wang, C. Y., Zhan, Y. N., Lan, X. F., & Ning,
Y. P. (2020). Volumetric changes in subcortical structures following repeated
ketamine treatment in patients with major depressive disorder: a longitudinal analysis.
Translational psychiatry, 10(1), 264. https://doi.org/10.1038/s41398-020-00945-9

Chapter 7 — Overview of Findings, Discussion and Future Work 200



APPENDICES

APPENDIX A — CHAPTER 1 SUPPLEMENTARY MATERIALS

Plain Language Synopsis

Depression affects one in twenty people globally and current diagnostic methods are based not
on scientific methods, but on patient self-reporting of symptoms and observations of behaviour.
Dysfunction of the amygdala, with its role in emotion processing, is widely implicated as a
contributor to depression. Although very small in size, the amygdala is not a homogenous
structure and is composed of functionally disparate subnuclei, grouped together into three
distinct subregions; the basolateral (LB), the centromedial (CM) and the superficial (SF), each

of which has differential functional connections to other parts of the brain.

Since its introduction into clinical and research centres in the 1980s, MRI has been deployed
by researchers studying the amygdala in depression, initially to investigate amygdala volumes.
Following the development of fMRI techniques in the 1990s, the amygdala became a focus for
those hoping to not only demonstrate how its function may differ in depression, but also what
that may mean for patients and for clinicians seeking satisfactory treatment options. Depending
on the particular research question, either task-based methods to investigate amygdala
activation or resting-state methods to map the brain’s functional architecture can be performed,
and often both methods are used complementarily. More recently, the focus of fMRI studies in
depression has been on identification of potential biomarkers capable of differentiating patients
who respond to treatment from those who are resistant to treatment (Williams et al., 2015). In
this fMRI optimisation work at 3 Tesla, resting-state methods will be employed to investigate
subregional amygdala FC, thus mitigating potential sources of variability that can be introduced

in task-based studies.

Difficulties in spatially resolving small structures when SNR is limited, as is the case at 1.5T,
has meant that the amygdala was primarily investigated as a single entity. With the advent of
3T systems, researchers encountered a choice in how to ‘spend’ the extra SNR as outlined

below:

1. maintain current acquisition protocols with lower spatial resolution to investigate the
whole amygdala whilst benefitting from improved Blood Oxygen Level Dependent
(BOLD) contrast levels
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2. maintain current acquisition protocols with lower spatial resolution to investigate the
amygdala subregions whilst benefitting from improved Blood Oxygen Level
Dependent (BOLD) contrast levels

3. optimise current acquisition protocols and benefit from increased spatial resolution

to investigate the amygdala subregions

It is important to note several fundamental points here. Firstly, in the brain, high spatial
resolution data is considered to be data with a voxel volume of 20mm? or less. Secondly, whilst
data acquisition strategies are the main consideration of this work, the data analysis process is
integral and requires some explanation. For the type of analysis used in this work, (Seed Based
Connectivity, explained more fully in Chapter Two), the region-of-interest (ROI) under
investigation is isolated from other regions and the strength of connectivity to all other regions
in the brain (positive or negative) is measured. Most studies have considered the amygdala as
a single structure and utilised whole amygdala ROIs to report their findings. This method
introduces a risk of positive and negative signal averaging which is avoided with the use of

subregional ROIs.

An initial review of the literature relating to 3T fMRI studies reporting on amygdala activation
and connectivity, the results of which were borne out by the scoping review forming Chapter
Three, showed that most researchers chose Option One (together with whole amygdala ROIs
for analysis), fewer chose Option Two and very few chose Option Three. It appeared that there
was considerable inconsistency in results across studies investigating depression, particularly
in those displaying treatment resistance, and this was borne out by the results of the literature

review undertaken for the work outlined in Chapter Four.

In the field of clinical MRI, it is broadly accepted that imaging protocols providing enhanced
data quality and higher spatial resolution are more diagnostically reliable, and the same
principle is ostensibly true in a research setting. Optimised 3T acquisition protocols can
improve data accuracy by better resolving the very small amygdala subregions and more
accurately identifying their functional connections with other brain regions, potentially
providing us with greater insights into the neural correlates of different depression subtypes. In
summary, there may be potential for improvements in data acquisition on widely available 3T
MRI systems that can be converted into higher spatial resolution imaging. Unlocking that
potential may lead to greater insights into the function of the amygdala subregions and how

subregional dysfunction may impact patients with depression.
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APPENDIX B — CHAPTER 2 SUPPLEMENTARY MATERIALS

Table S1: Summary of Imaging Parameter Trade-Offs

Note: nc = no change

Increase in SNR Resolution Acquisition Distance Max. no.
Parameters below Time Covered of Slices
FOV + _ nc nc nc
NEX + nc + nc nc
Slice Thickness + _ nc + nc
Gap + _ nc + nc
TR + nc + nc +
TE _ nc nc nc _
Matrix Size _ + + nc nc
Bandwidth _ nc nc nc +
Field Strength + nc nc nc nc
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APPENDIX C — CHAPTER 3 SUPPLEMENTARY MATERIALS

Functional Magnetic Resonance Imaging of the Amygdala and
Subregions at 3 Tesla: A Scoping Review Protocol

This review protocol was developed for the scoping review that forms Chapter Three. It was
registered on the Open Science Framework as per recommendations regarding best practice
from Cochrane and PRISMA Reporting Guidelines and subsequently published online as a
preprint available to other researchers. Protocol registration aligns with the principles of
transparency and reproducibility and, aside from the primary benefit of ensuring the review
protocol and methodology for this study was appropriately developed beforehand, it has other

scientific benefits such as the reduction of bias and unintentional duplication of research.
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Abstract

Background Functional Magnetic Resonance Imaging (fMRI) is a widely accepted and utilised
method of investigating neural activation within the brain. There has been increasing
awareness and understanding in the field of neuropsychology over the last 10-15 years that
the amygdala plays an important role in many mental health conditions. Functional
connectivity (FC) of the amygdala with other parts of the brain is well-documented in the
literature; however the role of the amygdala and its reported connections is still not well
understood and this can be attributed, in part, to its very small size. It is challenging to
achieve adequate spatial resolution to visualise amygdala activation using 3T MRI systems that
are in widespread use for this type of clinical research. Optimisation of protocols for improved
data accuracy and reproducibility may potentially lead to standardisation and subsequent

advancements in overall image quality in this field.

Methods The protocol for this scoping review was developed in line with the Preferred
Reporting Items for Systematic reviews and Meta-Analyses extension for Scoping Reviews
(PRISMA-ScR) and registered with the Open Science Framework (OSF). A literature search of five
databases (Medline, Embase, Web of Science, Google Scholar and Scopus) will be undertaken
using a refined search strategy; peer-reviewed publications identified as being relevant will
then be imported into Covidence software for abstract screening and data extraction by two

reviewers working independently. The quantitative findings will be tabulated to provide an
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overview of the current methodologies for comparison. This will be accompanied by a
narrative report summarising the extracted data in relation to the stated research questions.
Discussion The objective of this scoping review is to identify and map the range of existing
protocols used in fMRI for imaging the activation and FC patterns of the amygdala at 3 Tesla.
This will be achieved by collating and presenting quantitative data relating to protocol

parameter choices as well as other qualitative aspects of the data acquisition process.
Registration Open Science Framework (OSF) - Registration type: OSF Pre-registration

Registration: https://osf.io/e3c28, DOI: 10.17605/0SF.I0/KW58P

Background

Functional Magnetic Resonance Imaging (fMRI) is a widely accepted and utilised method of
investigating neural activation within the brain (Glover, 2011). fMRI has advanced our
understanding of the structure and function of distinct brain regions as well as how these
different regions may be working together (Huettel, Song, & McCarthy, 2004). Although it has
long been recognised by neuroscientists that the amygdala is an intrinsic component of the
emotion circuitry of the brain (LeDoux, 2000), there has been increasing awareness and
understanding in the field of neuropsychology over the last 10-15 years that the amygdala
plays an important role in many mental health conditions (Leppdnen, 2006; Schumann,

Bauman, & Amaral, 2011).

The amygdalae comprises a pair of almond-shaped structures located deep in the temporal
lobes of the brain with each amygdala being only around 10-20mm3 in size (Amunts et al.,
2005). The brain has both structural and functional connections and investigation of the
functional connectivity (FC) of the amygdala with other parts of the brain is well-documented
in the literature; however the role of the amygdala and its reported connections is still not well
understood (Mohanty, Sethares, Nair, & Prabhakaran, 2020) and this can be attributed, in
part, to the very small size of the amygdala. Complicating matters further is that each
amygdala is made up of three distinct subregions each with its own disparate connections to
other parts of the brain (Bzdok, Laird, Zilles, Fox, & Eickhoff, 2013; Nieuwenhuys, Voogd, &
van Huijzen, 2008).

Spatial resolution, the currency of MR, is referenced on voxel volume and is a measure of
pixel numbers in an imaging volume. The greater the number of pixels in a voxel, the higher
the spatial resolution of an image; this is a requirement for very small structures such as the
amygdala to be well-resolved. Although imaging with sufficiently high spatial resolution can be
accomplished using high-field strength 7T systems that possess inherently higher signal-to-
noise ratio (SNR), these systems are not widely available for clinical research (Iranpour,
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Morrot, Claise, Jean, & Bonny, 2015) and it is more challenging to achieve adequate spatial
resolution to visualise amygdala activation using the lower strength 3T MRI systems that are in

widespread use for this type of clinical research (Sladky et al., 2018).

There is reported evidence that higher resolution imaging protocols can distinguish additional
activation patterns and connections in many brain areas including the amygdala, and this has
been demonstrated at both 3T and 7T (Iranpour et al., 2015; Sladky et al., 2018).
Additionally, some authors have reported imaging of amygdala activation using coronal and
sagittal acquisition planes rather than the standard axial plane at 3T in order to improve SNR
by reducing through-plane signal dephasing (Boubela et al., 2015; Kim, Somerville,
Johnstone, Alexander, & Whalen, 2003). There is also evidence that different designs in
radiofrequency (RF) coils used for signal reception can have significant implications for SNR
and achievable spatial resolution (Gruber, Froeling, Leiner, & Klomp, 2018). Taking stock of
the protocols in common use for fMRI data acquisition of the amygdala at 3T is the first step in
potential optimisation and standardisation of protocols for improved data accuracy,

reproducibility and overall quality.

Study Rationale

Variability in imaging protocols, even at the same field strength, may result in significant
disparity in data output and quality. In such a compact organ as the amygdala, this variability
in protocols and data quality can have major implications for accurate reporting of activation
and functional connections within the brain. To our knowledge, there is no apparent
standardisation of fMRI protocols for imaging activation of the amygdala at 3T in the field of

neuroimaging.
Study Objective

The scoping review has been chosen as a method of summarising and disseminating findings
in relation to 3T fMRI protocols in use for studying activation and functional connectivity (FC)
in the amygdala and its subregions. The review will provide evidence as to current practice and
document protocol disparities across clinical research facilities worldwide. It will potentially
provide evidence and context for recommending that standardised and refined fMRI protocols
are developed for reliably imaging activation of the amygdala. Optimised fMRI protocols
applied consistently across imaging groups could lead to increased replication of findings and

a greater understanding of the role of the amygdala in mental health and other conditions.

Methodology

The protocol was developed in line with the Preferred Reporting Items for Systematic reviews
and Meta-Analyses extension for Scoping Reviews (PRISMA-ScR)(Tricco et al., 2018) and
registered with the Open Science Framework (OSF). The aim is to identify and chart specific
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fMRI protocol parameters and data acquisition techniques from a range of studies across
multiple sites and geographic locations, the results of which will provide a transparent
summary of current protocols for comparison and review by fMRI researchers. As such, this

review will not extend to an appraisal of study quality.

The scoping review will follow the five steps proposed in the methodological framework of

Arksey and O’Malley as outlined below (Arksey & O’Malley, 2005).
i. identifying the research question
ii. identifying relevant studies
iii. selection of eligible studies
iv. charting the data

v. collating, summarising and reporting the results

Step 1: Identifying the research question

The review question was developed in line with PCC (Population, Concept, Context) elements

as outlined in the JBI Manual for Evidence Synthesis (Aromatis & Munn, 2020).
¢ Population — amygdala and subregions
¢ Concept — fMRI protocols
e Context — 3T

The main research question addressed in the scoping review is “What is the current 3 Tesla
functional MRI protocol in research use for imaging activation of the amygdala and its

subregions?”
There are five research sub-questions:
i. What was the value of the spatial resolution achieved (in mm?)
ii. What imaging plane was utilised?
iii. Was full brain coverage achieved?
iv. What was the sequence acquisition time?

v. What type of radiofrequency (RF) coil was utilised for signal reception?

Step 2: Identifying relevant studies
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As per the recommendations of Peters and colleagues, the search strategy was developed
using keywords based on the research question in partnership with co-authors (MK, SL, KE)
(Peters et al., 2020). The latter co-author, an academic librarian, subsequently recommended
appropriate and relevant databases in which to conduct the searches. An initial (more
complex) search strategy was piloted together with the academic librarian, during which the
electronic databases listed below were searched. The combination of databases selected was
based on the findings of Bramer and colleagues who reported that the combination of the first
four databases listed was optimal in systematic review literature searches with an overall recall
rate of 98.3% (Bramer, Rethlefsen, Kleijnen, & Franco, 2017). Their recommendation of the
addition of Scopus as a fifth database if the number of studies identified was low was also

followed.

Medline (M)

Embase (E)

Web of Science (WoS)
Google Scholar (GS)
Scopus (S)

The search strategy was then refined and simplified, following which it was retested on the
Medline and Embase databases and results compared to those of the more complex strategy.
As the simple search strategy (29M and 197E) identified more studies than the more complex
strategy (16M and 118E), it was chosen for the review. Results of the electronic database

searches will be presented in tabular format (Table 1).

| Search | Dateor Electronic |  Keywords Searched Number of | Number of
Index Search Database Studies Studies
Retrieved Selected

Table I:

Electronic Database Search Recording Table

Keywords or Medical Subject Headings (MeSH) terms for the search encompassed the

following:

Functional Magnetic Resonance Imaging OR functional MRI OR fMRI
Amygdal* OR amygdal* nucleus

Functional connect* OR FC (functional connectivity)

3Tesla OR 3T
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A hand search of the identified/selected references for inclusion will be performed to identify
other potential studies that may have been missed. Any grey (unpublished) literature identified

will be examined and its suitability assessed for inclusion.

Step 3: Selection of eligible studies

In accordance with the PCC framework outlined above, titles and abstracts will be screened for
suitability. Further inclusion and exclusion criteria will also be applied in order to screen out

irrelevant studies.

Inclusion Criteria

Imaging performed at 3T only

Studies including full fMRI parameter details for extraction in methodology section

Clinical fMRI research protocols only — acceptable imaging times (exclude research studies seeking highest resolution

possible at expense of translational value)
Exclusion criteria

Animal studies

Qualitative studies, reviews, and conference abstracts
Full-text studies that could not be sourced for review

Valuable information regarding paediatric protocols may be identified for comparison in the
review; therefore no age limits have been specified. Similarly, a decision was made not to filter
out studies in other languages at the screening stage in the interests of inclusivity; it is
important to examine current practices as globally as possible. It was also deemed
unnecessary to exclude studies based on a year of publication as 3 Tesla MRI systems only

became clinically available in the early 2000s.

The search strategy has been refined and the full database searches will be undertaken.
Identified articles will be imported into Covidence software (Version 2745 34609193)
(Covidence, 2022). Duplicates will be identified and cross checked prior to removal in
readiness for the screening process. The title and abstract screening process will be conducted
by two authors (SF and IB) during April and May, 2022, following which the same authors will
perform full-text screening of the studies selected for inclusion. An academic librarian will
assist in obtaining full-text articles not freely available and any unresolved differences of
opinion between the two reviewers as to study eligibility will be resolved by a third reviewer

and reported in the review.
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The recommendations outlined in the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses Extension for Scoping Reviews (PRISMA-ScR) checklist (Tricco et al., 2018) will

be followed and the search and screening strategy will be charted for reporting the results for

publication (Figure 1).
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Figure I:

PRISMA 2009 flow diagram (Moher, Liberati, Tetzlaff, Altman, & The, 2009)

Step 4: Charting the Data

In order to determine the variables for extraction a framework for charting and assessment of
the data has been developed in line with the recommendations of Tricco and colleagues
(Tricco et al., 2018). Prior to full data extraction, two reviewers will test the suitability of the
charting framework on 10% of the included studies and discuss any revisions required prior to
implementation. Following this process, the two reviewers, working independently to reduce
the risk of bias, will use the final version of the data charting form to capture electronically the

fields listed in Table 2.
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Main Category Description

Authors

Title

Journal

Publication Year

Type of Publication specify whether website, journal, original rescarch

Study Setting specify the geographical arca'healtheare or imaging setting
Study Population & Sample specity age and health condition under investigation

Siee

Methodology (guantitative) specify IMR] imaging parameters relating to spatial

resolution (matrix size and slice thickness) and sequence
acquisition time in minutes and seconds
Methodology (qualitative) specity imaging plane, RF coil selection, brain coverage,
sequence type
OMine Data Analysis Method specify sofitware programs used
Reported Outcomes desenbe relevant study findings and any limitations
Table 2:

Data extraction framework

Step 5: Collating, summarising and reporting the results

The quantitative findings will be tabulated as a means of reporting an overview of the current
methodologies for comparison. This will be accompanied by a narrative report summarising
the extracted data in relation to the following outcomes; spatial resolution of the fMRI protocol
in mm?3, plane of imaging, the type of RF coil employed and whether whole brain coverage was
achieved. These results, reported together, will provide an accessible record of current

practices in relation to the research question for the benefit of specialised fMRI researchers.

Discussion

The objective of this scoping review is to identify and map the range of existing protocols
used in fMRI for imaging the activation and FC patterns of the amygdala at 3 Tesla; this will be
achieved by collating and presenting quantitative data relating to protocol parameter choices

as well as other qualitative aspects of the data acquisition process.

A preliminary limited review of the relevant literature has revealed a range of parameter
selections in use in research protocols investigating the functional connectivity of the
amygdala resulting in widely disparate spatial resolution values. To our knowledge this review
will be the first to highlight these protocol inconsistencies in a structured and overarching
manner and it likely has the potential to generate discussion and bring about review and

advancement of practice in this highly specialised field.

A limitation of this review is that, due to its scoping nature, the quality of the data produced
by the protocols identified will not be assessed; however the quantitative nature of the
reported data together with the collated information regarding the qualitative data may prove
to be a sound basis for discussion and further research built on the findings of this scoping

review.
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APPENDIX D — CHAPTER 5 SUPPLEMENTARY MATERIALS

Table S2: Resting state network nomenclature & CONN toolbox network target regions

Resting state network nomenclature according to Yeo (left), CONN toolbox (centre). CONN

toolbox network target regions (right) as shown in Results in Appendix D - Tables S3 and

S4.

Yeo networks

CONN networks

Network regional target ROl names in CONN

ADefault mode

Default mode

Posterior Cingulate Cortex (PCC),
Left and Right Medial Prefrontal Cortex (MPFC L & R),

Left and Right Lateral Parietal (LP L & R)

ASomatomotor

Sensorimotor

Left & Right Superior

Left and Right Lateral

AVentral attention

Salience

Left and Right Rostral Prefrontal Cortex (RPFC L & R)
Left and Right Supramarginal Gyrus (SMG L & R)
Anterior Cingulate Cortex (ACC)

Left and Right Anterior Insula (Insula L & R)

Frontoparietal

Central Executive

Frontoparietal*

Left and Right Posterior Parietal Cortex (PPCR & L)

Left and Right Lateral Prefrontal Cortex (LPFC R & L)

Dorsal attention

Dorsal attention

Left and Right Frontal Eye Field (FEF L & R)

Left and Right Intraparietal Sulcus (IPS L & R)

Visual Visual Medial
Occipital
Left and Right Lateral geniculate area (Lateral L & R)
Limbic* Left and Right Temporal poles
Left and right Ventral anterior temporal lobes
Orbitofrontal Cortex
Language* Left and Right Inferior Frontal Gyrus (IFG L & R)
Left and Right Posterior Superior Temporal Gyrus
(pSTG L & R)
Cerebellar* Anterior
Posterior

~ denotes network-of-interest

* denotes variation in network names between the two naming schemes
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Other network to subregion connectivity — 2D and 3D sequences

Although the focus of this work was on three networks-of-interest, results for connections to
three other networks, Frontoparietal, Dorsal Attention and Visual, were also identified and
recorded. For the 2D sequence, connections between regions of the Frontoparietal network and
all six subregions were identified, with three connections from two subregions, the right LB
and right SF, reaching significance at p-FDR < 0.05 despite the small sample size. Connections
between the Dorsal Attention network and right SF, and between the Visual network and right
CM were also identified. In total, 19 individual connections between these three other resting

state networks and all six subregions were identified (Table S3).

For the 3D sequence, connections between regions of the Frontoparietal network and five of
the six subregions were identified. Two connections between the Visual network and the right
CM were identified, as well as six connections between the Dorsal Attention network and both
right and left CM, and right and left SF. One result, Dorsal Attention Network to left CM,
reached significance at p-FDR < 0.05 despite the small sample size. In total, 16 individual
connections between the three other resting state networks and five of the six subregions were
identified (Table S4).
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Table S3: Resting-State ROI to ROI Functional Connectivity results for 2D sequence

between amygdala subregions and other networks

Subregional ROI_2D Target Network in CONN

T-statistic p-unc <0.05

Centromedial

R_CM_2D AFronto Parietal.PPC (R) -3.26 0.010
R_CM_2D AVisual.Occipital -3.2 0.011
R_CM_2D Fronto Parietal.LPFC (R) -3.09 0.013
R_CM_2D Fronto Parietal.PPC (L) -2.53 0.032
L CM_2D AFronto Parietal.PPC (R) -4.07 0.003
L CM_2D AFronto Parietal.PPC (L) -2.51 0.033
L CM_2D Fronto Parietal.LPFC (R) -2.37 0.042
Laterobasal
R_LB_2D AFronto Parietal.PPC (R) -5.74 *0.000
R_LB 2D Fronto Parietal.PPC (L) -2.65 0.027
R_LB_2D Fronto Parietal.LPFC (L) -2.29 0.048
L LB 2D Fronto Parietal.PPC (R) -3.03 0.014
Superficial
R_SF_2D AFronto Parietal.LPFC (R) -4.97 *0.001
R_SF 2D AFronto Parietal.LPFC (L) -4.15 *0.002
R_SF 2D Fronto Parietal.PPC (R) -2.82 0.020
R_SF_2D ADorsal Attention.FEF (R) -2.57 0.030
R_SF 2D Dorsal Attention.IPS (L) -2.46 0.036
L_SF 2D AFronto Parietal.LPFC (R) -3.97 0.003
L SF 2D AFronto Parietal.LPFC (L) -3.44 0.007
L_SF_2D Fronto Parietal.PPC (R) -3.11 0.012

See Table S2 in Appendix D for network region nomenclature

A indicates same network connection with both 2D and 3D sequences

* indicates significant result corrected for multiple comparisons at p-FDR < 0.05
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Table S4: Resting-State ROI to ROI Functional Connectivity results for 3D sequence

between amygdala subregions and other network regions

Subregional ROI_3D Target Network in CONN T-statistic  p-unc < 0.05
Centromedial

R_CM_3D Dorsal Attention.FEF (L) -2.57 0.030
R_CM_3D Visual.Medial -2.47 0.036
R_CM_3D AVisual.Occipital -2.44 0.037
R_CM_3D AFronto Parietal.PPC (R) -2.33 0.045
L CM_3D Dorsal Attention.FEF (L) -4.88 *0.001
L CM_3D AFronto Parietal.PPC (R) -3.16 0.012
L CM_3D AFronto Parietal.PPC (L) -2.41 0.039
Laterobasal

R_LB_3D AFronto Parietal.PPC (R) -3.32 0.009
L LB_3D No results

Superficial

R_SF 3D Dorsal Attention.IPS (L) -3.62 0.006
R_SF_3D Dorsal Attention.IPS (R) -3.61 0.006
R_SF 3D AFronto Parietal.LPFC (R) -3.36 0.008
R_SF 3D ADorsal Attention.FEF (R) -3.14 0.012
R_SF 3D AFronto Parietal.LPFC (L) -2.54 0.032
L SF_3D AFronto Parietal.LPFC (L) -4.14 0.003
L_SF 3D Dorsal Attention.FEF (R) -2.42 0.038
L_SF 3D AFronto Parietal.LPFC (R) -2.41 0.039

See Table S2 in Appendix D for network region nomenclature

A indicates same network connection with both 2D and 3D sequences

* indicates significant result at p-FDR < 0.05
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Technical Considerations - 2D versus 3D sequences

A significant theoretical benefit of the 3D strategy is its inherently high temporal resolution
which can potentially be converted into either shorter TRs to achieve more volume
measurements or overall reduced acquisition times or, alternatively, higher spatial resolution
whilst keeping the same TR (Poser et al., 2010). The latter option is a primary advantage of the
3D technique as, in practical terms, increased temporal resolution allows whole brain coverage
with high through-plane resolution. As temporal and spatial resolution have an inverse
relationship, high resolution 2D studies may require strategically selected coverage, depending
on both the study primary end point and concomitant through-plane resolution requirements.
In order to capture thin slices of the target area within a reasonable TR period, coverage may
be limited, precluding subsequent evaluation of whole brain connectivity. Additionally, tissue
contrast variations can be exacerbated due to slice profile imperfections that more commonly
affect 2D acquisitions with thinner slices (Afacan et al., 2012). The single phase encoding
direction and multiband acceleration required to achieve shorter TRs in the 2D sequence are
replaced by a second phase encoding direction, effectively a slice encoding direction in the 3D
sequence, which has the added SNR bonus of exciting the whole brain volume in one TR

period, thereby negating slice profile issues (Afacan et al., 2012; Poser et al., 2010) .

A crucial element of its superior temporal resolution is the construction of the pulse sequence
timing elements of the 3D sequence. Suppression or removal of fat signal is a requirement for
fMRI studies due to the potential for lipid artifacts to degrade image quality (Seginer et al.,
2021); however, the two different methods used accrue appreciably different time penalties.
The 2D sequence relies on the Chemical Shift Selective technique which requires a separate
RF pulse at the beginning of every TR period to selectively excite the fat protons, followed by
a crusher gradient pulse to eliminate their signal contribution (Stirnberg et al., 2016). Aside
from the SAR implications of multiple additional RF pulses, this combination can effectively
occupy up to 20% of the TR period, during which no data acquisition occurs. The 3D sequence
in this study has a different strategy to remove the fat signal; a rapid narrowband water
excitation scheme employs a binomial 1 2 1 pulse triplet that selectively excites the water
protons without the requirement for subsequent fat proton dephasing, resulting in less than 10%
of the TR period being unavailable for data acquisition. Aside from SAR reductions and time
savings, a further advantage over the 2D sequence is that SNR is not lost through the
application of multiple fat suppression pulses (Stirnberg et al., 2017). If required, use of a faster

bipolar 1 1 water excitation pulse can further reduce TR and subsequent acquisition time with
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an added benefit of allowing shorter echo times; however, the trade-off is increased likelihood
of suboptimal fat suppression at either end of the imaging volume (Siemens Healthineers

Applications guide, WIP #1043A_v3).

Both sequences in this study also benefited from the use of acceleration to improve temporal
resolution. The total acceleration factor for the 3D sequence was four compared with six for
the 2D sequence. 2D acceleration was achieved using a combination of two methods: parallel
imaging (acceleration factor of 2) and multiband or simultaneous multislice technique
(acceleration factor of 3). The parallel imaging technique undersamples k-space in the phase
encoding direction, and the time saving is predicated on the acceleration factor R; for
example, in the case of R = 2, the scan time is effectively halved. However, the penalty is a
reduction in SNR proportional to the square root of the acceleration factor multiplied by the
geometry factor and can be calculated using the equation below where SNRp; equates to the
SNR of the image acquired with parallel imaging, SNRy is the SNR of the image had it been
acquired without parallel imaging, g is the g-factor or coil geometry factor and R is the
acceleration factor.

SNRp; =SNRy
g\/R

The g-factor or noise amplification factor is spatially variant and determined by the coil
geometry and sensitivity profiles of the receiver coil used for signal reception as well as the
aliasing patterns in the resultant images (Breuer et al., 2009; Robson et al., 2008). G-factor
noise enhancement is typically seen centrally in images where the likelihood of pixels
aliasing together is higher (Figure S1), most notably in the setting of highly accelerated
sequences (Todd et al., 2017).
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Figure S 1: Thermal noise and g-factor effects on SNR

Left: Low SNR reconstructed image (R=4); Right: g-factor map. Note low SNR area centrally
on left (white arrow) in region of multiple overlapping pixels corresponding to higher g-

factor regions. Adapted from (Cummings et al., 2022).

The g-factor also comes into play in terms of thermal noise contributions attributed to the
subject in the scanner and the associated MR system electronics. Higher levels of parallel
imaging tend to increase g-factor values and amplify thermal noise contributions, the value of
which is dependent on field strength, TR and VV, with contributions greater at lower field
strengths, shorter TR values and smaller VV (Triantafyllou et al., 2005; Vizioli et al., 2021).
Extrapolations from data acquired at 7T have demonstrated that imaging with a high spatial
resolution 3D GRE-EPI sequence at 3T has the potential for increased efficiency due to
reductions in the thermal noise contribution, resulting in higher tSNR (Lutti et al., 2013).
Several studies have reported higher tSNR values in 3D sequences compared to 2D sequences
due to lower g-factor values associated with less acceleration (Lutti et al., 2013; Stirnberg et
al., 2017) as well as the potential to share k-space undersampling between two phase

encoding directions (Poser et al., 2010).

The second method of acceleration in the 2D sequence, the use of a multiband pulse to excite
several slices simultaneously, allows an effective decrease in the TR value required to achieve
thin slice whole brain coverage. Although the multiband technique does not inherently incur
a SNR penalty, if the TR value is lower than the T1 of the tissues being imaged, SNR is
effectively reduced as the tissues may not recover optimum levels of longitudinal

magnetisation, resulting in a steady state with lower SNR and potentially altered tissue
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contrast (Barth et al., 2016; Setsompop et al., 2012). Reconstruction artifacts such as residual
aliasing and Nyquist-like ghosting from eddy currents generated by the rapidly switching

gradients can also result from multiband use, especially at higher factors (Barth et al., 2016).

The inherently higher temporal resolution achieved by the 3D acquisition strategy precludes
the need for excessive k-space undersampling which can notionally be performed in two planes
as a means of acceleration to shorten the overall acquisition time. Although theoretically more
time-efficient, the 3D acquisition strategy is more susceptible to motion than the 2D strategy
due to the requirement for longer signal sampling times, that is, for a volume versus slice
sampling; thus, the potential for greater motion effects in 3D acquisitions (Poser et al., 2010).
Previous work has identified 3D sequences as being particularly susceptible to physiological
motion, predominantly cardiac pulsations but also respiration, with increased potential for
artifact generation due to motion and flow sensitivity (Afacan et al., 2012; Klein-Fliigge et al.,

2022; Tijssen et al., 2011).

In this setting, image acceleration in the form of parallel imaging can effectively decrease the
3D volume TR, a method that has been shown to reduce the impact of cardiac and respiratory
physiological effects that manifest as signal fluctuations in the low frequency range (Stirnberg
et al., 2017). Aliasing issues can arise at traditional TR values of around 3 seconds, as the
sampling rate is too low to adequately differentiate these low frequency signals from the
resting-state signals typically seen at < 0.1 Hz. A combination of shorter TR, noise regression
and low-pass filtering can account for these unwanted signals (Narsude et al., 2016).
Interestingly, in comparison to 2D data, physiological noise correction has been shown to
enhance 3D data preferentially by increasing tSNR levels, with one study reporting higher FC
values in the Default Mode, Motor and Visual networks with a 3D sequence (Stirnberg et al.,
2017) and another reporting marked improvements in detection of six resting-state networks
following physiological noise correction even at a relatively long TR of 3180ms (Narsude et
al., 2016). In a comparison with a 2D GRE-EPI sequence with 1.5mm isotropic voxels, one
study reported tSNR gains of more than 30% when using a 3D sequence combined with

physiological noise correction during analysis (Lutti et al., 2013).

The 3D GRE-EPI sequence, a works-in-progress sequence provided by Siemens Healthineers
(Erlangen, Germany) for the purposes of this study, was a segmented (multi-shot) sequence
with “controlled aliasing in parallel imaging results in higher acceleration” or CAIPIRINHA

acceleration (a 3D acceleration factor of 4 and a factor of one in the phase encoding direction
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for a total acceleration of 4) and a reordering shift of 2. CAIPIRINHA blipped and segmented
sampling patterns similar to that used in this sequence have been shown to achieve reductions
in g-factor over conventional sampling patterns (Setsompop et al., 2012). The total or volume
TR (2160ms) is calculated by the product of the number of partitions (40), the number of shots
per partition (1), and the per-shot TR (54ms). As the overarching purpose of this study was to
investigate high spatial resolution capabilities, the 3D sequence was tailored towards smaller
VVs at the expense of temporal resolution for whole brain coverage; therefore, phase and slice
Fourier reduction, another form of k-space undersampling designed to increase acquisition
speed, were not employed. If necessary, further temporal resolution gains can be made in 3D
acquisition strategies by employing variable echo train lengths, using an elliptical k-space mask
and skipping acquisition of data points external to the mask (Stirnberg et al., 2014). In the
setting of increased temporal performance of the 3D sequence, this may be an appealing option
for studies wishing to maintain statistical power whilst reducing scan time, thus providing an

opportunity for reductions in imaging costs or, alternatively, increases in cohort size.

Both versions of the GRE-EPI sequence in this study are considered high resolution with voxel
volumes of 20mm? or less (Olman & Yacoub, 2011). The VV of the 2D sequence was almost
twice that of the 3D sequence, therefore, with all other parameters being equal, SNR and tSNR
levels are theoretically higher for the 2D sequence as shown in Chapter Five. Further, the
volume TR was longer in the 3D sequence than the 2D sequence which had been previously
optimised for clinical research. In practical terms, this resulted in fewer volumes acquired for
the 3D sequence than the 2D sequence to obtain the same total acquisition time of just over 8
minutes. Theoretically, increased signal averaging also benefits tSNR levels in the 2D
sequence. Nevertheless, the volume excitation technique coupled with 3D Fourier encoding
strategy has been shown to provide relatively large tSNR gains over the 2D slice-by-slice
acquisition method (Graedel et al., 2017). Previous work has shown that a similar 3D sequence
to that used in this study outperformed its 2D counterpart in terms of tSNR, most notably in
the centrally located white matter of the brain. They also reported increases of 1.5 times the
tSNR levels in subcortical regions including the thalamus, caudate, putamen, hippocampus and
amygdala, with the authors attributing these findings to several technical factors; a lower g-
factor resulting from lower acceleration requirements, variations in T1 contrast generated by
the different acquisition strategies and the implementation of physiological noise correction

(Stirnberg et al., 2017).
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Notwithstanding the potential for inaccuracy due to the differing VV and acquisition strategies
in the 2D and 3D sequences used in this small pilot study, a rudimentary comparison revealed
approximately 2.6 times more tSNR centrally in the approximate location of the amygdala in
the 3D sequence compared to the 2D sequence, albeit the 3D VV was approximately half that
of the 2D sequence. This result requires cautious interpretation for several reasons. Firstly, the
simple method of tSNR calculation utilising ImageJ software (Schneider et al., 2012) lacked
precision, favouring the 3D acquisition. Due to inherent differences in pixel sizes (in-plane
resolution) the elliptical ROI used in the 3D calculation was slightly larger than that used in
the 2D sequence (96mm? vs 84mm?). Additionally, as the ROI was positioned very close to the
skull base in order to replicate tSNR values in the actual amygdala location, the larger voxels
of the 2D sequence may have suffered a greater degree of intra-voxel dephasing due to the
heterogeneity of tissue types, such as air and bone, thereby reducing the detectable tSNR levels.
However, the approximate figures produced by these basic calculations may potentially be a
closer representation of the actual values than those calculated by averaging results across a
range of subcortical regions. Structures such as the thalamus, caudate and putamen are more
ideally located in terms of being less prone to susceptibility artifacts, resulting in more
homogeneous voxels that should theoretically result in increased tSNR. Examples of ROI

positions for tSNR calculations are located in Appendix D.

The temporal lobes, the location of the amygdala, are especially affected by physiological noise
during data acquisition due to inherently longer signal sampling times (Klein-Fliigge et al.,
2022; Poser et al., 2010). As individual physiological noise regression was unable to be
performed during data analysis, the anatomical component-based noise correction procedure
(aCompCor) (Behzadi et al., 2007), part of the CONN default denoising pipeline that accounts
for confounding noise components from white matter and cerebrospinal fluid, was used for
noise correction in both 2D and 3D analyses. As there are multiple reports of superior findings
using a 3D sequence combined with individual physiological data correction (Lutti et al., 2013;
Reynaud et al., 2017; Stirnberg et al., 2017), it is reasonable to assume that the 3D sequence
used in the present study may have underperformed in its absence. In fact, Klein-Flugge and
colleagues investigated tSNR levels following data analysis with and without individual
physiological noise correction in the amygdala and subsequently reported significant tSNR
increases, noting that subcortical brain regions benefited most from this method of motion

correction (Figure S2) (Klein-Fliigge et al., 2022).
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Figure S 2: Increases in tSNR in amygdala with physiological noise correction

Increases in tSNR in amygdala (amyg) relative to a baseline of no physiological noise
correction (none), respiratory (resp), respiratory + respiratory volume (respRVT), cardiac

(card) and a combination of all three (PNM). Adapted from (Klein-Fliigge et al., 2022).

2D and 3D Study Results Variability Related to Technical Considerations

In relation to the work in this thesis, the variability in findings can be attributed to several
technical factors. Firstly, making direct comparisons between the two sequences is problematic.
As noted, the spatial resolution, although considered high for both these sequences acquired in
the brain, was quite different. Secondly, the repetition times of the two sequences differed;
ideally, the repetition times (TR) should be matched for sequence comparison. In our case, the
TR of the 2D sequence was 1.5 seconds whereas the TR for the 3D sequence was 2.16 seconds.
Maximal cardiorespiratory aliasing in central brain regions occurs at TR values of between 1
and 2 seconds, and this has been reported to affect data quality; hence, the TR value of the 2D

sequence is a potential explanation for its poorer performance in the study in Chapter Six.

Additionally, as also noted, the alternate k-space acquisition strategy of the 3D sequence gives

it a competitive SNR advantage over the 2D sequence, especially in deep central subcortical

Appendix D 226



brain regions. This drives the potential for even smaller voxels, noting that the spatial resolution
of the 3D sequence was approximately twice as high as that of the 2D sequence; that is, the
voxel volumes were approximately half (at 8mm?). This is likely responsible for the superior

performance of the 3D sequence as discussed in Chapter Six.

It was interesting to note that the 2D outperformed the 3D in the study in Chapter Five, and
this result was attributed to the longer echo time of the sequence optimised for cortical (rather
than subcortical) connectivity. The TE of the 2D sequence was longer than that of the 3D
sequence (33 milliseconds versus 28 milliseconds), reflecting its traditional role in
investigating mainly cortical activation and connectivity. Echo times are optimal when
maximum BOLD contrast is achieved, and this relates to differences in T2* signal decay and
varies with field strength (Puckett et al., 2018). At 3T, selecting a TE value for fMRI data
acquisition involves compromise between BOLD sensitivity and SNR loss; longer TE values
can result in greater signal dephasing and lower SNR. Values between 30 and 35ms are
typically used for 2D investigation of cortical activation and connectivity at 3T (Kang et al.,

2023).

However, as the 3D sequence was optimised for interrogating the amygdala, a subcortical
structure, its TE value was shorter at 28 ms. Previous studies have shown that some subcortical
regions possess higher iron concentrations than cortical regions, manifesting as shorter T2*
values. Similarly, these regions are affected by increased susceptibility issues due to their
location adjacent to the skull base. Use of shorter echo times can counter the reduction in SNR
that accompanies shorter T2* values, thus optimising BOLD sensitivity in these subcortical

regions (Mileti¢ et al. 2020).
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Signal-to-noise ratio (SNR) and Mean Pixel Value (MPV) information — 2D vs 3D

Measurements of SNR across the time series (tSNR) for all ten participants were obtained in
central and peripheral locations via ROI placement in the same position for all participants. For
central SNR measurements, the first ROI was positioned over the region of the right amygdala
whilst the second was located outside the image in the top corner of the field-of-view on the
same side. See Figure S3 for examples of amygdala ROI placement for 2D and 3D sequences
for central SNR measurements. For the peripheral SNR measurements, the first ROI was
positioned in the right occipital region and the second was located outside the image as
previously described. See Figure S4 for example of occipital ROI placement for peripheral

SNR measurement and Figure S5 for examples of all ROI placements.

Measurements were obtained by dividing the mean signal firstly in the central amygdala ROI
by the standard deviation of the noise within the second ROI using a correction factor of 1.53
to account for the non-Gaussian Rayleigh distribution of noise. This process was repeated using
the second peripheral ROI. Due to different acquisition strategies resulting in different levels
of spatial resolution, the ROI sizes differed. For the 2D sequence the elliptical ROI measured
six pixels by three pixels and for the 3D sequence the ROI measured seven pixels by four
pixels. The circular background ROIs had a diameter of 15 pixels for both datasets. The

software used was ImagelJ version 1.52c and data were analysed in Microsoft Excel.

Two outliers were noted in the central and peripheral SNR results. Datasets 2 and 3 recorded
notably higher SNR levels than the other eight datasets. This was attributed to a radiofrequency
coil element failure in the right anterior region of the head coil, which resulted in lower levels
of noise in the area outside the field-of-view where the background ROI was positioned. This
was confirmed during the regular weekly coil quality control check implemented at our site.
Figures S6 and S7 represent SNR differences between the two sequences after excluding the

two outliers.
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Figure S 3: ROI placements for central (amygdala) SNR and MPV calculations

Left: 2D sequence. Right: 3D sequence.

. Background SD

Periphery MPV/"% 2

Figures S4 & S5: Examples of ROI placements for all SNR and MPYV calculations

S84 (left): peripheral and S5 (right) all three ROI locations including background ROI
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Figure S6: Central SNR values averaged over 8 datasets — 2D vs 3D

2D vs 3D SNR - Central (no outliers)
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Note: Outliers excluded. Average SNR of 3D sequence up to 2.6 times higher centrally
despite VV half that of 2D sequence. See technical discussion in Appendix D

Figure S7: Peripheral SNR values averaged over 8 datasets — 2D vs 3D

2D vs 3D SNR - Peripheral (no outliers)
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Note: Outliers excluded. Average SNR of 3D sequence up to 1.9 times higher peripherally
despite VV half that of 2D sequence. See technical discussion in Appendix D
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Mean Pixel Values (MPV) provide a measure of the mean signal intensity for each image in
the time series. For MRI, the mean signal intensity is the average signal of the voxels in the
region averaged over the time series. The MPVs within the ROIs as demonstrated in Figures
S8 (central) and S9 (peripheral) show that, although the 3D VV is approximately only half that
of the 2D VV, its average MPV across all datasets approaches 90% of the 2D values centrally
and 67% of the 2D values peripherally. The benefits of smaller voxels in terms of improved

signal due to fewer signal losses associated with larger voxels is discussed in Chapter Two.

Figure S8: Central Mean Pixel Values — 2D vs 3D

2D vs 3D Mean Pixel Value - Central
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Figure S9: Peripheral Mean Pixel Values — 2D vs 3D

2D vs 3D Mean Pixel Value - Peripheral
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Note: Values representative of amount of signal per voxel measured over all images in the
time series
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	538BA more nuanced understanding of the neurobiological features that distinguish TRD from MDD would be valuable for treating clinicians in terms of prescribing the most suitable treatment from the outset, particularly in the context of ongoing debate regarding the question of TRD being a different depression subtype versus a consequence of inappropriate treatment (Malhi et al., 2019). Aside from the benefits of stratification within a notably heterogenous condition, differentiating between different conditions can also be problematic for the clinician for similar reasons. Some conditions have a raft of overlapping symptoms and, as an example, it is well-documented that many symptoms of unipolar depression are shared with bipolar disorder. With diagnosis being dependent on behavioural observations and patient self-reporting of symptoms, misdiagnosis has been reported in over 60% of bipolar cases at initial presentation (Singh & Rajput, 2006). Inappropriate treatment of bipolar disorder with antidepressants can result in development of manias, and delays in receiving the correct mood-stabilising treatment can lead to increases in hospital attendance and suicide rates (Siegel-Ramsay et al., 2022). 
	539BThere is wide recognition in the field of neuroscience that current diagnostic tools based on clinical presentation, diagnostic categories and symptom classification lack precision. Further confounding this picture are the presence of comorbidities leading to broad heterogeneity within and across patient populations (García-Gutiérrez et al., 2020). Clinicians have shown particular interest in the field of functional neuroimaging with its capacity to focus on identification of potential differences in neural substrates underlying neuropsychiatric conditions. As the field has evolved and research into the identification of so-called biomarkers has matured, the hope is that the emergence of fMRI as an investigative tool signals a shift away from ‘subjective’ diagnoses towards the use of diagnostic biomarkers, objective measures of biological processes capable of differentiating psychiatric conditions and subtypes (García-Gutiérrez et al., 2020; Sechidis et al., 2018). The ‘holy grail’ for clinicians is the development of predictive biomarkers, already in use in oncology, that aid in identification of potential treatment-responders. Objective alternatives to the current trial-and-error approach to medication use that are likely to result in improvements in patient outcomes and take us a step closer to personalised medicine would be widely welcomed (Evers, 2009). Notwithstanding that fMRI has proven itself to be an excellent mechanistic tool in increasing our understanding of the heterogenous nature of depression in both diagnosis and treatment response, there is further work to be done in addressing the potential reasons for inconsistencies across study results, particularly in relation to amygdala (Varkevisser et al., 2024).  
	540BThe introduction of fMRI was well-received by researchers who looked to use this technology to investigate the neural correlates underlying psychiatric conditions with a view to identifying potential biomarkers not only specific to a particular disorder, but also for stratification within a disorder. This imaging innovation was seen as a pathway to increased accuracy in diagnosis and a future in which condition-specific treatments might be developed for improved outcomes for patients (Zhan & Yu, 2015).
	541BFor those reasons previously mentioned, differentiation of unipolar depression from bipolar disorder became a neuroimaging focus, and many authors comparing results between groups have reported both structural and functional differences using MRI. These neuroimaging findings are well-summarised in the meta-analysis by Han and colleagues who have noted the contribution of the amygdala to the collective differences seen in neural circuits involved in reward, emotion and cognition-processing in distinguishing unipolar depression and bipolar disorder (Han et al., 2019). Previous work done by our own group has also described activation and connectivity differences between unipolar depression and bipolar disorder, particularly in relation to the amygdala (Korgaonkar et al., 2019).
	542BSimilarly, fMRI has been utilised to classify patients with a diagnosis of depression into subgroups. Previous work has identified neural differences in structure and function between unipolar depression patients who respond to initial treatment and those who are treatment-resistant (Barreiros et al., 2022; Lui et al., 2011; Wu et al., 2011; Zhang et al., 2022).
	543BA recent review of over twenty fMRI studies focussing on TRD noted that the amygdala and striatal areas, regions primarily linked to emotion and reward processing, showed altered structure, activation and connectivity in TRD cohorts compared to both treatment responders and healthy individuals (Kotoula et al., 2023).  
	544BThe amygdala has long been identified as having major significance in affective disorders including depression due to its role in emotion regulation and processing (Davidson, 2003; LeDoux, 2000). Studies have also evidenced amygdala links to neural processes such as social cognition, memory formation, reward processing and visual recognition and it has been reported to act as a hub to integrate sensory information (Brabec et al., 2010; Bzdok et al., 2013)
	545BAbnormalities in both structure and function of the amygdala have been widely implicated in neuropsychiatric and neurodevelopmental disorders (Davidson, 2003; Schumann et al., 2011). Previous studies have associated amygdala dysfunction with a range of neuropsychiatric conditions, notably depression and anxiety (Ferri et al., 2017; Hamilton et al., 2012; Leppänen, 2006; Sah et al., 2003). Ineffectual emotion regulation is known to be implicated in the development of depressive symptoms, with sufferers experiencing rumination, a dysfunctional emotion regulation strategy characterised by persistent negative thought patterns. For sufferers, higher levels of repetitive focus on negative memories and experiences is associated with more severe bouts of depression (Compare et al., 2014; Eliot et al., 2021; Leppänen, 2006). Results such as these have driven research interest in imaging of the amygdala in depression cohorts.
	546BThere are two amygdalae in the brain; they are a pair of small almond-shaped structures located deep in the anterior medial temporal lobes in each hemisphere where they form part of the limbic system (Kim et al., 2012). Although the volume of each amygdala is very small, reportedly between 1000-2000mm3 (Amunts et al., 2005; Brabec et al., 2010) each has multiple afferent and efferent connections to other brain regions (Davidson, 2003; LeDoux, 2000). In essence, each amygdala is heterogeneous both functionally and structurally and contains highly differentiated groups of cells belonging to various functional brain systems including the main and accessory olfactory, autonomic and frontotemporal systems (Swanson & Petrovich, 1998).
	547B/
	548BThe so-called ‘classic amygdala’ as defined by pioneering texts and papers based on human histological samples is composed of ten ‘structures’ (Crosby & Humphrey, 1941; Sims & Williams, 1990).
	549BThe seminal work by Crosby and Humphrey published in 1941 identifies the amygdaloid complex as consisting of two groups (each comprising four sub-groups) and two areas. The two groups were named the baso-lateral group (lateral amygdaloid complex, basal amygdaloid nucleus, accessory basal nucleus, intercalated cell masses) and the cortico-medial group (cortical amygdaloid nucleus, medial amygdaloid nucleus, nucleus of the lateral olfactory tract, central amygdaloid nucleus). The two areas are the anterior amygdaloid area and cortico-amygdaloid transition area (Crosby & Humphrey, 1941).
	550BIt is now universally acknowledged that the amygdala is a collection of nine nuclei that can be grouped into three main subregions, the laterobasal (LB), centromedial (CM) and superficial (SF), each of which has its own unique structural and functional connections with other parts of the brain (Amaral, 1992; De Olmos et al., 1990; Haris et al., 2023; McDonald, 2009; Nieuwenhuys et al., 2008). Advances have been made in identifying and defining the amygdala subnuclei and subregional borders using cytoarchitectonic parcellations as seen in Figure 1.2 below, resulting in the development of probability maps for subregional localisation in the data analysis phase.
	551B/
	552BNote: Subnuclei encompassed in red outline form the basolateral subregion (La = lateral nucleus; BL = basolateral nucleus; BM = basomedial nucleus; PL = paralaminar nucleus). Subnuclei encompassed in orange outline form the centromedial subregion (Ce = central nucleus; Me = medial nucleus; AAA = anterior amygdaloid area). Subnuclei encompassed in blue outline form the superficial subregion (VCo = ventral cortical nucleus; APir = amygdalopiriform transition area) (Kedo et al., 2016).
	553BThe groundbreaking work of Bzdok and colleagues in investigating structural, ‘connectional’ and functional specialisations of amygdala subregions, showed that the amygdala demonstrated three discrete clusters, each having a different pattern of activational connectivity as well as each cluster corresponding well to those structural subregions mapped cytoarchitectonically by Amunts and colleagues (Amunts et al., 2005; Bzdok et al., 2013). The SF subregions selectively coactivate with brain areas associated with affective and autonomic processing, olfaction and reward prediction whilst the CM subregions connect to brain regions associated with visceral and somatosensory processing, perceptual modulation and motor behaviour. The LB subregions connect to areas of the early visual cortex and areas associated with visual and auditory input processing (Bzdok et al., 2013). These authors also found that the right LB selectively coactivated with the Default Mode Network areas of prefrontal cortex, precuneus and inferior parietal cortex. Brain regions selectively coactivated by the individual left and right subregions are listed in Table 1.2. 
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	554BInvestigation of the amygdala and its subregions with MRI (depicted in Figure 1.3) has become widely accepted as a method of furthering our understanding of its structure and complexity and, more recently, the function of the subregions has come under increased scrutiny as researchers hope to learn more about the role of the amygdala in depression (Ball et al., 2007; Kerestes et al., 2017; Kim et al., 2003; Roy et al., 2009). The need for greater understanding of the individual roles of the subregions has also been noted in other neurological conditions such as frontotemporal dementia (Huang et al., 2024) and epilepsy, with one study reporting subregional amygdala differences linked to the side of the epileptic focus (Doucet et al., 2013). Given published reports of between 40-60% of epilepsy patients displaying symptoms of depression (Grabowska-Grzyb et al., 2006), these results lend further weight to the necessity for expanding our knowledge and understanding of the amygdala subregions and their connections to other parts of the brain.
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	557BNote: LB = laterobasal; CM = centromedial; SF = superficial. Adapted from Bzdok et al. (Bzdok et al., 2013).
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	559BIn the years following the introduction of 3T systems, researchers sought to take advantage of this innovation in MRI technology to further explore the subregions and their potential individual roles. Following on from the work of Solano-Castiella and colleagues who recognised the importance of investigating not only the structural subdivisions of the amygdala but also their potentially different  functional connectivity (Solano-Castiella et al., 2010), other researchers also showed that it was possible to demonstrate  in-vivo, differences in volumes, white matter tracts and tissue properties between subregions in the amygdala (Bach et al., 2011; Roddy et al., 2021; Saygin et al., 2011). Bzdok and colleagues took this further by using a data-driven approach to investigate the potential for differentiation of the subregions on the basis of not only their structural properties but their functional and connectional properties as well (Bzdok et al., 2013). The following sections take a closer look at the evolution of methods of investigating both amygdala structure and function.
	558BContinued advancements have been made in MRI technology relating to increased field strengths as well as innovations in radiofrequency coil technology, the combination of which has resulted in higher signal-to-noise ratio (SNR) levels and the capability for higher resolution imaging. Earlier studies were performed on 1.5T systems prior to the mid-2000s, after which 3T systems became available for clinical research. Dedicated 7T research systems became available in the 2010s but it was not until 2017 that these systems were cleared for clinical use (Platt et al., 2021). In order to provide clarity for the coming discussions, it is timely to provide a definition of what is considered high, standard and low-resolution imaging; however, this topic will be covered in greater detail in Chapter Two. High resolution fMRI data acquired in the brain is composed of imaging voxels with a volume of 20mm3 or lower whilst standard resolution voxels have a volume of between 20mm3 and 50mm3 (Olman & Yacoub, 2011). Imaging is considered low resolution at voxel volumes in excess of 50mm3. It should also be noted here that higher spatial resolution can be achieved in structural imaging than is possible in functional imaging at the same field strength, a concept which will also be covered in greater depth in Chapter Two.
	560BIn the early 1990s Watson and colleagues, having recognised an opportunity in the still relatively new technology to fill a knowledge gap, undertook the task of reporting reliable measurements of amygdala and hippocampal volumes using a structural MR imaging protocol they had developed on a 1.5T MRI system (Watson et al., 1992). This group was the first to report standardised measurements of amygdala volumes in-vivo in the early days when many were striving for what was then considered high-resolution imaging, with voxel volumes of 2.86mm3 providing a previously unachievable level of accuracy in a small cohort of eleven participants. In their seminal paper, the authors reported amygdala volumes of around 3400mm3. They also noted asymmetry, with the left amygdala reportedly smaller than the right (Watson et al., 1992).  
	561BTen years later, Brierley and colleagues carried out a meta-analysis of amygdala volumes derived from data also acquired on a 1.5T MRI system in 1491 healthy individuals in order to establish a normal range. They reported much smaller average volumes than Watson et al, with figures of approximately 1700mm3 (range 1050 mm3 to 3880 mm3) and, unlike the previous study, found the left amygdala to be larger than the right, although the difference was not statistically significant (Brierley et al., 2002). Interestingly, these authors noted the disparity in data quality across studies and concluded that those studies to which they had assigned higher quality scores, reflective of superior spatial resolution equating to a higher degree of measurement accuracy, exhibited overall smaller amygdala volumes in keeping with ‘gold standard’ post-mortem estimates being reported at that time (Brierley et al., 2002).
	562BSize disparity related to gender has also been reported, with amygdala volumes found to be significantly larger in males (Goldstein et al., 2001; Lotze et al., 2019; Ritchie et al., 2018) However, in a meta-analysis of 46 MRI studies published in 2017, the authors noted that the 10% larger size of the male amygdala was comparable to the differences in overall intracranial volumes between the genders. After correction, they found no significant differences and concluded that the human amygdala could not be considered ‘sexually dimorphic’ (Marwha et al., 2017). These authors also noted that evolving technology including higher field strengths and more nuanced analysis methods have played a role in the increasing accuracy of MRI-related measurements, so it is interesting to pause and note here that between 2010 and 2020, the bulk of studies were still reporting whole rather than subregional amygdala volumes despite the fact that data acquisition and analysis methods had matured significantly.
	563BIt was inevitable that researchers would look to MRI to identify potential differences in amygdala size in patients with depression. A meta-analysis by Hamilton and colleagues concluded that unmedicated depression is associated with reduced amygdala size, whereas increased size was found in medicated cohorts (Hamilton et al., 2008). Zhuo and colleagues undertook a very comprehensive assessment of the literature pertaining to fMRI studies of MDD compared to a healthy control cohort (HC) published between 1995 and 2018 (Zhuo et al., 2019). Among the findings of the many studies included was that amygdala sizes were significantly smaller in females with MDD compared to HC, but not in males (Hastings et al., 2004). The authors noted that the clinical impact of the findings in these studies was limited in part by heterogeneity of the imaging data, potentially manifesting in inconsistency of results across studies (Zhuo et al., 2019). 
	564BMore recent work by Tesen and colleagues in an MDD cohort has attempted to improve our understanding of the contribution of variations in amygdala volumes at a subregional level by acquiring high spatial resolution structural data at 3T with a voxel volume of only 1mm3 combined with segmentation of nine amygdala subnuclei based on a probabilistic atlas. Whilst they found no significant volume differences between first episode MDD and HC, they showed an inverse linear relationship between depression severity and size of the right lateral nucleus and anterior-amygdaloid regions in the MDD group (Tesen et al., 2022). 
	565BImaging of structural white matter tracts using a combination of Diffusion-weighted imaging and probabilistic tractography has also been done, with prior work investigating white matter connections of the subregions at both 3T and 7T (Bach et al., 2011) (Saygin et al., 2011). In their investigation of an MDD cohort compared to HC, Brown and colleagues acquired ultra-high resolution (1.1mm3) data at 7T and showed right-sided white matter hyperconnectivity in MDD vs HC as well as differential alterations in connection density between amygdala nuclei, supporting the necessity for moving beyond viewing the amygdala as a single structure in imaging (Brown et al., 2020).
	566BAside from reported structural disparities in amygdala size between left and right sides, between males and females, and between medicated and unmedicated depression cohorts, there has also been mounting imaging evidence of functional differences related to amygdala activation although, once again, there are mixed results. As with the amygdala volume work, many of the earlier task-based fMRI studies were performed on 1.5T systems, with more recent meta-analyses such as those from Filkowski et al. combining studies with both 1.5T and 3T data (Filkowski et al., 2017), a further potential source of results inconsistency.
	567BInitially, both emotion processing and cognitive function were a focus in depression patients in whom sustained amygdala activation was widely reported during tasks designed to interrogate emotional and cognitive responses (Mitterschiffthaler et al., 2006). Many early studies were based on investigation of whole amygdala responses to visual emotional stimuli, such as the work done by Gläscher and Adolphus, who reported the right amygdala as having a role in our initial and purely emotional or subconscious response to a stimulus whereas the left plays more of a role in the subsequent conscious cognitive assessment of the stimulus  (Gläscher & Adolphs, 2003). Another study noted gender differences in amygdala lateralisation in response to visual stimuli, with males exhibiting increased activation, particularly in the left amygdala (Hamann et al., 2004) whilst a larger meta-analysis investigating emotion processing found no amygdala activation differences between genders (Sergerie et al., 2008). Other researchers sought to investigate lateralisation differences more broadly. In their meta-analysis of 54 fMRI studies investigating the amygdala and emotion processing in HC, Baas and colleagues reported that the left amygdala was activated significantly more than the right across all studies (Baas et al., 2004). More recently, reports of asymmetry of functional connectivity between left and right subregions have been published, raising the possibility of not only functional subregional specialisation but fluctuations in connectivity related to task demand (Kerestes et al., 2017; Zhang et al., 2018).
	568BIn a meta-analysis of 20 studies investigating facial emotion processing in MDD vs HC, whole amygdala activation patterns were significantly different between the two groups in only half the studies (Stuhrmann et al., 2011). These authors noted the lack of standardisation across tasks or paradigms presented to the participants as a likely contributor to these inconsistent results and suggested that factorial design, a cognitive comparison task strategy (Amaro & Barker, 2006), needs to become a greater consideration in task-based investigations. Further to this, they recommended FC analyses as a more precise method of investigating relationships between the amygdala and the rest of the brain (Stuhrmann et al., 2011). It has also been noted that resting state investigations require no prior assumptions regarding activation; the fundamental association between task-related activation and underlying brain activity involves a complex set of interactions which are still not well understood (Canario et al., 2021). 
	579BIt is also noteworthy that, although there has been a shift towards discussion of the differential contributions of the subregions, there is still limited consensus across study findings, and it is also of note that the amygdala has continued to be considered, in the main, as a single structure for imaging and analysis purposes.
	569BWith an increasing focus on amygdala subregional morphology, researchers sought to identify individual subregional activation patterns by employing subregional analysis methods, although spatial resolution of data used in some of these studies was potentially not adequate to probe the diminutive amygdala subregions (Ball et al., 2007; Michely et al., 2020; Morris et al., 2001). 
	580BA strong, emerging theme across all this imaging work relating to the amygdala is that, whilst fMRI has been instrumental in investigating the core characteristics of depression including negative emotion processing, cognitive impairment and excessive rumination, there is a general acknowledgement that results inconsistency and data heterogeneity are overarching limitations to progress, further exacerbated by the outdated practice of regarding the amygdala as a single homogenous structure. In addition, there is currently no standardisation across tasks or paradigms investigating emotion processing, even in studies investigating the same or similar hypotheses, with reports of varying profiles of neural activity across four commonly used emotion processing paradigms (Hartling et al., 2021). Taken together, these inconsistencies are an obstacle to meaningful comparisons of study findings (Hartling et al., 2021; Mitterschiffthaler et al., 2006; Poldrack et al., 2020) and, in addition, serve to diminish the quality of meta-analytic reporting (Cochrane Handbook for Systematic Reviews of Interventions, 2024).
	570BOthers began to utilise high resolution data to investigate subregional activation, including Frühholz and Grandjean, who reported sensitivity to vocal emotional cues in the LB and SF subregions in HC (Frühholz & Grandjean, 2013). Further to this, Balderston and colleagues used high resolution fMRI data to investigate potential differences in engagement of amygdala subregions in response to emotional vs non-emotional tasks. These authors advanced a ‘three-stage information processing model’ in which the LB subregion perceives environmental input, distils it within intrinsic amygdala circuits, with the CM subregion then responsible for modifying behaviour in response (Balderston et al., 2015). Interestingly, one study investigating the effects of oxytocin on the subregions and its utility as a potential treatment in neuropsychiatric disorders used high resolution data with voxel volumes of only 8mm3, noting the benefits of high resolution data in imaging these very small structures (Gamer et al., 2010).
	581BCurrent 3T MRI systems are capable of providing much-improved data quality for researchers than the first generation of 3T systems that made their debut 20 years ago. It is evident that functional imaging protocols in use for many studies have not kept pace with these innovations. In demonstrating underutilised potential in current imaging systems, this research aims to improve our understanding of the individual roles of the amygdala subregions and their contributions to brain networks in the context of depression. The following steps outline the general structural pathway to achieving the research aims: 
	571BCoinciding with the introduction of 3T systems in the mid-2000s, increasing interest in brain functional connectivity profiles at rest, that is, resting-state fMRI, was engendered by its versatility and simplicity of acquisition (Chen et al., 2020). Researchers recognised the possibilities of this technique in characterising neural circuitry, particularly in neuropsychiatric conditions (Etkin et al., 2009; Lv et al., 2018), resulting in a numerous studies focusing on amygdala functional connectivity in depression.  In their meta-analysis of 19 studies published between 2009 and 2017, Tang et al. reported that adult MDD patients show affective network anomalies that are potentially related to the emotional dysfunction evident in these patients. A key component of this network is the amygdala, and FC abnormalities have been shown to be specific to its functional connections with the hippocampus, insular cortex and prefrontal regions (Tang et al., 2018). Decreased FC between the amygdala and medial prefrontal cortex has also been reported in MDD adolescents and adults compared with HC (Kim et al., 2016; Tang et al., 2013). These studies all reported FC measures related to the amygdala as a single structure. 
	  582BSecondary to these aims, subregional functional connectivity findings using both whole and subregional amygdala ROI analysis methods will be directly compared. Several authors have noted the potential for conflicting results but there are very few reports of comparative results in the literature.
	572BIn a large study of 336 MDD patients and 350 HC investigating FC variations in depression, Cheng and colleagues parcellated the amygdala into three ‘subdivisions’ and reported decreased ‘subdivisional’ FC with a number of regions including the medial and lateral orbitofrontal cortices, parahippocampal and fusiform gyri, insula, striatum and pre-and post-central gyri (Cheng et al., 2018). Their findings were based on standard resolution fMRI data, as is the case with numerous other studies reporting subregional amygdala FC findings in neuropsychiatric conditions (Ambrosi et al., 2017; Etkin et al., 2009; Fateh et al., 2020; Geng et al., 2016; Jiang et al., 2021; Qin et al., 2014; Roy et al., 2013; Zhang et al., 2020). Interestingly, several relatively recent studies have reported their findings based on low resolution data (Liu et al., 2021; Qiao et al., 2020; Tu et al., 2025; Wang et al., 2021) whilst a few have reported use of high resolution data (Hofmann & Straube, 2019; Kwon et al., 2024; Li et al., 2021; Nair et al., 2024; Rausch et al., 2016).
	583BIn demonstrating the validity of using high spatial resolution fMRI data acquired at 3T to show potential functional connectivity alterations in the amygdala subregions, this work also aims to highlight to researchers the benefits of utilising optimised acquisition techniques and matching the imaging and analysis protocols to the research question. In addition, the work demonstrates the value-add of the inclusion of a specialist in MRI protocol optimisation to collaborative research groups. 
	573BAs scientific interest in amygdala and subregional morphology grew, so too did interest in its functional role which began to escalate in the early 2000s; however, there were two main roadblocks to advancement. Firstly, the absence of MR imaging techniques with sufficient resolution and image contrast to identify and resolve the amygdala subregions in-vivo became evident; however, this issue would soon be addressed by the introduction of 3T systems. The second issue was the lack of user-friendly analysis software that could localise the subregions in a standardised format for researchers. This led to the development of cytoarchitectonically-verified probabilistic maps such as those created by Amunts and colleagues using post-mortem brain images acquired on a 1.5T system, the highest field strength system in use for clinical research at that time. They demonstrated that the true borders of the structure are not accurately delineated by macroanatomical landmarks (Amunts et al., 2005). Together with the hippocampal-amygdaloid transition area, Amunts and colleagues were able to identify and label the other three main groups or subregions previously defined by neuroanatomists Heimer and colleagues and Crosby and Humphrey in their earlier works (Crosby & Humphrey, 1941; Heimer et al., 1999). As previously noted, these subregions were labelled as superficial (SF), centromedial (CM) and laterobasal (LB) (Amunts et al., 2005). 
	574BThe introduction of these probabilistic maps into more user-friendly analysis software enabled researchers to input both anatomical and functional data into a common reference space and perform integrated analyses (Eickhoff et al., 2005). Unfortunately, these updated subregional analysis methods were slow to be adopted and more than a decade later, many studies were still reporting whole amygdala activation as demonstrated by Filkowski and colleagues in their meta-analysis of 56 studies focusing on emotional perception. They reported increased bilateral whole amygdala activation in HC females compared to males, a finding at odds with previous results (Baas et al., 2004; Filkowski et al., 2017; Sergerie et al., 2008). Regrettably, there is very little consensus in results across studies investigating the amygdala after 25 years of fMRI investigation, with paradigm selection, data analysis variations and, crucially, technical factors such as MRI protocol parameter choices likely contributing to this quandary (Elliott et al., 2021; Hartling et al., 2021; Poldrack et al., 2017). Further, there are still few studies reporting subregional amygdala findings and this, together with the issue of variations in data acquisition protocols, led to the scoping review that forms Chapter Three. This Chapter reports on variations in fMRI protocols in use by researchers to investigate FC of the amygdala in neuropsychiatric conditions with a focus on spatial resolution. It also outlines the percentage of studies reporting subregional versus whole amygdala findings.
	584BTherefore, the overarching goal of this thesis was to investigate the capabilities of fMRI sequences optimised for higher spatial resolution in demonstrating functional connectivity patterns of the amygdala subregions using a 3T MRI system, the most widely accessible field strength for clinical researchers. The MRI system used for all data acquisition in this work is a 3T Prisma system with VE11C software in conjunction with a 64-channel head and neck array radiofrequency coil (Siemens Healthineers, Erlangen, Germany).
	575BSince its introduction in the late 1980s, MRI has made many advances in both hardware and software, especially radiofrequency (RF) coil technology and pulse sequence design, meaning that images acquired at the same field strength and spatial resolution on current systems provide superior SNR for increased spatial and/or temporal resolution (Edelman, 2014).  With their arrival on the market in the mid-2000s, 3T systems have been become popular, displacing 1.5T systems in research settings due to their inherently higher SNR.
	585BAim 1
	576BIn Australia, 3T systems are in place at specialist research sites such as The Florey, Hunter Research Medical Institute, Herston Imaging Research Facility, University of Queensland Centre for Advanced Imaging, Monash Biomedical Imaging and NeuRa, to name just a few (National Imaging Facility, 2024). Very high field MR systems such as 7 Tesla (7T) and above provide much higher SNR and concomitant increased spatial resolution, but are limited in numbers globally, thereby restricting access to primarily pure research work (Iranpour et al., 2015). In Australia at this time, there are currently only two 7T systems, one each in Brisbane (Centre for Advanced Imaging, The University of Queensland) and Melbourne (Melbourne Brain Centre Imaging Unit, The University of  Melbourne); therefore, the ability to access a very high field strength magnet system for brain research is limited to very few groups nationally (National Imaging Facility, 2024).
	577BIn comparison to data acquired at 7T, fMRI acquisition methods at 3T have, in the main, provided suboptimal spatial resolution for adequately demonstrating FC variations in deep brain regions such as the amygdala and its subregions (Sladky et al., 2018). However, meaningful improvements in FC imaging protocols can potentially be made at 3T by optimising existing sequences or employing novel data acquisition sequences to provide improved spatial resolution and image quality for the amygdala and its subregions. These improved techniques may hold the promise of furthering our understanding of the clinical implications of amygdala FC variations in neuropsychiatric conditions such as depression.
	586BChapter Three is composed of two parts of a formal scoping review of the literature:
	578BThis chapter has outlined the history of how neuroimaging, and particularly functional neuroimaging, has been used as a tool for furthering our knowledge of the neural correlates underlying depression. With the amygdala being identified early on as a prime target for researchers, we have seen the field progress from comparisons of structural amygdala volume measurements, then on to task-based fMRI studies designed to elicit neural ‘activation’ and measure potential differences through to the use of the resting-state technique, a simple acquisition strategy easily implemented. We have also noted that, almost without exception, these early MR imaging data were acquired on 1.5T MRI systems with lower SNR and spatial resolution. 3T MRI systems possessing higher inherent SNR coupled with improved radiofrequency coil technology came into use in clinical research in the mid-2000s, meaning data acquired after that time was potentially of higher quality; however, the increased SNR was not necessarily invested in achieving higher spatial resolution data, an important consideration when investigating the amygdala subregions.
	587BAim 2
	588BChapter Four investigates subregional FC in a TRD cohort and compares these findings to healthy controls and treatment-sensitive depression (TSD) patients. It also includes a comparison of FC differences using a subregional versus whole amygdala analysis approach. 
	589BNovelty - This published study was the first to use both high resolution data and a subregional data analysis approach to locate and report FC alterations of the amygdala subregions in a TRD cohort compared to a TSD cohort. The study also highlighted the differences in functional connectivity results when using a subregional versus whole amygdala analysis approach, an issue about which there are only a handful of reports in the literature.
	590BThe findings from Chapter Four are published in the Journal of Affective Disorders Reports.
	591BAim 3
	 402BCommission and optimise a novel higher(er) resolution 3D Works-in-Progress 2mm isotropic sequence. 
	 592BChapter Five is a pilot study in which data is acquired with both 2D and 3D sequences in ten healthy individuals. The study investigates amygdala subregional FC using the widely used 2D sequence optimised for high spatial resolution described in Chapter Four and the novel 3D sequence, both acquired at 3T. The capabilities of each sequence are assessed in identifying functional connections of the amygdala at a subregional level to three resting state networks. Due to lack of access to 7T for data acquisition, qualitative comparisons are made against results of a study published by authors using 2D data acquired at 7T, the gold standard, to report amygdala connectivity findings at the more granular subnuclei (rather than subregional) level.
	593BNovelty - To our knowledge, this is the first study to qualitatively assess the capabilities of fMRI data acquired at 3T against data acquired at 7T in demonstrating functional connectivity of the amygdala on a more granular subregional level to resting state networks. 
	594BAim 4
	595BBased on the same pilot data, Chapter Six investigates subcortical FC. In a head-to-head comparison, the widely used 2D and novel 3D sequences are tested in relation to their capabilities in identifying subregional amygdala functional connections to other deep subcortical brain regions that are difficult to image well due to their central location. It also includes a comparison of FC differences using a subregional versus whole amygdala analysis approach. 
	 403BAcquire pilot data at 3T using previously optimised 2D sequence and novel 3D sequence and qualitatively compare amygdala subregional FC findings against previously published 7T findings of amygdala subnuclei FC to resting state networks to validate the use of data acquired at 3T in identifying amygdala FC at a subregional level.
	596BNovelty – this is the first published study to directly compare the performance of widely used 2D and novel 3D fMRI high resolution data acquired at 3T in identifying subregional amygdala functional connections to deep subcortical structures such as the brainstem and contralateral amygdala
	597BThe findings from Chapter Six are published in the Journal of Neuroimaging.
	 404BInvestigate the potential for high-resolution 2D and novel 3D data acquired at 3T to reveal subregional amygdala functional connections to other deep subcortical brain regions
	598BThe results from all chapters will be synthesized for discussion in the final chapter which will provide an overview of the utility of high resolution imaging for interrogating functional connections of the amygdala at a subregional level to other brain regions, noting the comparative results when treating the amygdala as a single structure. The comparison between the widely used 2D and novel 3D versions of the sequence will provide us with some insights as to the current and future capabilities of fMRI in providing data with sufficient resolution at 3T to probe amygdala FC at a more granular level than is the current practice. Given the importance of the amygdala in MDD, it is essential that our imaging results are truly representative of the individuality of its underlying functions. The results of this work could lead to widespread changes in practice regarding image acquisition and analysis protocols for investigating the amygdala to ensure that this is the case. 
	599B___________________________________________________________________________
	1BFigure 1.1: Location of the amygdala and other structures forming the brain's limbic system
	2BNote: From (Moini et al., 2021)
	600BThis Methods chapter describes the fundamentals of the techniques and equipment required to carry out the research reported in Chapters Four, Five and Six. It also outlines the technical selections made, including justifications for each. The chapter also includes descriptions of brain connectivity and Blood Oxygen Level Dependent contrast as well as a brief explanation as to how fMRI is performed. Novel sequences are introduced in the context of their potential for improving our functional imaging of the amygdala. 
	601BThe brain has both structural and functional connections. Structural connectivity (SC), the anatomical white matter microstructural organisation in the form of fibre tracts, was first imaged by Basser and colleagues (Basser et al., 1994). Around the same time in the early 1990’s the term ‘functional connectivity’ (FC) was defined by Karl Friston and colleagues as ‘temporal correlations between spatially remote neurophysiological events’ (Friston et al., 1993). The two types of connectivity differ in that SC is prefaced on anatomic connections, that is, axonal projections between cells or groups of axonal projections forming tracts between different regions whilst FC is a temporally varying statistical measure that can be determined by the temporal covariation or correlation of activity between brain regions (Fornito et al., 2016; Grafton & Volz, 2019).
	602BIn the early days of fMRI, investigations centred primarily on the sensory and motor cortices of the brain; however, interest in the functioning of the association cortex, responsible for cognitive processes, was amplified in the setting of technical advances in neuroimaging (Javed et al., 2023; Seitzman et al., 2019). Analysing previously unknown brain networks was considered pivotal in order to progress knowledge of cognitive processes, potentially leading to new therapies for developmental and acquired brain abnormalities (Greicius et al., 2003; Sporns et al., 2005). This premise was widely recognised by the scientific community and was the genesis of the Human Connectome Project undertaken in 2009 by the National Institutes of Health in the USA (Elam et al., 2021). The aim of this wide-ranging project was “...to map the neural pathways that underlie human brain function” by acquiring high resolution SC and FC data to be made available to researchers to investigate the complex connections of brain circuitry, known more simply as the brain’s connectome (National Institutes of Health, 2023). The term ‘connectome’ was proposed to describe the potential matrix of connectivity resulting from imaging on a large scale, revealing in greater depth the network elements and interconnections of the brain. The combination of connectivity matrices based on the acquisition of Diffusion Weighting Imaging (DWI) datasets for SC assessment together with Resting State fMRI (rs-fMRI) data for FC analysis allowed researchers to explore the interplay between the two types of connectivity (Elam et al., 2021; Sporns et al., 2005).
	603BThe term ‘resting state functional connectivity’ was coined by Biswal and colleagues who, in 1995, were the first to report low frequency (<0.1 Hz) temporal correlations between brain regions in the absence of a defined task, that is, during ‘rest’ (Biswal et al., 1995; Biswal, 2012). More than 15 years later, in their seminal work focusing on patterns of functional connectivity based on resting state data, Yeo et al. outlined their findings of large-scale cortical circuits organised into networks, including local motor and sensory networks, that exhibit these low-frequency fluctuations. Their work identified a network of coordinated systems of spatially disparate and temporally coherent regions that co-activated functionally, known as distributed networks (Yeo et al., 2011). Although several of the networks had been previously described by other authors (Fox, Corbetta, et al., 2006; Greicius et al., 2003; Raichle et al., 2001; Vincent et al., 2008), Yeo and colleagues’ parcellation of the brain into seven primary functional resting state networks (Figure 2.1), including a more granular 17-network estimate, continues to be widely used.
	3BFigure 1.2: Cytoarchitecture of the amygdala in the coronal plane
	           604B/
	605BThe earliest of these brain networks to be identified was the Default Mode Network (DMN), depicted in red in Figure 2.1, a system of interconnected regions that are active in the absence of external tasks or stimuli, during which time the network ‘defaults’ to a focus on spontaneous internal or self-referential thought processes (Menon, 2023; Raichle et al., 2001; Sheline et al., 2009). There is evidence that the DMN is comprised of two main subsystems, the dorsal medial prefrontal cortex (dMPFC) and the medial temporal lobe (MTL) along with a midline core of two main hubs, the anterior medial prefrontal cortex (aMPFC) and the posterior cingulate cortex (PCC) (Figure 2.2), with an overarching role centred on internal mentation (Andrews-Hanna, 2012; Andrews-Hanna et al., 2010) 
	606BOf the seven resting state networks identified by Yeo et al., the DMN has become the focal network for researchers looking to extend their understanding of the neural correlates of MDD due to its role in self-referential processing (Chen et al., 2020; Sheline et al., 2009; Yan et al., 2019). Rumination, a repetitive self-referential cycle of dwelling on negative thoughts and feelings, is a deleterious cognitive symptom experienced by those suffering from depression and is thought to be related to dysfunction in processes associated with cognitive control (Alderman et al., 2015; Hamilton et al., 2015; Tozzi et al., 2021). As such, investigations into the implications of potentially aberrant DMN function in MDD continue to be a priority for researchers in the field (Damborská et al., 2020; Dutta et al., 2019; Stoliker et al., 2024).
	               607B/
	608BNote: Two subsystems are dMPFC = dorsal Medial Prefrontal Cortex; MTL = medial temporal lobe. Two main hubs are aMPFC = anterior medial prefrontal cortex; PCC = posterior cingulate cortex. From (Andrews-Hanna, 2012).
	4BTable 1.2: Individual left and right amygdala subregions and their selective connections to different brain regions, and bilateral subregional roles
	609BAs outlined in Chapter One, the amygdala, at a subregional level, possesses functional connections to many different brain regions including regions of the DMN (Bzdok et al., 2013; Roy et al., 2009) and its dysfunction leads to disordered emotion processing in MDD (Bakoyiannis, 2023; Ferri et al., 2017). Studies have demonstrated DMN involvement in discrete emotions such as fear, disgust and anger (Saarimäki et al., 2022; Satpute & Lindquist, 2019) and extremely negative self-referential focusing related to DMN dysfunction (Sambataro et al., 2014; Sheline et al., 2009; Whitfield-Gabrieli & Ford, 2012). In light of evidence of cognitive processes being influenced by emotional input (Sambuco et al., 2022; Stoliker et al., 2024), these findings are supportive of a modulatory role for the amygdala in relation to the DMN (Azarias et al., 2025). 
	610BAlthough the DMN is not the focus of this thesis, reports of aberrant function of both the DMN and amygdala in MDD indicate that a more comprehensive understanding of the functional connections between the amygdala and DMN may shed more light on interactions between emotion processing and self-referential negative internalisation of thought processes. However, as acknowledged by Yeo and colleagues in their work identifying the seven resting-state networks, spatial resolution of current fMRI data is a recognised study limitation (Yeo et al., 2011). There is clearly a need for improved imaging data quality to progress the field of MDD research, particularly in relation to spatial resolution of small structures such as the amygdala and its subregions.
	611BWhereas MRI is widely used clinically to investigate all parts of the body, fMRI is typically used to investigate brain function. Most clinical MRI systems can acquire fMRI data, as the sequences used for research are adaptations of clinical versions. In the MRI systems discussed in this work, the direction of the main magnetic field B0 is horizontal, although vertical field systems are also available (Kazemivalipour et al., 2021). Whilst a comprehensive coverage of the physics of MRI is outside the scope of this thesis, a brief review is pertinent in relation to radiofrequency (RF) coil choice for fMRI as the type of coil employed significantly impacts SNR levels and consequently, achievable spatial resolution of the acquired images (Gruber et al., 2018). In most MRI examinations, the body coil intrinsic to the MRI system performs the role of RF transmitter. A time-varying RF field, B1, is generated perpendicular to B0, exciting protons in the field of view (FOV) to precess at the Larmor frequency, which allows an efficient energy transfer between the B1 field and precessing protons. The B1 field is turned on and off at very short intervals, typically milliseconds, generating pulses that ‘flip’ the protons through a pre-specified number of degrees; hence the term flip angle (Gruber et al., 2018). In moving away from the longitudinal plane, protons acquire transverse magnetisation which then begins to decay after the B1 field is switched off (Kwok, 2022). This process is shown schematically in Figure 2.3. Through the process of electromagnetic induction, an electrical current is induced and subsequently detected by the RF receive coil as the MR signal. Traditionally, fMRI data are acquired in 2D slices which are defined via the imposition of a slice-select gradient perpendicular to the selected image plane in combination with a frequency-specific RF pulse that excites the tissue in the desired plane and location (McRobbie et al., 2017). 
	612BTechnical note: The MRI system used in this thesis work is a 3T Prisma system with VE 11C software (Siemens Healthineers, Erlangen, Germany).
	                    613B/
	614BWhilst the principal function of the body coil is RF transmission, it can also act as a receiver; however, there are few circumstances in which this approach is employed due to inefficiencies related to RF coil loading that result in poor SNR levels. In order to reduce noise levels, thereby maximising SNR levels, the RF receive coil needs to be closely coupled in size to the body part under examination (Redpath, 2014). The receive coil is tuned to the resonant or Larmor frequency of proton precession for a specific magnetic field strength, for example, around 128 MHz at 3T.  Other than the intrinsic body coil, there is a subset of receive coils available that can also be used as transmitters (known as transmit/receive or T/R coils), and these are typically used when imaging at field strengths of 7T and above where issues stemming from field inhomogeneity and tissue heating are more pronounced (Gruber et al., 2018). At clinical field strengths of 1.5T and 3T, transmit/receive knee coils are widely used in musculoskeletal examinations to alleviate aliasing issues related to mismapping of tissues outside the FOV from the opposite limb that occur when the sampling rate is inadequate (McRobbie et al., 2017). Transmit/receive head coils are typically employed in the setting of a requirement for compliance with MR-conditional scanning of implants and devices where MR safety is not assured when transmitting over a larger field with the body coil (Ferreira et al., 2014). The added complexity of transmit/receive coil design together with technical issues around potential RF coupling mean that receive-only coils are predominantly used for clinical and research imaging (Gruber et al., 2018).
	615BThe RF coil design of choice for fMRI is the receive-only phased-array head coil composed of multiple groups of small surface coils with independent receive-channels formed into a close-fitting helmet-shape, the primary benefit of which is higher SNR due to lower local noise contributions (Gruber et al., 2018). However, a second major advantage of this technology is the innovative design which supported the introduction of firstly, parallel imaging and later, simultaneous multislice techniques which have been key to the evolution of fMRI. These techniques allow faster imaging, that is, higher temporal resolution, an important consideration in fMRI. Parallel imaging, effectively a k-space undersampling technique, is predicated on the variation in spatial sensitivities of individual arrays that make up the whole coil; signals can be spatially localised and encoded during signal reception, allowing for the acquisition of fewer phase-encoding steps for image reconstruction but with a concomitant SNR reduction which is offset by the phased-array design  (Kwok, 2022). Other advantages of parallel imaging include susceptibility-related distortion artifact reduction in echo planar imaging (EPI) sequences and reduction in Specific Absorption Rate (SAR) due to lower RF power deposition. Currently available phased array head coils have the capacity to accelerate along all three axes; however, the preferred direction of acceleration for fMRI is typically the z-direction (superior to inferior) (Keil et al., 2013). In practice, head coils such as the 64-channel head and neck phased array coil are often designed with a greater number of coil elements along the z-axis which also facilitates the use of simultaneous multislice, a technique in which multiple slices in the acquisition plane are excited simultaneously and signals spatially assigned using variations in local array sensitivities in a similar way to parallel imaging (Barth et al., 2016). 
	616BRegarding coil design, it is interesting to note that although he individual surface arrays in a 64-channel coil design are smaller with presumably less sensitivity centrally in the image as calculated using the Bio-Savart law (Haase et al., 2000) the 64-channel design, similar to that used in this work, has been shown to outperform its 32-channel counterpart in terms of SNR centrally, particularly with higher levels of acceleration (Keil et al., 2013). 
	617BTechnical note: The head coil used in this thesis work is a 64-channel head and neck phased array (Siemens Healthineers, Erlangen, Germany).
	618BFollowing Kwong and colleagues’ discovery in 1992 that blood could be imaged as an endogenous contrast agent in fMRI using a gradient echo imaging technique (Kwong et al., 1992), it is now well established that fMRI can provide information about neuronal activity predicated on the mechanism of Blood Oxygen Level Dependent (BOLD) contrast. MRI BOLD signals are an indirect measure of neural activity reflected in changes in regional cerebral blood flow (Hillman, 2014; Soares et al., 2016). The BOLD image contrast generated using the gradient echo imaging technique is reliant on the decay of transverse magnetisation manifesting as field inhomogeneities resulting from localised changes in blood oxygen levels resulting from neuronal activity. This process, known as T2* relaxation or T2* decay, is responsible for the signal changes due to variations in blood flow, and it differs from T2 relaxation in that it occurs at a faster rate (Chavhan et al., 2009). The sensitivity of T2*-Weighted (T2*-W) GRE sequences to localised alterations in paramagnetic deoxyhaemoglobin in the blood are the basis of BOLD signal measurement and these sensitivity levels can be altered by manipulation of parameters including Echo Time (TE), Repetition Time (TR) and flip angle that form the basis of the EPI pulse sequence, GRE-EPI, used in 3T fMRI (Chavhan et al., 2009; Hillman, 2014). 
	619BSince its inception, fMRI has primarily been used to probe motor, sensory and cognitive processes with various tasks or paradigms. In its simplest form, the initial method of choice was a basic block-design paradigm divided into multiple task and non-task periods that were effectively subtracted to reveal signal intensities or activation related to the task (Fox & Raichle, 2007). The fundamental concepts of BOLD contrast are best explained with this simple task design in mind. Transient neuronal activity such as task performance or visual stimuli provokes an increase in oxygen consumption resulting in an increase in local blood flow to the area of activation, a mechanism known as neurovascular coupling (Huneau et al., 2015).  This response to the increased demand for oxygenated blood stimulated by neuronal activity is known as the haemodynamic response and it typically lags several seconds behind the increase in activity (Menon & Goodyear, 2001).  When blood is fully oxygenated it has diamagnetic or non-magnetic properties, whilst in its fully deoxygenated state it has paramagnetic properties. As deoxygenated blood causes local dephasing of protons, its T2* value is shorter resulting in MR signal attenuation (Boxerman et al., 1995). Put simply, stimulus presentation provokes neuronal firing, following which the neurons require re-oxygenation, subsequently delivered by the blood which, in turn, results in increased signal as the blood becomes less paramagnetic (Figure 2.4). In fact, early adopters of the fMRI technique, initially expecting to see a decrease in signal resulting from an increase in deoxygenated blood, noted a paradoxical increase in MR signal during neuronal activity; however, it is now understood that the BOLD changes being imaged are actually downstream from the activation site where T2* is elevated due to the inflow of fully oxygenated blood (McRobbie et al., 2017).
	620B/
	621BThe BOLD signal, although only an indirect measure of neuronal activity, appears to have a consistent shape, peaking around five seconds after stimulus advent before undershooting and then subsequently recovering to the baseline after around 20 seconds. The so-called haemodynamic response function (HRF) is a mathematical modelling of the localised neurovascular coupling and the coincident BOLD signal (Hillman, 2014; Rangaprakash et al., 2021). There are several versions of HRF modelling available, the most common of which is known as canonical HRF (Darányi et al., 2021). Multiple brain volumes are acquired resulting in a time series as demonstrated in Figure 2.5 and, as the signal amplitudes of BOLD contrast are very small, estimated to be only 1-5% of baseline, subsequent statistical analysis is required for interpretation and creation of activation maps (McRobbie et al., 2017; Soares et al., 2016).
	622BTask-based acquisitions also contain low frequency fluctuations when the brain is presumed to be ‘at rest’ during the course of the acquisition, that is, the two states, activation during a task and fluctuations during rest, do not exist in isolation. These spontaneous low frequency fluctuations were initially treated as noise contributions and subsequently minimised by averaging during task data analysis (Fox & Raichle, 2007). However, it is now well-recognised that this noise is, in part, attributable to the correlated resting state BOLD signal (Figure 2.5, right), and resting state sequences are now typically acquired separately as a means of investigating other aspects of brain networks, often as an adjunct to task data (Lv et al., 2018).  Notwithstanding, it has been shown that underlying low frequency BOLD signals can be distilled from task-based acquisitions, and that these fluctuations are commensurate with the signals from dedicated rs-fMRI data acquired in the same cohort and imaging session. This finding is important in the context of validating the use of previously acquired task-based data for retrospective FC interrogation (Korgaonkar et al., 2014). Interestingly, it has also been proposed that variations in correlations of spontaneous BOLD activity between task and rest states can be explained by layering or superimposition of the two activity states and that this is a potential explanation for inconsistencies across study results due to variability in human behaviour (Fox, Snyder, et al., 2006).
	623BIn summary, the acquisition of both task-related and resting state data to explore brain function is reliant on the mechanism of BOLD contrast; however, different methods are required for subsequent data analysis (Chang & Glover, 2009; Cole et al., 2010). 
	624B/
	625BThere are two primary fMRI methods available to researchers for investigating brain function: task-based and resting-state.  As noted in Chapter One, task-based studies involve recording the patient’s response to the performance of a task or a type of stimulus during data acquisition in order to anatomically localise areas of ‘activation’ (Logothetis, 2008). These tasks, or paradigms, vary in terms of experimental design and are classified as block design, event-related or mixed block/event related. Block design is superior in identifying activation whilst event-related tasks are more effective in distinguishing the time course of activations (Liu et al., 2001). 
	626BTo examine and record amygdala activation for task-based studies, researchers have typically relied on eliciting emotional responses to different types of facial stimuli (for example, happy, sad. angry, neutral) (Varkevisser et al., 2024) and cognitive-based tasks such as working memory and attention (West et al., 2021). However, several inherently confounding issues have been noted in relation to amygdala activation results. Variations in neural responses have been revealed when comparing the nature of task instructions, that is, implicit versus explicit (Hariri et al., 2000). Additionally, flaws in reproducibility have been reported, notably the variability that may stem from the differential effects of habituation to the stimulus presentation over time (Hariri et al., 2000; Labuschagne et al., 2024). A meta-analysis of studies investigating the role of the amygdala in emotion processing reported that some studies were unable to distinguish temporal responses, suggesting that study design was the reason behind greater reporting of increased activation in the left amygdala (Sergerie et al., 2008). These findings support the model proposed by  Gläscher and Adolphs in which inherent lateralised temporal differences are responsible for apparent left-sided increased activation; that is, the right amygdala response was of shorter duration in comparison to the left and thus not visible, potentially due to a more automatic emotional reaction, whilst the role of the left amygdala may be more discriminating in terms of extent of arousal (Gläscher & Adolphs, 2003; Plichta et al., 2014; Wright et al., 2001).
	627BWith advances in gradient and RF coil technology, researchers now have the capability to image at higher temporal rates (Yang & Lewis, 2021). Nevertheless, limitations on temporal resolution of data acquisition remain predicated by the timeline of the haemodynamic response function, which can be overcome to a degree by careful study design, for example, randomly varying the timing of stimulus presentation in event-related task design (Glover, 2011). Similarly, choice of HRF model and analysis method can also impact results (Darányi et al., 2021). However, a fundamental issue for task-based fMRI investigations is the inherent challenge in paradigm development and selection in attempting to answer a distinct research question (Hartling et al., 2021). As the specific functions and contributions of the three amygdala subregions within the emotional circuitry are still not well understood, the development of specific tasks to effectively interrogate each individual subregion task is problematic and, as a consequence, stimuli currently in use are of a more general nature rather than being designed to elicit activation that can be definitively localised to specific subregions (Labuschagne et al., 2024).
	628BResting-state fMRI is an altogether different approach. Rather than demonstrating areas of localised brain activation as a response to a stimulus, the resting-state technique measures the synchronous low frequency fluctuations of the brain that occur spontaneously during a period of alert wakefulness, allowing identification of regions that are ‘functionally connected’ although they may be spatially remote and structurally discrete (Lv et al., 2018). Participants are typically instructed to keep their eyes open and think of nothing in particular, often focusing on a fixation cross during the acquisition, the result of which is the production of functional connectivity ‘maps’ that provide information reflective of spontaneous brain activity unprovoked by tasks or extrinsic stimuli (Roy et al., 2009; Soares et al., 2016). Simple and effective, the rs-fMRI technique requires no auxiliary equipment, meaning data acquisition across all age groups, imaging settings and most conditions is possible. rs-fMRI also provides an assessment of the whole brain, whereas task-based methods may focus on activity in selected areas based on task design (Canario et al., 2021). Interestingly, differing FC results between the states of ‘eyes open’ and ‘eyes closed’ has been reported; therefore, clear and consistent instructions to study participants is vital in experimental tasks (Patriat et al., 2013).
	629BWith growing awareness of the merits and advantages of the resting-state technique, interest has burgeoned, resulting in a six-fold increase in the number of publications from 817 in 2003 to 4985 in 2022 (Wei et al., 2024). It has been suggested that this trend may be due, in part, to the recognition that resting-state functional connectivity measures are superior as a differentiator of social cognition and neurocognition biotypes, both of which are key in depression (Viviano et al., 2018).
	630BTechnical note: The fMRI technique used in this thesis work is resting state.
	631BThere are currently a number of resting state data analysis methods available to researchers, with two methods in common use due to their high levels of reproducibility (Snyder & Raichle, 2012). The first, known as Independent Component Analysis, is a data-driven multivariate statistical method that distinguishes between temporally or spatially independent resting state networks by separating out noise from low frequency network signals, and is often the method of choice for exploratory, hypothesis-free investigations (Canario et al., 2021). Independent Component Analysis has successfully been used in investigating the DMN in MDD cohorts (Greicius et al., 2007; Guo et al., 2014; Kakeda et al., 2020; Li et al., 2013; Manoliu et al., 2014; Sexton et al., 2012; Veer et al., 2010; Verdijk et al., 2024; Zhu et al., 2012).
	632BThe second method is a hypothesis-driven method known as seed-based connectivity analysis which has been widely used since the inception of fMRI (Cole et al., 2010). Seed-based connectivity is based on a priori selection of discrete regions-of-interest (ROIs) or seeds. FC between brain regions is revealed by averaging the time-series across all voxels in the seed or ROI and generating correlation maps of each seed to every other voxel in the brain, effectively measuring temporal correlations (Canario et al., 2021). Because of the focus of this work on the amygdala, the latter method was used and the discrete seed ROIs selected were the amygdala subregions. 
	683BTo recap, the following key points underscore the rationale for this work. Although it is accepted that amygdala dysfunction plays a significant role in the development of depression, there remains a lack of understanding of the functional differences in amygdala subregions in the context of depression. A pivotal study by Klein-Flügge and colleagues provides a compelling incentive for mental health researchers to move beyond symptom-based diagnoses. Their research demonstrated that alterations in FC values of specific amygdala subnuclei with other brain regions more accurately predicted variations in social and general life satisfaction, negative emotions, and issues with anger and rejection than traditional aggregate depression scores, such as the DSM-oriented "Depressive Problems" score and the Achenbach Adult Self-Report 'anxious/depressed' (AnxD) score (Klein-Flügge et al., 2022). Additionally, they found that behavioural predictions in mental health were more precise when considering FC variations of individual subnuclei rather than treating the amygdala as a single entity. They attributed their findings to access to high-resolution data and more accurate analysis methods made available by the Human Connectome Project, a National Institutes of Health initiative to map the structural and functional connectivity, or connectome, of the human brain using high resolution imaging (Elam et al., 2021).
	684BMoreover, a recent appraisal of the literature highlighted the ongoing debate and challenges surrounding the utility of amygdala fMRI and the inconsistency of findings across studies. This appraisal emphasised the importance of optimising scanning protocols in fMRI data acquisition of the amygdala (Varkevisser et al., 2024). These insights collectively reinforce the rationale for this work, aiming to advance our understanding of the role of the amygdala subregions and their functional connections in depression using 3T MRI systems that are widely accessible for clinical research.
	685B1.9 Aims and Significance of Thesis
	633BWhilst a comprehensive explanation of all analysis methods is outside the scope of this work, the reader is directed to Rajamanickam’s concise overview of advantages and disadvantages of current fMRI analysis methods (Rajamanickam, 2020). 
	634BTechnical note: The analysis technique used in this thesis work is Seed Based Connectivity.
	635BVarious software platforms are available to researchers for resting state functional connectivity data analysis. The list, by no means exhaustive, includes Statistical Parametric Mapping (SPM), Analysis of Functional NeuroImages (AFNI), REsting State fMRI data analysis Toolkit (REST), Data Processing Assistant for Resting-State fMRI (DPARSF), FMRIB Software Library (FSL), NeuroImaging PREProcessing toolS (NiPreps) and Connectivity Toolbox (CONN). In this thesis work CONN (http://www.nitrc.org/projects/conn/) was used in conjunction with MATLAB version R2022b (The MathWorks Inc. Natick, Massachusetts) and SPM12 (Wellcome Trust Centre for Neuroimaging, London, UK). 
	636BHowever, there is no established convention or standard in place across software platforms for defining ROI locations in resting state analyses (Poldrack, 2007; Sohn et al., 2015). Commonly used methods include basing ROI location on activations from previous work, prior knowledge of the relevant anatomy or employing standard brain atlases such as the Talairach and Tournoux atlas (Talairach & Tournoux, 1988), a pioneering reference widely used in the early days of fMRI. This stereotactic atlas provided a reference template for ‘normalising’ brain data into common space, including a coordinate system for reporting results, allowing comparison of results between research groups (Chau & McIntosh, 2005)  However, a principal disadvantage of ‘Talairach labels’ is that they were established from a single subject postmortem dissection and are based on macroanatomical landmarks such as sulci, leading to inaccuracies in regions where cortical microanatomy and function may vary across the wider population (Amunts et al., 1999).  To address these limitations, the first iteration of the Montreal Neurological Institute (MNI) template (MNI-305), based on 3D brain MR images from 305 subjects, was released in 1995; however, it was superseded by MNI-152 in 2001, which was constructed using automated image registration and higher resolution whole brain coverage including the cerebellum. MNI-152 is now included in software platforms such as SPM and FSL and is widely used as the standard template knowns as MNI space (Mandal et al., 2012).   
	637BThe development and integration of the SPM plugin known as the SPM (or Jülich-Brain) Anatomy toolbox by Eickhoff and colleagues into analysis software in 2005 enabled researchers to map functional cortical activations to standardised anatomical locations in MNI space through the use of three-dimensional probabilistic cytoarchitectonic maps (Eickhoff et al., 2005). Also in 2005, Amunts and colleagues introduced stereotactic probabilistic maps for the sub-cortical subregions of the hippocampus and amygdala (CM, LB and SF) as well as the entorhinal cortex, noting the need for detailed localisation of MRI data in neuropsychiatric disorders (Amunts et al., 2005). These subregional amygdala probabilistic maps are also compatible with, and are embedded in, the SPM Anatomy Toolbox. 
	638BIn recognition of the heterogeneity of the amygdala subnuclei and, by extension, the subregions, together with the requirement for increased spatial specificity, further work has been undertaken to create an atlas for differentiation of nine amygdala subnuclei with increased spatial specificity for use at 7T (Saygin et al., 2017). Additionally, individualised functional parcellation methods of the amygdala subregions based on the Jülich atlas have also been developed, with reported benefits in functional homogeneity and overall accuracy at 7T (Zhang et al., 2018). However, although these methods may have the capability of providing more accurate localisation for individual subject ROIs by accounting for individual variability of regional borders, they contribute to differences in methodology in performing the individual subject parcellations (Levi et al., 2023), resulting in an additional source of variability and potentially confounding comparison of results across studies.
	398BThis protocol is located in Appendix C
	399Bb.  The main part of the chapter comprising the full Scoping Review including recommendations for imaging the amygdala subregions at 3T, is published in the Journal of Magnetic Resonance Imaging 
	686BNovelty - The published scoping review forming part of Chapter Three represents the first comprehensive summary of the current landscape in relation to the technical data acquisition aspects of fMRI of the amygdala at 3T and concludes with recommendations for imaging the amygdala subregions
	639BIn consideration of the increasing focus on reproducibility in neuroimaging (Poldrack et al., 2017) the subregional amygdala ROIs available in the SPM Anatomy Toolbox were chosen to serve as the seed ROIs in this research work were imported into CONN for use during analysis.
	640BTechnical note: CONN toolbox and SPM Anatomy Toolbox were used for data analysis in this thesis work.
	641BFor as long as it has been appreciated as an invaluable tool in neuroimaging, the shortcomings of fMRI data quality have also been recognised. The contrast-to-noise ratio (CNR) as well as spatial and temporal resolution of fMRI studies acquired on the available 1.5T MR systems at the time of the technique’s introduction in 1990 were quite low with voxel sizes in the tens of cubic mm (Menon and Goodyear, 2001). However, as the BOLD response is quite robust when the underlying neural activation is occurring on the same spatial scale, it was possible to adequately study hemispheric and gyral organisation at a functional level with this new technique (Menon and Goodyear, 2001). 
	642BHowever, it has since been recognised that higher spatial resolution acquisitions can improve the detection of discrete neural activity in several ways; smaller voxels not only lead to an increase in the level of BOLD contrast detected by reducing the effects of partial voluming, but susceptibility issues resulting in signal dropout and distortion are also reduced (Glover, 2011). Iranpour and colleagues demonstrated this concept at 3T by acquiring 2D GRE-EPI data using two different voxel volumes (VV), 3.4mm3 and 27mm3, concluding that the smaller voxel imaging sequence was more sensitive in detecting activations during their fMRI tasks than the larger, particularly in brain regions such as the amygdala where susceptibility artifacts generally compromise data quality (Iranpour et al., 2015). Two fMRI meta-analyses of task-related studies also noted these issues in relation to amygdala imaging as study limitations, noting that unilateral activations demonstrated in some lower resolution studies were found to be bilateral in higher-resolution data sets (Tang et al., 2012; van der Laan et al., 2011). 
	643BNumerous parameter options can be manipulated to alter the contrast and appearance of images produced by an MRI system. With many parameters having co-dependent relationships (see Table S1 Appendix B for parameter trade-offs), their selection is predicated on the purpose of the specific acquisition sequence in question and compromises are widely acknowledged as inevitable (McRobbie et al., 2017) In MRI, temporal resolution is a measure of how quickly data is acquired, and in fMRI, this is a crucial aspect of the imaging sequence. Spatial resolution is a measure of the number of pixels in an image, with more pixels providing higher resolution. Spatial resolution is referenced by voxel (volume pixel) size which is dependent on matrix size, slice thickness and field-of-view (FOV). It is limited by SNR, inferred by the inverse relationship between SNR and acquisition time which underpins the oppositional nature of spatial and temporal resolution (Glover, 2011; Loued-Khenissi et al., 2019). In structural MRI, high spatial resolution images with VV of less than 1mm3 can be achieved by employing longer acquisition times to improve SNR. However, this strategy has traditionally not been possible in fMRI due to the requirement for rapid scanning to acquire time series data (Glover, 2011). This temporal requirement has placed a ceiling on SNR resulting in spatial resolution in fMRI acquisitions in earlier studies commonly having VV of up to 64mm3 and, in some cases, 100mm3 in order to maintain satisfactory SNR levels and adequate temporal resolution to image the whole brain quickly (Menon & Goodyear, 2001; Soares et al., 2016). To contextualise these figures, data with VV of 20mm3 or less is considered high resolution (Olman & Yacoub, 2011).
	644BTemporal resolution of fMRI acquisitions requires optimisation and is dependent on the TR of the imaging sequence which is typically constrained by the number of slices in the imaging volume as well as scanner performance (Bandettini, 2002). One TR period is commonly in the order of 1.5 to 3 seconds during which time all slices are imaged; this is repeated multiple times until sufficient volumes for the individual sequence have been acquired. Temporal resolution is also restricted by the relatively slow HRF which is a consideration in paradigm design in task-based studies. Stimuli spaced too closely may result in blurring of responses as a result of not allowing adequate time for the haemodynamic response to return to baseline (Loued-Khenissi et al., 2019). A TR of several seconds has also traditionally been prefaced on the requirement for T1 signal recovery between acquisitions to ensure adequate SNR (Bandettini, 2001). 
	645BWith the advent of acceleration techniques, achievable temporal sampling rates have increased, leading more recent studies including the HCP (Van Essen et al., 2012) to report use of TR values of less than one second (Liao et al., 2013; Stirnberg et al., 2017; Yang & Lewis, 2021). As previously noted, the increase in array density in RF coil design has enabled this advancement in acquisition sequence design; in general, SNR levels, although reduced per volume as a result of the selected TR being shorter than the T1 relaxation time of the tissue, have remained comparable when taking into account increased temporal sampling resulting in a greater number of volumes acquired in a similar time frame (Jahanian et al., 2019).  There are two primary advantages of high temporal resolution; firstly, HRF characterisation is more accurate, leading to increased BOLD sensitivity in task-related studies, and secondly, higher sampling rates preclude the issue of cardiac and respiratory signal aliasing overlying BOLD resting state signals (Huotari et al., 2019; Yang & Lewis, 2021). 
	646BFor most fMRI studies, acquisition protocols are optimised by finding a middle ground between spatial and temporal resolution requirements, that is, taking into account the research question, preferred analysis method and study cohort. For example, paediatric studies investigating network connectivity may be better served by focusing on temporal resolution, using shorter TRs and acquiring more volumes but in a relatively short overall scan time (Liao et al., 2013).  However, small structures such as the amygdala require the opposite approach. Due to the diminutive size and location of the amygdala in the temporal lobe, image quality can suffer from susceptibility artifacts, distortion and partial volume effects, all of which can be mitigated by the use of higher spatial resolution protocols with smaller voxels (Bandettini, 2002; Jahanian et al., 2019; Olman et al., 2009). According to previous work, the optimum slice thickness to maximise SNR in fMRI investigations of the amygdala using 2D GRE-EPI at 3T is between 2mm to 2.5mm (Figure 2.6), beyond which SNR levels decrease with increasing voxel size due mainly to intravoxel dephasing (Robinson et al., 2004).
	647B/
	648BNote: Adapted from (Robinson et al., 2004)
	649BIn a comparison between their standard fMRI protocol with VV of 51.3mm3 and an optimised high resolution acquisition with VV of 6.4mm3, Robinson and colleagues demonstrated an increase of 60% in SNR in voxels in amygdala locations in the native high resolution optimised acquisition, despite the doubling of bandwidth which accounts for a SNR penalty of √2, although they resampling the data to standard voxel size during preprocessing (Robinson et al., 2004). To demonstrate the translational value of this finding, the time-series SNR maps were thresholded at a value of 50 and overlaid on T1-W axial images to show the comparative lack of SNR in the regions of the amygdala using the standard protocol with large voxels compared to the optimised high resolution protocol (Figure 2.7) (Robinson et al., 2004).
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	651BNote: Top row: Standard protocol. Bottom row: Optimised protocol. Images from left to right represent inferior to superior slice locations (Robinson et al., 2004).
	652BAt 7T, very small VV of between 1.1 mm3 and 3.375mm3 have been reported in use for fMRI due to the inherently higher SNR available (Geissberger et al., 2020; Murphy et al., 2020; Sladky et al., 2018; Zhang et al., 2018). At 3T, VV has been typically much larger (Foster et al., 2023). Empirically, the choice of VV was based on the requirement for adequate SNR, and at the time 3T technology arrived in the mid-2000s, coil technology was much less advanced, with lower density array head coils in widespread use (Kabasawa, 2022). Many studies reporting amygdala findings at 3T continued to utilize larger VV, for example, 27mm3 (Baczkowski et al., 2017; Michely et al., 2020; Wackerhagen et al., 2020), 42mm3 (Chumachenko et al., 2021; Deng et al., 2019; Reich et al., 2019), 64mm3 (Delli Pizzi et al., 2017; Salzwedel et al., 2019; Shou et al., 2017) and up to 70mm3 (Fan et al., 2020; Tong et al., 2019; Wang et al., 2021). Whilst these fMRI protocols resulted in high SNR levels, spatial resolution was limited (Bandettini, 2002; Invernizzi et al., 2021), particularly in reference to Olman and Yacoub’s definition (Olman & Yacoub, 2011). 
	653BTo further capitalise on the advantages of 3T, more advanced higher density 32-channel arrays with higher SNR capabilities became available in the latter 2000s and early work highlighted their SNR and temporal resolution advantages (Wiggins et al., 2006). Interestingly, although the studies referenced above in relation to VV were published ten or more years after its introduction, only two noted the use of a 32-channel head coil, with others referencing use of 8-channel and 12-channel arrays or circularly polarised designs (used prior to array technology). In fact, completion of the scoping review forming Chapter Three revealed only two reports of use of the 64-channel array (Bonduelle et al., 2021; Sanz-Arigita et al., 2021) that became available for 3T systems around 2013 (Keil et al., 2013). 
	654BAs outlined in Chapter One, the amygdala is composed of nine individual heterogeneous subnuclei that form three subregions, the CM, LB and SF (Figure 2.8). The total volume of the amygdala is somewhere between 1000mm3 and 2000mm3 with values varying according to measurement technique; that is, ex-vivo volumes tend to be smaller at around 1240mm3 (Saygin et al., 2017) compared with in-vivo volumes of around 1850mm3 (Morey et al., 2020). For the purposes of the following explanation, we will consider the amygdala volume as an average of these two figures, at 1545mm3.
	      655B/
	656BTo put the size of the amygdala as a single structure into perspective, it is helpful to consider the volume of the whole brain, which has been measured at around 1000cm3 (1,000,000mm3) (Cotter et al., 1999).  If we consider imaging at very low resolution with VV of 1000mm3, the whole brain will consist of approximately 1000 voxels, of which the amygdala would theoretically appear in one or two voxels. If VV is reduced to 4mm3 the whole brain would consist of 15,625 voxels of which the amygdala would theoretically be composed of around 24 voxels. At VV of 2mm3, the number of voxels comprising the amygdala is much higher at 193. Now to consider imaging the amygdala subregions individually; as an example, averaging of the volume data reported by Saygin et al and Morey et al for the CM, the smallest of the three subregions, results in a volume of 68mm3 (Morey et al., 2020; Saygin et al., 2017). Imaging with VV of 2mm3 would result in around 8 voxels within the CM but this is reduced to only one voxel when imaging at VV of 4mm3, a level at which it is unlikely that the heterogeneity of the structure can be resolved. The graphic representation in Figure 2.9 serves as a visual cue with respect to increasing VV and its impact on spatial resolution.
	5BFigure 2.1: Depiction of the parcellation of seven main resting-state networks as identified by Yeo et al. 
	6BNote: The Default Mode Network (red) is the focus of investigation for Major Depressive Disorder.  Adapted from (Cohen et al., 2023; Yeo et al., 2011).
	657B/
	658BThe results of a formal scoping review done in Chapter Three (Foster et al., 2023) support anecdotal evidence that VV used in the majority of 3T fMRI protocols to report both whole amygdala and subregional findings is well above 20mm3, the lower limit of high resolution (Olman & Yacoub, 2011). In essence, current protocols are unlikely of sufficient spatial resolution to adequately resolve individual subregional activation and FC (Merboldt et al., 2001; Sladky et al., 2018).  
	659BTechnical note: VVs of the sequences used in this thesis work were 2D GRE-EPI = 15.625mm3 (2.5mm isotropic) and 3D GRE-EPI = 8mm3 (2mm isotropic)
	7BFigure 2.2: Default mode network; organisation of subsystems and hubs
	660BDifferent fMRI acquisition strategies are in use at different field strengths. At higher field strengths of 7T and beyond, the principal contrast mechanism is diffusion-weighted T2 relaxation, allowing the use of spin-echo (SE) sequences (Glover, 2011). Inherently high SNR allows very high spatial resolution imaging at 7T (Nasr et al., 2016; Pedersen et al., 2017; Sladky et al., 2018), but disadvantages include poorer static field homogeneity, greater RF power deposition, and increased susceptibility and B1 inhomogeneity artifacts (Edelman, 2014; Glover, 2011; Ladd et al., 2018). For these technical reasons, combined with the lack of access to 7T, the majority of fMRI studies are performed at 3T where T2* contrast predominates over T2 contrast. Gradient refocused echo or gradient echo (GRE) T2*-W acquisition techniques are widely used to maximise CNR at this clinically available field strength (Bandettini, 2001). Elementary refinements to acquisition protocols through optimisation of spatial resolution have the potential for broad positive impact on data quality across institutions currently accessing 3T MRI systems for their neuroimaging research. The focus of this thesis is on GRE sequence use.
	661BIn order to understand why the 2D T2*-W GRE-EPI sequence is the gold standard for fMRI at 3T, we will revisit the fundamentals. There are two pulse sequence families in MRI: spin echo (SE) and GRE. SE sequences employ a pair of RF pulses, firstly to flip and then refocus protons in the imaged slice. In their simplest form, SE sequences comprise a 90° pulse, then a 180° pulse following which the signal is sampled at the Echo Time (TE in ms). This process is then played out multiple times to form what is known as a pulse sequence, with the time between each 90° pulse known as the Repetition Time (TR in ms). GRE sequences, however, utilise a single RF pulse, following which the Free Induction Decay (FID) signal is manipulated via a dephasing and rephasing gradient reversal (Figure 2.10). Because of their inherent design, GRE sequences possess the critical advantage of speed over SE. As only one RF pulse is required, with a flip angle of much less than 90°, both the TR and TE values can effectively be reduced, resulting in a reduction in overall acquisition time (McRobbie et al., 2017). 
	662BIn SE sequences, the 180° refocussing pulse effectively minimises effects of B0 field inhomogeneities by rephasing the spins prior to signal sampling, thus producing images with predominantly T2 contrast. However, GRE sequences are far more susceptible to magnetic field inhomogeneities, the susceptibility effects of which are not refocused by the gradient reversal process, resulting in T2* contrast (Jackson et al., 2005). Although this outcome is not desirable for all imaging purposes, it is this phenomenon of T2* contrast that forms the basis of BOLD imaging, as noted in Section 2.3.      
	663B/
	664BAlthough the technique known as EPI was first described by Mansfield in 1977, the advanced gradient technology required to implement it for imaging on clinical whole body MRI systems did not become available until the 1990s (Huettel et al., 2004; Mansfield, 1977). Fundamentally, EPI sequences allow acquisition of a full set of k-space data following a single RF excitation pulse, that is, in one TR period. Speed is of the essence, as this must occur prior to significant T2* signal decay. When first introduced, the EPI technique effectively facilitated the acquisition of a full complement of slices covering the whole brain volume in a single TR, or single ‘shot’, of several seconds duration and its implementation was critical to the development of fMRI (Bandettini, 2001; McRobbie et al., 2017). The significant increase in temporal resolution afforded by EPI was the foundation for fast imaging of brain activity associated with brain function and, although EPI is implementable in both SE and GRE pulse sequences, this discussion focuses on the GRE implementation used for fMRI.
	665BThe method of k-space filling is the differentiating factor responsible for speed in EPI acquisitions. EPI requires an unconventional Cartesian method whereby alternate lines are filled in opposing directions, requiring a 90° turn at the end of each completed line (Figure 2.11). This process requires the generation of a train of gradient echoes following each RF excitation pulse, typically produced by means of a bipolar oscillating readout gradient. Each echo in the echo train is differentially phase-encoded such that multiple lines of k-space are generated after a single RF pulse, each with a slightly different T2* weighting. In a single shot EPI sequence, the number of lines is dictated by the number of echoes in the train, known as the echo train length, and a wide receiver bandwidth is employed to minimise acquisition time for each echo (Bernstein et al., 2004; Huettel et al., 2004; McRobbie et al., 2017).
	8BFigure 2.3: Proton precession in an applied magnetic field 
	9BNote: Left - Schematic of participant in MRI system. Body radiofrequency transmitter (RF) coil represented in green. Head receiver RF coil used in fMRI not shown. Middle panel -  proton orientation at different phases of image acquisition. 1) Random orientation of proton outside of magnetic field. 2) Protons align longitudinally with magnetic field inside scanner, precessing at Larmor frequency. 3) Time-varying RF field generated by RF pulse at Larmor frequency flips protons into transverse plane. 4) Protons relax back to longitudinal plane (equilibrium) when RF pulse switched off.  Right – Schematic of proton precessing around direction of magnetic field. Adapted from (Kodaverdian, 2019).
	666B/
	667BThe novel k-space trajectory places significant demands on the gradient and reconstruction systems; both to enable the multiple changes in direction at the end of each k-space line and in accommodating the opposing acquisition direction of adjacent lines during reconstruction. Additionally, very strong readout gradients are required to facilitate wide receiver bandwidth imaging (Bernstein et al., 2004). As a result, image quality can be impacted, particularly due to artifacts such as Nyquist ghosting resulting from phase errors which appear in the phase encoding direction as ghost images shifted by half the field-of-view (McRobbie et al., 2017). Similarly, magnetic field inhomogeneity and susceptibility-related signal losses due to off-resonance effects can result in image distortion, which can be mitigated with the use of parallel imaging (Bernstein et al., 2004; Weiskopf et al., 2006). More recently, technological imaging acceleration advancements such as simultaneous multi-slice and parallel imaging techniques (see Section 2.2.2) that can be used in conjuction with EPI have led to even higher achievable temporal resolution and a reduction in image artifacts (Bollmann & Barth, 2021). 
	668BTechnical note: The 2D sequence used in this thesis work (previously optimised and currently implemented onsite) is T2*-W GRE-EPI.
	669BAlthough T2*-W GRE-EPI sequences are the sequence of choice at 3T, providing optimal BOLD contrast sensitivity and the required speed for fMRI data collection, there is broad consensus that the technique suffers from artifacts that are detrimental to data quality, in particular, susceptibility issues resulting in signal loss close to air/tissue interfaces (Glover, 2011; Soares et al., 2016). This is a particularly salient consideration in studies focusing on the amygdala, given its location in relation to the skull base (Merboldt et al., 2001). Researchers have proposed various alterations and modifications to acquisition techniques to counter these susceptibility issues, mainly involving more efficient alternatives to the rectangular Cartesian k-space trajectory used in GRE-EPI (McRobbie et al., 2017).
	670BA new method of alleviating signal dropout in the parietal and orbitofrontal brain regions caused by uneven dephasing at air-tissue boundaries at 3T was proposed by Glover and Law. Utilising two versions of this sequence with ‘spiral-in’ and ‘spiral-in/out’ k-space trajectories, they acquired images with VV of 70mm3, reporting overall increases in SNR and BOLD contrast and preservation of signal in those areas traditionally compromised by dephasing and signal loss in conventional EPI sequences (Glover & Law, 2001). Qin and colleagues, also using a version of the sequence described by Glover and Law (Glover & Law, 2001), investigated amygdala subregional structure and FC using rs-fMRI data with VV of 39mm3 acquired at 3T. They reported superior SNR and decreased susceptibility artifact in the temporal lobes compared with the conventional EPI k-space acquisition strategy (Qin et al., 2014). 
	671BFollowing the apparent success of the spiral-in/out approach, Jung and colleagues utilised a multi-shot interleaved variation of the technique to investigate its performance in acquiring high-resolution fMRI data at 3T, reporting VV as low as 2mm3 and 3.4mm3 for visual and memory tasks respectively. However, they noted trade-offs between spatial resolution, image artifacts and image blurring which required further work (Jung et al., 2013). Further disadvantages included very long reconstruction times and inability to utilise partial-Fourier and rectangular FOV techniques to decrease scan times due to the non-uniform k-space data sampling pattern. Additionally, although EPI can display geometric distortion and ghosting issues, spiral imaging suffers from twisting and intensity distortions caused by gradient deviations and attempts at improving reconstructed images introduced new artifacts (Block & Frahm, 2005). In summary, issues exacerbated by sensitivity to gradient imperfections and non-uniformity of the B0 field, as well as the heavy demands placed on system reconstruction have combined to rule out routine use of spiral sequences for fMRI (Bollmann & Barth, 2021; Kasper et al., 2020).
	672BThe quest for a technique capable of providing both increased temporal and spatial resolution imaging has led to the development of several 3D acquisition strategies, one of which is a version of the 2D sequence previously described. Rather than selectively exciting slices within the imaging volume, the 3D GRE-EPI technique involves exciting the entire imaging volume and employing a second phase encoding direction in which parallel imaging can also be enabled (Poser et al., 2010; van der Zwaag et al., 2012). This strategy provides a number of key advantages. Firstly, SNR (calculated by √Nslices) is substantially increased, predicated on the whole volume excitation effectively contributing an increased number of data points to the subsequent 3D Fourier reconstruction, meaning higher spatial resolution imaging, that is, significantly smaller VV, is achievable. Secondly, the k-space acquisition strategy allows undersampling in two planes, affording substantial increases in achievable temporal resolution (Poser et al., 2010). Compared to the 2D approach, significant reductions in RF power deposition are also achieved with the use of lower flip angles together with the 3D undersampling strategy which precludes the need for the simultaneous multi-slice technique (Bollmann & Barth, 2021; Le Ster et al., 2019; Poser et al., 2010). In essence, the 3D version has the potential to surpass the performance of an optimised 2D sequence in regions of high susceptibility such as the amygdala.
	10BFigure 2.4: Sequence of events from neuronal activity to BOLD imaging with fMRI 
	11BNote: Image adapted from (Bandettini, 2002).
	673BTechnical note: The 3D sequence used in this thesis work is a T2*-W 3D GRE-EPI Works-in-Progress sequence kindly provided by Siemens Healthineers, Erlangen, Germany.
	674BAs we have seen, the amygdala is a challenging region for fMRI data acquisition. It is very small, it is in an area prone to susceptibility-related signal loss, and it is composed of three heterogenous subregions with multiple connections to other brain regions. A fuller discussion of technical issues requiring consideration in building a protocol for fMRI studies of the amygdala, together with protocol recommendations, is located in the Discussion section of Chapter Three.
	675BDespite the focus on mental health research over the last several decades since the introduction of fMRI as an investigative tool, the fundamental neural mechanisms of depression remain poorly understood. Broad cohort heterogeneity, current methods of diagnosis based on symptom presentation, as well as data acquisition technique and paradigm-related variations are all acknowledged contributors to the modest rate of progress. Increased precision in both patient and therapy evaluations based on differential brain FC has been heralded as a way to move the field closer to the holy grail of biomarker identification (Grogans et al., 2022; Tura & Goya-Maldonado, 2023). The imaging work of Klein-Flugge and colleagues has demonstrated the benefits to neuropsychiatric clinicians of considering the amygdala not as a single structure, but on an individual subnuclei level by identifying FC alterations to accurately predict mental health dimensions such as life satisfaction, anger and sleep (Klein-Flügge et al., 2022). Volz and colleagues have noted the benefits of resolving issues of data quality by protocol optimisation at the data acquisition phase rather than through post-processing methods (Volz et al., 2019) whilst a recent discussion of the challenges around the utility of amygdala fMRI and inconsistency of study findings noted the importance of optimising scanning protocols in fMRI data acquisition of the amygdala (Varkevisser et al., 2024). 
	676BThe overarching aim of this thesis work is to further our understanding of the amygdala subregions and their functional connections in depression using high resolution fMRI. There is clearly a need for improved data quality to accurately identify those functional connections, which can conceivably lead to a better appreciation of the implications of aberrant connectivity. This chapter has focused on the methods available to interrogate the amygdala, justifying the selection of acquisition sequences, spatial resolution values, RF receiver coil, data analysis software and post-processing tools that are utilised for the studies reported in Chapters Four and Five. Chapter Four focuses on comparing Treatment-Resistant (TSD) and Treatment Sensitive (TSD) cohorts with healthy individuals using an optimised version of the conventional 2D version of the T2*-W GRE-EPI sequence, whilst Chapters Five and Six compare the capabilities of the 2D sequence and a novel 3D sequence in healthy individuals in two different scenarios, connectivity to resting state networks and connectivity to subcortical brain regions. Resting-state data is acquired on a 3T Prisma MRI system in conjunction with a 64-channel head and neck RF coil. Data are post-processed and analysed in CONN toolbox using subregional amygdala ROIs from the JuBrain (SPM) Anatomy Toolbox and Seed Based Connectivity measures are used for comparisons. 
	12BFigure 2.5: Representation of visual task-related BOLD time series with task overlaid in blue (left) and resting state BOLD time series (right) 
	13BNote:  Different scales on y-axis in left and right figures. Adapted from (Fox & Raichle, 2007). 
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	680BThis chapter is composed of two parts. The scoping review protocol, registered with the Open Science Framework and published on the medRxiv preprint server for Health Sciences, is located in Appendix C. The formal scoping review in the following pages was undertaken to provide a broad overview of current practices in relation to spatial resolution of fMRI acquisitions used in studies reporting on amygdala activation and functional connectivity at 3T.
	681BThe review identified considerable disparity in fMRI acquisition protocols across imaging sites, resulting in broad data heterogeneity, particularly in relation to studies focusing on the amygdala subregions. Of the 192 studies included, only 16% used high resolution data exclusively and almost 90% of studies reported findings relating to the amygdala as a single structure. To mitigate this issue, recommendations were made for optimization of sequences for imaging the amygdala and its subregions at 3T. Protocol optimization and harmonization across sites performing similar research studies was also recommended as a simple yet effective way to progress the field.
	682BThe formal scoping review in this chapter is published in the Journal of Magnetic Resonance Imaging.
	14BFigure 2.6: SNR variation with slice thickness in the amygdala and cortex
	15BFigure 2.7: Time series SNR values thresholded at a value of 50 overlaid on axial T1-W slices in the approximate region of the amygdala (outlined)
	16BFigure 2.8: Sagittal (left) and coronal (right) T1-W images depicting the size and location of the amygdala subregions (top row) and amygdala subnuclei (bottom row) 
	17BNote: Subregion key: Centromedial = red, Laterobasal = blue, Superficial = red. Subnuclei key: Lateral = light blue, Basal = red, Accessory basal = orange, Paralaminar = aqua, Cortico-Amygdaloid transition = dark blue, Cortical = yellow, Central = purple (Medial subnucleus and Anterior Amygdaloid Area not shown).
	18BFigure 2.9: Diagrammatic representation of various voxel volumes for comparison
	19BFigure 2.10: Differences between Repetition Time (TR) and Echo Time (TE) values resulting from pulse sequence design. 
	20BNote: Spin echo technique (left) requires two RF pulses whereas gradient echo technique (right) requires only a single pulse with a flip angle of less than 90°, resulting in shorter allowable TR and TE values (Campbell-Washburn, 2018).
	21BFigure 2.11: Diagrammatic representation of a single shot GRE-EPI pulse sequence (left) and corresponding Cartesian k-space trajectory (right). 
	22BNote: Figure adapted from (Kazan & Weiskopf, 2017).
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	The optimised sequence was deployed in these two depression cohorts to investigate whether FC alterations could distinguish between the two groups at a subregional amygdala level (rather than whole amygdala level, reported in almost 90% of the scoping review studies). This was the first published study to report FC differences between TRD and TSD using an optimised high resolution 2D version of a current 3T sequence, combined with a subregional analysis approach. The study also found that FC results differed when using a subregional versus whole amygdala approach, a finding about which there are only a handful of reports in the literature. With results showing that a subregional approach was more sensitive to FC alterations, this work has important implications for future studies of the amygdala.
	This chapter is published in the Journal of Affective Disorders Reports
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	Although higher SNR is an inherent feature of 7T MRI systems compared to 3T systems, lack of access to 7T means that most clinical research is performed at 3T. However, previous work at 7T has demonstrated the spatial resolution benefits of imaging the amygdala, providing evidence of the heterogenous structure and function of its nine component subnuclei.
	We have seen in previous chapters that much of the research done at 3T has reported findings based on the amygdala as a single structure. At 7T, it is possible to resolve the amygdala contributions at a subnuclei level with high resolution data with VV of 10mm3 and less; however, the available SNR at 3T has generally precluded the acquisition of data with equivalent levels of resolution. Consequently, the work in this chapter is based on the widely accepted collection of three subregions used in Chapter Four (Eickhoff et al., 2005). 
	This chapter reports a qualitative comparison referencing the findings of a study by Elvira and colleagues titled ‘Contributions of human amygdala nuclei to resting-state networks’ (Elvira et al., 2022). Their work used gold standard high resolution 7T fMRI data acquired as part of the Human Connectome Project to demonstrate amygdala co-activation at a subnuclei level with three of the primarily cortical resting state networks. The aim of the study comprising this chapter was to investigate the feasibility of using data acquired with an existing high resolution 2D sequence (used in Chapter Four) and a novel higher resolution 3D sequence, both optimised for 3T, to interrogate functional connections between the amygdala subregions and defined resting state networks-of-interest with primarily cortical connections. Findings from the 2D and 3D sequences are discussed in relation to how closely the connections mirror the subnuclei 7T findings of Elvira and colleagues, with the 2D results most closely matching 7T findings. 
	This chapter demonstrates the capability of optimised high resolution 2D fMRI protocols to resolve individual functional connections of the amygdala at a subregional level to resting state networks compared to results obtained at 7T, the gold standard. The results of the study in this chapter support the implementation of optimised high resolution 2D sequences into fMRI research protocols more broadly as a means of improving spatial accuracy of FC findings in relation to the amygdala and its subregions at 3T, the most widely available clinical research field strength.
	The currency of MR imaging is signal-to-noise ratio (SNR) which theoretically scales linearly with field strength. The introduction of high-field 7 Tesla (7T) MRI systems for clinical research has provided researchers with opportunities to make use of the concomitant SNR advantages in several ways, depending on the imaging technique of choice. For structural studies, increased SNR has facilitated the acquisition of data with sub-mm isotropic resolution and increased spatial location accuracy, allowing in-vivo identification of the amygdala subnuclei (Brown et al., 2020; Ghanem et al., 2024). For fMRI studies, increased spatial and/or temporal resolution is possible, depending on individual study requirements; for those investigating very small structures such as the amygdala, spatial resolution is typically prioritised (Geissberger et al., 2020; Zhang et al., 2018). A further advantage for fMRI studies at higher field strengths is that susceptibility effects are also increased resulting in increased BOLD sensitivity (Ladd et al., 2018; McRobbie et al., 2017) and this combination of superior spatial specificity and contrast-to-noise ratio (CNR) is attractive for neuroimaging research. 
	Paradoxically, however, increased susceptibility effects at 7T are also simultaneously disadvantageous in terms of localised signal loss (Olman et al., 2009). Further disadvantages to be considered are increased Radiofrequency (RF) power deposition, referred to as Specific Absorption Rate (SAR), reported in watts per kilogram. Since SAR is dependent on the square of the main magnetic field strength, an fMRI sequence scanned at 7T theoretically generates a SAR value around 5.4 times higher than the same sequence acquired at 3T (Balchandani & Naidich, 2015). Practically speaking, staying within regulated SAR limits may involve compromises in the imaging sequence such as acquisition of fewer slices for a reduced coverage or lengthening repetition times to allow tissue cooling (Ladd et al., 2018). An additional consideration is that physiological side effects of exposure to high magnetic fields have also been reported, manifesting as nausea, drowsiness and transient episodes of metallic taste sensations (Cavin et al., 2007).
	In relation to the amygdala, it is worth noting that terminology differences act as a confounder to literature searches. Some authors have used the term amygdala ‘subnuclei’ or ‘nuclei’ when referring to less granular ‘subregional’ parcellations in their fMRI studies at 3T (Engman et al., 2016; Hofmann & Straube, 2019; Rausch et al., 2016). Additionally, data from some 7T studies has been analysed at a subregional level rather than as an interrogation of the individual subnuclei, even with data at high spatial resolution levels of 1.3mm3 (Huggins et al., 2021), 1.5mm isotropic (Zhang et al., 2018) and 1.7mm isotropic (Solano-Castiella et al., 2011) that could potentially distinguish the subnuclei. Several other studies used high resolution data ranging from 1.5mm2 x 2mm (Geissberger et al., 2020; Pedersen et al., 2017) to 2mm isotropic (Ebneabbasi et al., 2021) to report findings on the amygdala as a single structure. Other studies have investigated amygdala activation by parcellating the amygdala into five (Robertson et al., 2022) and six subregions (Brown et al., 2020). Only two resting state studies were identified that parcellated the amygdala at the level of seven (Klein-Flügge et al., 2022) or more subnuclei, including the study that the work in this chapter references, which identified nine (Elvira et al., 2022) as depicted in Figure 5.1. It is noteworthy that both studies made use of the freely available high resolution 1.6mm3 isotropic Human Connectome Project data acquired at 7T (Van Essen et al., 2012) rather than study-specific data acquisitions.
	         /
	Figure 5.1:  Location of amygdala in medial temporal lobe (A & B). Location of nine subnuclei within amygdala (C & D).
	Note: Ce = Central; Me = Medial; AB = Accessory Basal; Ba = Basal; La = Lateral; PL = Paralaminar; AAA = Anterior Amygdaloid Area; Co = Cortical; CAT = CorticoAmygdaloid Transition (Elvira et al., 2022). 
	Olman and Yacoub have contended that spatial resolution of the selected fMRI sequence should be driven by the research question; that is, different spatial scales are required depending on the brain regions under examination (Olman & Yacoub, 2011). Standard resolution data, defined as VV of 20-50mm3 is adequate to examine varying neural responses in different regions of the cortex and can be acquired at 3T, whereas ultra-high resolution data (VV of 1mm3 or less) is required to resolve the function of cortical columns and hypercolumns (Chaimow et al., 2018; Hendriks et al., 2020; Olman & Yacoub, 2011; Platt et al., 2021). Situated between these two categories is data designated as high resolution with VV of 1-20mm3 (Olman & Yacoub, 2011). Data at this level of resolution is required to resolve neural signals in very close proximity to each other in cortical and subcortical regions (Olman & Yacoub, 2011) such as the amygdala (Geissberger et al., 2020; Sladky et al., 2018). 
	Continuous technological improvements in MRI scanner hardware and software have resulted in 3T systems that are now highly optimised to take advantage of available SNR for high resolution fMRI studies (Knudsen et al., 2023; Stirnberg et al., 2017). However, as outlined in the review in Chapter 3, many neuropsychiatric studies have relied on standard spatial resolution data which limits the ability to resolve fine-grained subregional activity (Bollmann & Barth, 2021; Foster et al., 2023). This approach is potentially hindering progress towards a more nuanced understanding of the individual roles of the subregions and their contributions to the heterogeneity and psychopathology of depression (Elliott et al., 2020; Li et al., 2021; Yatham, 2023).  
	Lack of access to 7T has meant that 3T is still the most commonly utilised field strength for clinical research. Although the concept of higher SNR at 7T is appealing, previous work has demonstrated the capability of 3T systems to provide sufficiently high levels of spatial resolution to image the amygdala at a subregional level (Balderston et al., 2015; Kwon et al., 2024; Labuschagne et al., 2024; Li et al., 2021). In the setting of limited access to 7T, as well as taking into account the associated safety issues (Okada et al., 2022) and increased susceptibility-related signal losses in the temporal lobes where the amygdala is located (Cramer et al., 2024; Ladd et al., 2018), 3T may be the preferred option. Implementation of optimised fMRI acquisition protocols at 3T may be an important step in expanding our knowledge of the functions of the individual subregions. Optimisation of spatial resolution is a simple yet effective method towards achieving this goal (Bandettini, 2001), and one that can be easily implemented in clinical research settings by a specialist MRI radiographer.
	SNR is defined as the ratio of global signal intensity to background noise and is typically measured on a single MR image as a method of assessing one aspect of image quality. Contributions to noise include thermal and physiological as well as scanner system elements. In fMRI, temporal or time-series SNR (tSNR) is measured by dividing the mean signal over the image volumes by the standard deviation along the time-series (Poser et al., 2010) and provides information on temporal noise properties that may affect the stability of SNR over the time-series (Murphy et al., 1993). It is not uncommon for both terms to be theoretically referred to as SNR in fMRI (Welvaert & Rosseel, 2013) but in practical terms, their values vary at different levels of spatial resolution due to mainly physiological noise contributions over time (Figure 5.2). 
	Accurate quantification of functional connectivity is dependent on adequate tSNR levels with which to spatially localise and measure low-frequency BOLD fluctuations (Golestani & Goodyear, 2011). Although the focus of this work is on spatial resolution and its relationship to tSNR, contrast-to-noise ratio (CNR) measures are also central to fMRI as the technique is reliant on BOLD contrast. CNR in resting state fMRI is a measure of the low frequency signal fluctuations compared to noise. Adequate CNR levels will ensure signals from different regions or voxels are distinguishable from each other and from the associated noise (Huettel et al., 2004; Narasimhan & Jacobs, 2002). As signal amplitudes are relatively low in resting state BOLD, tSNR and CNR levels are particularly sensitive to noise and increased levels of noise can negatively impact the accuracy of FC measures (Peer et al., 2016). The ideal imaging scenario in which tSNR and BOLD contrast are maximised whilst noise is minimised provides the best opportunity for optimal data acquisition and accurate FC measurements (Murphy et al., 2007; Welvaert & Rosseel, 2013). Although their results initially appear intuitively at odds, Bellgowan and colleagues have demonstrated that the use of smaller VV in the temporal lobes, the location of the amygdala and an area of high susceptibility, resulted in higher tSNR and CNR measurements. They attributed their findings to greater tissue homogeneity responsible for less intravoxel dephasing and signal loss (Bellgowan et al., 2006). Newton and colleagues also reported significant improvements in CNR with a higher spatial resolution acquisition technique, noting the significant contribution of reduced levels of partial volume averaging to the results (Newton et al., 2012).
	Intuitively, 7T is a superior option for imaging at high spatial resolution in general. However, its inherent disadvantages mean it may not always be the best option, depending on the study endpoint (Okada et al., 2022). Spatial resolution (VV in mm3) is a key parameter in protocol optimisation and, as we have seen, its selection should be based on the research question (Olman & Yacoub, 2011). Spatial resolution is intrinsically tied to SNR levels, as the two are directly proportional; thus, higher spatial resolution imaging requires smaller VVs which theoretically possess inherently lower SNR (Olman & Yacoub, 2011) as seen in Figure 5.2. In practice, however, when noise contributions are accounted for in time series data, tSNR values increase to a peak at smaller VV before plateauing, demonstrating that the use of larger VV add no further tSNR benefits whilst simultaneously reducing spatial resolution (Figure 5.2). As outlined in Chapter 2, the optimum slice thickness for functional imaging of the amygdala is 2 - 2.5mm3 resulting in an isotropic VV of 8 - 15.6mm3 (Robinson et al., 2004). Beyond this point there are marginal tSNR gains to be made (Figure 5.2 - right). As previously noted, smaller voxels reclaim SNR that may be lost due to phase error mismapping and partial voluming caused by tissue heterogeneity in larger voxels, both of which lead to increased noise levels, and this is more evident at increasing field strengths. As they are more likely to contain homogenous tissue, smaller voxels benefit from less intravoxel dephasing (Bandettini, 2002; Robinson et al., 2004) and they are also less likely to be affected by vascular signal from vessels such as the nearby basal vein of Rosenthal (Boubela et al., 2015).
	//
	Figure 5.2: SNR (left) and tSNR (right) as a function of voxel volume with 2D acquisition at field strengths of 1.5T, 3T and 7T. 
	Note: SNR (left) scales linearly with field strength whereas tSNR (right) demonstrates diminishing tSNR returns with larger voxel volumes (Triantafyllou et al., 2005).  
	Overall tSNR reductions resulting from susceptibility-related field distortion, signal loss (Olman et al., 2009; Yang et al., 2012) and noise are observable at all three field strengths as depicted in Figure 5.2, but these issues are exacerbated at 7T (Viessmann & Polimeni, 2021). A further complication of higher field strength imaging is wavelength variation. At 3T the RF transmission wavelength in tissue is approximately 26cm (Bernstein et al., 2006) but this value is significantly shorter at 7T, being 11-12cm. As a result, RF inhomogeneity due to nonuniform RF transmission across tissues, together with alterations in tissue properties, also contribute to lower achievable tSNR levels in practice (Erturk et al., 2019; Pohmann et al., 2016). This is reflected in the comparative SNR and tSNR values at a VV of 20mm3, the upper limit of high spatial resolution as previously defined. Interestingly, although 7T systems possesses over twice the theoretical SNR to 3T systems as seen in Figure 5.2 - left, at this level of spatial resolution the tSNR differential is significantly reduced, with a value of approximately 80 for 7T compared with 68 for 3T. Given the disadvantages of 7T related to physiological effects, RF wavelength tissue complications and increased SAR levels potentially limiting whole brain coverage required for resting state studies, 3T is potentially the more attractive option for functional connectivity studies probing the amygdala subregions. 
	The 2D T2*-W GRE-EPI sequence is considered the gold standard and is widely used in clinical and research settings (Bollmann & Barth, 2021; Foster et al., 2023). The 3D GRE-EPI version, typically not in use outside research settings, has been shown to have significant advantages over the 2D sequence, including greater sensitivity for functional connectivity measures as well as higher spatial resolution capabilities and the potential for shorter acquisition times and potentially smaller sample sizes. This is largely due to inherently higher SNR levels resulting from the different k-space acquisition strategy, and this is more evident in the centrally located deep grey matter structures (Lutti et al., 2013; Stirnberg et al., 2017; Tijssen et al., 2011). Additionally, extrapolation of findings from previous work at 7T indicates that reduced levels of thermal SNR may also contribute to the superior performance of 3D sequences at 3T (Lutti et al., 2013). Taking into consideration the potential SNR gains in subcortical structures and the requirement for higher spatial resolution imaging to resolve the functional connections of the individual amygdala subregions, an investigation into the utility of a 3D sequence was warranted. A fuller discussion of the technical considerations of the 2D and 3D sequence comparison is located in Appendix D.
	As noted, the optimum slice thickness to maximise SNR in fMRI investigations of the amygdala is between 2mm and 2.5mm (Robinson et al., 2004).  The slice thickness of the previously optimised 2D sequence used in this study was 2.5mm, resulting in a voxel volume (VV) of 15.6mm3. The 3D sequence, a works-in-progress sequence developed and provided by Siemens Healthineers (Erlangen, Germany), was optimised for this amygdala study; a slice thickness of 2mm provided a VV of 8mm3, just over half that of the 2D sequence. Both sequences benefited from the use of isotropic voxels which have been shown to increase signal sampling accuracy (Mulder et al., 2019; Smith et al., 2013).
	The primary aim of this pilot study was to assess the FC capabilities of two high-resolution GRE-EPI sequences, 2D (optimised in line with Chapter Three recommendations and also used in Chapter Four) and 3D, with different VV and acquisition strategies, optimised for use at 3T. The two sequences were assessed for their capability in identifying subregional amygdala functional connectivity with primarily cortical resting state networks. Results were compared to those reported by Elvira and colleagues (Elvira et al., 2022) who used a combination of 2D data and Independent Component Analysis, a data driven technique useful in exploratory settings when there are no a priori assumptions (Rosazza et al., 2012). They investigated the functional connectivity contributions of individual amygdala subnuclei to resting-state networks utilising Human Connectome Project (HCP) data (Van Essen et al., 2012) acquired with a 2D GRE-EPI sequence at 7T (Elvira et al., 2022). These authors identified FC contributions of nine amygdala subnuclei to three of the seven resting state networks identified by Yeo and colleagues (Yeo et al., 2011). These networks (hereafter referred to collectively as networks-of-interest) were the Default Mode, Somatomotor and Ventral Attention networks (Elvira et al., 2022). Resting state networks are referred to by an alternate nomenclature in the analysis software used in this study; however, for ease of comparison, the Yeo nomenclature used by Elvira et al.  is used in this work. Details of all Yeo and CONN toolbox nomenclatures are outlined in Table S1 in Appendix D. 
	For their 7T study, Elvira and colleagues parcellated the amygdala into nine subnuclei (Table 5.1) and reported individual subnuclei connections to the three networks-of-interest. They also calculated relative contributions of each of the subnuclei within the networks-of-interest. Table 5.1 lists the nine the individual subnuclei and their subregional groupings (CM, LB and SF). It also includes the individual subnuclei connections to networks-of-interest and rankings in order of contribution to each network-of-interest reported for each of the subnuclei in the 7T study. Although amygdala FC at a subnuclei level has been demonstrated using high quality, high resolution data with VV of 10mm3 and less at 7T, this has not been the case at 3T due to lower inherent SNR levels. Therefore, this study is based on the coarser parcellation of three subregions as previously defined (Eickhoff et al., 2005). The overarching aim of the study was to demonstrate that, in the absence of widespread access to gold standard 7T systems, researchers can use data from optimised 3T sequences to interrogate amygdala FC at a subregional level to primarily cortical resting state networks. 
	Table 5.1: Amygdala subregions used in 3T study; subnuclei used in 7T study; network-of-interest connections
	Note: Yeo nomenclature used by Elvira & colleagues. Numbers refer to order of relative contributions of amygdaloid subnuclei to that network-of-interest as reported in 7T study. For example, two subnuclei located in the Superficial (SF) subregion were the primary contributors of functional connections to all three networks. These were Cortical nucleus for Default Mode Network & Ventral Attention Networks and Corticoamygdaloid Transition area for Somatomotor Network (labelled 1) (Elvira et al., 2022).
	Ten healthy participants (5 males) aged 18 - 64 years (mean 35 years) took part in this pilot study. All participants were physically healthy and had no significant history of neurological disease, psychiatric disease, or head injury. Approval was obtained from Western Sydney Local Health District Ethics Committee and written informed consent was obtained from all participants. Imaging studies were undertaken at Westmead Hospital Radiology Department, Sydney, Australia.  
	All imaging data were acquired on a 3 Tesla Siemens Prisma MRI system in conjunction with VE11C software (Siemens Healthineers, Erlangen, Germany). A 64-channel head/neck array RF coil was employed for signal reception. Participants viewed a fixation cross projected onto a coil-mounted screen whilst two sequences of resting-state data (2D and 3D) were acquired. Participants were instructed to remain still and awake. Imaging parameters for the functional 2D T2*-weighted GRE-EPI sequence were as follows: Repetition time (TR) = 1500ms; Echo time (TE) = 33ms; Field-of-view (FOV) = 255mm; Matrix = 104 x 104; Flip angle (FA) = 85°; Phase encoding direction = A to P; Total acceleration = 6 (MB 3); 320 volumes ; 60 interleaved axial-oblique slices at 2.5mm thick (0mm gap) parallel to the AC-PC line were acquired covering the whole brain with a VV of 15.6mm3 in an acquisition time of 8 minutes 12 seconds. 
	Imaging parameters for the functional 3D T2*-weighted GRE-EPI sequence were as follows: Repetition time (TR) = 54ms (total = 2160ms); Echo time (TE) = 28ms; Field-of-view (FOV) = 224mm; Matrix = 112 x 112; Flip angle (FA) = 10°; Phase encoding direction = A to P; Total acceleration = 4; 220 volumes ; 80 ascending axial slices at 2mm thick (0mm gap) parallel to the AC-PC line were acquired covering the whole brain with a VV of 8mm3 in an acquisition time of 8 minutes 11 seconds.
	Both GRE-EPI sequences were tailored to result in equivalent acquisition times of just over 8 minutes by adjusting the total number of volumes. The total number of slices for each sequence was prefaced on the requirement for a whole number multiple of the slice acceleration factor of the individual sequence. Additionally, due to the location of the amygdala in an area known for increased magnetic susceptibility issues due to air/bone/tissue/interfaces, slice partial Fourier sampling was not engaged in the 3D sequence to avoid the potential for increased signal losses (Stirnberg et al., 2017). The main magnetic field was shimmed once automatically prior to the first GRE-EPI acquisition to reduce variability in field homogeneity between sequences.  
	A high-resolution structural 3D T1-weighted magnetisation-prepared gradient echo sequence was also acquired with imaging parameters as follows: Repetition time (TR) = 2400ms; Echo time (TE) = 2.21ms; Inversion Time (TI) = 900ms; Field-of-view (FOV) = 256mm; Matrix = 288 x 288; Flip angle (FA) = 8°; Phase encoding direction = A to P; Acceleration (GRAPPA) = 2 ; 192 sagittal slices at 0.9mm thick parallel to the interhemispheric fissure were acquired covering the whole brain with a VV of 0.7mm3 in an acquisition time of 6 minutes 23 seconds.
	Functional connectivity was assessed with a seed-based connectivity Region-of-Interest (ROI-to-ROI) method. Analyses were based on a priori selection of ROIs. Six amygdala subregional masks or ROIs were extracted from The JuBrain Anatomy Toolbox (Eickhoff et al., 2005). Left and right centromedial (CM), laterobasal (LB) and superficial (SF) ROIs were created using cytoarchitectonically-defined probabilistic maps from the JuBrain Cytoarchitectonic Atlas (Amunts et al., 2005) and imported into the CONN toolbox for analyses.
	Data analyses were performed using a combination of Matlab R2022b (The MathWorks Inc. Natick, Massachusetts), SPM12 (Wellcome Trust Centre for Neuroimaging, London, UK) and CONN functional connectivity toolbox v22b (http://www.nitrc.org/projects/conn/). Preprocessing of anatomical and functional images was performed using the CONN modular preprocessing pipeline (Nieto-Castanon, 2020b). Noting that spatial smoothing in ROI analyses has a negligible effect (Huettel et al., 2004) and is potentially detrimental for native high resolution data undergoing resting state analyses by reducing spatial specificity (Alakörkkö et al., 2017; Bollmann & Barth, 2021; Lindquist, 2008; Sladky et al., 2013) this step was removed from the preprocessing pipeline. Similarly, in line with findings showing that slice time correction is not required for high resolution data (Glasser et al., 2013; Wu et al., 2011) this step was also removed. The data underwent realignment, unwarping, co-registration and resampling for motion correction, and magnetic susceptibility interactions and a BOLD reference image was created for each subject. Data were then segmented into grey matter, white matter and cerebrospinal fluid and then normalised into standard Montreal Neurological Institute space. Functional data were denoised using a standard pipeline including regression of potential confounders (CompCor) from white matter, CSF and motion parameters (Nieto-Castanon, 2020a), followed by bandpass filtering (0.01-0.1 Hz). Data was assessed for head motion using the Assessment of Repetitive Tasks (ART)-based scrubbing technique in CONN, with outliers being defined as having greater than 0.9mm framewise displacement. No participants were excluded based on less than 5% scans deemed as outliers. 
	ROI to ROI analyses were undertaken separately for the 2D and 3D sequences to characterise FC strengths between the six seed ROIs and the target network ROIs. As the study aim was to identify the presence of functional connections between a prescribed set of ROIs as per Elvira et al, a one sample t-test was used to test each individual subregional amygdala ROI seed (left and right LB, CM and SF) for significant correlations with each of the network ROIs (targets) in CONN using a Fisher-transformed bivariate correlation coefficient using a General Linear Model and calculated from the BOLD signal time series for each ROI pair. The target ROIs comprised the individual regions of each resting state network in CONN, including the networks-of-interest. Due to the small sample size in this pilot study, the results did not survive correction for multiple comparisons at a significance threshold of p<0.05 after controlling for false discovery rate; consequently, results displayed in Table 5.2 were thresholded at an uncorrected p < 0.05. Functional connectivity results of both sequences were collated for comparison.
	The ROI-to-ROI analysis for the 2D sequence identified connections to all three networks-of-interest from five of the six subregions. In total, ten separate subregional connections to the three networks-of-interest were identified. For the Default Mode Network, four connections were identified: namely, with the right and left CM, left LB and left SF. For the Somatomotor network, two separate connections to the left LB were identified, potentially arising separately from the AB and Ba subnuclei. For the Ventral Attention network, four connections were also identified; with the left CM, right and left SF and left LB. Whilst Elvira and colleagues reported connections between this network and subnuclei in the CM and SF, their findings for the Ventral Attention network did not include any individual subnuclei that form the LB subregion.
	The ROI-to-ROI analysis for the 3D sequence identified overall fewer connections, with only two between networks-of-interest and subregions. One connection was identified between the Ventral Attention network and right SF, the only finding in alignment with those of Elvira and colleagues. A second connection between the Somatomotor network and left CM was also identified; however, Elvira and colleagues did not report a connection between this network and any subnuclei in the CM, but rather to those subnuclei located in the LB and SF subregions. No Default Mode network connections were identified using the 3D sequence.
	Functional connectivity results for network-of interest to amygdala subregions for 2D and 3D sequences are shown in Table 5.2 and Figure 5.3. Results for connections to other networks are shown in Appendix D (Table S3 for the 2D sequence and Table S4 for the 3D sequence). See Table S2 in Appendix D for comparison of Yeo and CONN network region nomenclature.
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	Figure 5.3: Amygdala subregional functional connectivity in healthy controls: 2D > 3D
	Subregional amygdala regions-of-interest demonstrating stronger functional connections to other brain regions in 2D sequence (at left) compared to 3D sequence (at right). Neurological image orientation shown with left hemisphere on left and frontal lobes at the top. 
	CM = centromedial (red); LB = laterobasal (blue); SF = superficial (green); L RPFC = Left Rostral Prefrontal Cortex (yellow); L & R LAT SM = Left and right lateral sensorimotor (orange); PCC = Posterior Cingulate Cortex (purple); SUP SM = Superior Sensorimotor (dark green); Whole amygdala region (aqua ellipse).
	Table 5.2: Resting-State Functional Connectivity results between networks-of-interest and amygdala subregions for 2D and 3D sequences
	Results common to Elvira et al. (subnuclei level)
	Note: 7T findings of Elvira et al. shown for comparison (Elvira et al., 2022). 
	Results did not survive multiple comparisons at PFDR<0.05; shown at p-uncorrected < 0.05 
	^   indicates same network connection in both 2D and 3D sequences
	+  indicates positive correlation with network region
	* indicates subregions containing subnuclei connected with network-of-interest in this study that replicate findings of Elvira et al.
	#  indicates subregions containing subnuclei connected with network-of-interest in this study that differ from findings of Elvira et al.
	This study investigated the capability of two high resolution fMRI sequences optimised for use at 3T to identify functional connections between the amygdala subregions (CM, LB and SF) and resting state networks-of-interest, Default Mode, Ventral Attention and Somatomotor. FC results were compared to findings reported at 7T by Elvira and colleagues, who explored FC of nine amygdala subnuclei to networks-of-interest using a combination of 2D data and Independent Component Analysis, a data driven technique useful in exploratory settings when there are no a priori assumptions (Rosazza et al., 2012). The main findings of the study were that the performance of the 2D sequence was superior to that of the 3D sequence in identifying subregional amygdala connections to networks-of-interest. Whilst the 3D sequence identified only two subregional connections to network-of-interests, the 2D sequence identified ten separate connections from the three networks-of-interest to five of the six amygdala subregions. In comparison, the 7T study identified 14 connections between the networks-of-interest and eight of the nine amygdala subnuclei. 
	In considering the performance of the 2D 3T sequence in this pilot study compared to the results reported at 7T, it is noteworthy that the findings of Elvira and colleagues were identified using high resolution data (VV 4.1mm3) acquired at 7T as part of the Human Connectome Project (Van Essen et al., 2012). Additionally, their analysis was performed using two 16-minute resting state data acquisitions per participant (Elvira et al., 2022) whereas the data acquired in this 3T study comprised of one 8-minute resting state acquisition per sequence with VV of 8mm3 (3D) and 15.6mm3 (2D). In such a setting, it may seem surprising that the findings of the 2D 3T sequence were relatively favourable in comparison to the 7T findings. Signal averaging by acquiring multiple volumes of data over longer acquisition times, in one or more runs, is a commonly used method of increasing SNR; however, previous work has shown that there is minimal benefit derived in using acquisition times of longer than six minutes to investigate FC strength of resting state networks including the Default Mode Network (Van Dijk et al., 2010). 
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	Resting state network nomenclature according to Yeo (left), CONN toolbox (centre). CONN toolbox network target regions (right) as shown in Results in Appendix D - Tables S3 and S4.
	^ denotes network-of-interest
	* denotes variation in network names between the two naming schemes
	Although the focus of this work was on three networks-of-interest, results for connections to three other networks, Frontoparietal, Dorsal Attention and Visual, were also identified and recorded. For the 2D sequence, connections between regions of the Frontoparietal network and all six subregions were identified, with three connections from two subregions, the right LB and right SF, reaching significance at p-FDR < 0.05 despite the small sample size. Connections between the Dorsal Attention network and right SF, and between the Visual network and right CM were also identified. In total, 19 individual connections between these three other resting state networks and all six subregions were identified (Table S3).
	For the 3D sequence, connections between regions of the Frontoparietal network and five of the six subregions were identified. Two connections between the Visual network and the right CM were identified, as well as six connections between the Dorsal Attention network and both right and left CM, and right and left SF. One result, Dorsal Attention Network to left CM, reached significance at p-FDR < 0.05 despite the small sample size. In total, 16 individual connections between the three other resting state networks and five of the six subregions were identified (Table S4).
	Table S3: Resting-State ROI to ROI Functional Connectivity results for 2D sequence between amygdala subregions and other networks
	See Table S2 in Appendix D for network region nomenclature
	^   indicates same network connection with both 2D and 3D sequences
	*   indicates significant result corrected for multiple comparisons at p-FDR < 0.05
	Table S4: Resting-State ROI to ROI Functional Connectivity results for 3D sequence between amygdala subregions and other network regions
	 See Table S2 in Appendix D for network region nomenclature
	^   indicates same network connection with both 2D and 3D sequences
	*  indicates significant result at p-FDR < 0.05
	Technical Considerations - 2D versus 3D sequences
	A significant theoretical benefit of the 3D strategy is its inherently high temporal resolution which can potentially be converted into either shorter TRs to achieve more volume measurements or overall reduced acquisition times or, alternatively, higher spatial resolution whilst keeping the same TR (Poser et al., 2010). The latter option is a primary advantage of the 3D technique as, in practical terms, increased temporal resolution allows whole brain coverage with high through-plane resolution. As temporal and spatial resolution have an inverse relationship, high resolution 2D studies may require strategically selected coverage, depending on both the study primary end point and concomitant through-plane resolution requirements. In order to capture thin slices of the target area within a reasonable TR period, coverage may be limited, precluding subsequent evaluation of whole brain connectivity. Additionally, tissue contrast variations can be exacerbated due to slice profile imperfections that more commonly affect 2D acquisitions with thinner slices (Afacan et al., 2012). The single phase encoding direction and multiband acceleration required to achieve shorter TRs in the 2D sequence are replaced by a second phase encoding direction, effectively a slice encoding direction in the 3D sequence, which has the added SNR bonus of exciting the whole brain volume in one TR period, thereby negating slice profile issues (Afacan et al., 2012; Poser et al., 2010) .
	A crucial element of its superior temporal resolution is the construction of the pulse sequence timing elements of the 3D sequence. Suppression or removal of fat signal is a requirement for fMRI studies due to the potential for lipid artifacts to degrade image quality (Seginer et al., 2021); however, the two different methods used accrue appreciably different time penalties. The 2D sequence relies on the Chemical Shift Selective technique which requires a separate RF pulse at the beginning of every TR period to selectively excite the fat protons, followed by a crusher gradient pulse to eliminate their signal contribution (Stirnberg et al., 2016). Aside from the SAR implications of multiple additional RF pulses, this combination can effectively occupy up to 20% of the TR period, during which no data acquisition occurs. The 3D sequence in this study has a different strategy to remove the fat signal; a rapid narrowband water excitation scheme employs a binomial 1 2 1 pulse triplet that selectively excites the water protons without the requirement for subsequent fat proton dephasing, resulting in less than 10% of the TR period being unavailable for data acquisition. Aside from SAR reductions and time savings, a further advantage over the 2D sequence is that SNR is not lost through the application of multiple fat suppression pulses (Stirnberg et al., 2017). If required, use of a faster bipolar 1 1 water excitation pulse can further reduce TR and subsequent acquisition time with an added benefit of allowing shorter echo times; however, the trade-off is increased likelihood of suboptimal fat suppression at either end of the imaging volume (Siemens Healthineers Applications guide, WIP #1043A_v3).
	Both sequences in this study also benefited from the use of acceleration to improve temporal resolution. The total acceleration factor for the 3D sequence was four compared with six for the 2D sequence. 2D acceleration was achieved using a combination of two methods: parallel imaging (acceleration factor of 2) and multiband or simultaneous multislice technique (acceleration factor of 3). The parallel imaging technique undersamples k-space in the phase encoding direction, and the time saving is predicated on the acceleration factor R; for example, in the case of R = 2, the scan time is effectively halved. However, the penalty is a reduction in SNR proportional to the square root of the acceleration factor multiplied by the geometry factor and can be calculated using the equation below where SNRPI equates to the SNR of the image acquired with parallel imaging, SNR0 is the SNR of the image had it been acquired without parallel imaging, g is the g-factor or coil geometry factor and R is the acceleration factor.  
	SNRPI = SNR0
	                          g√R
	The g-factor or noise amplification factor is spatially variant and determined by the coil geometry and sensitivity profiles of the receiver coil used for signal reception as well as the aliasing patterns in the resultant images (Breuer et al., 2009; Robson et al., 2008). G-factor noise enhancement is typically seen centrally in images where the likelihood of pixels aliasing together is higher (Figure S1), most notably in the setting of highly accelerated sequences (Todd et al., 2017). 
	              /    /
	Figure S 1: Thermal noise and g-factor effects on SNR
	Left: Low SNR reconstructed image (R=4); Right: g-factor map. Note low SNR area centrally on left (white arrow) in region of multiple overlapping pixels corresponding to higher g-factor regions. Adapted from (Cummings et al., 2022).
	The g-factor also comes into play in terms of thermal noise contributions attributed to the subject in the scanner and the associated MR system electronics. Higher levels of parallel imaging tend to increase g-factor values and amplify thermal noise contributions, the value of which is dependent on field strength, TR and VV, with contributions greater at lower field strengths, shorter TR values and smaller VV (Triantafyllou et al., 2005; Vizioli et al., 2021). Extrapolations from data acquired at 7T have demonstrated that imaging with a high spatial resolution 3D GRE-EPI sequence at 3T has the potential for increased efficiency due to reductions in the thermal noise contribution, resulting in higher tSNR (Lutti et al., 2013). Several studies have reported higher tSNR values in 3D sequences compared to 2D sequences due to lower g-factor values associated with less acceleration (Lutti et al., 2013; Stirnberg et al., 2017) as well as the potential to share k-space undersampling between two phase encoding directions (Poser et al., 2010).
	The second method of acceleration in the 2D sequence, the use of a multiband pulse to excite several slices simultaneously, allows an effective decrease in the TR value required to achieve thin slice whole brain coverage. Although the multiband technique does not inherently incur a SNR penalty, if the TR value is lower than the T1 of the tissues being imaged, SNR is effectively reduced as the tissues may not recover optimum levels of longitudinal magnetisation, resulting in a steady state with lower SNR and potentially altered tissue contrast (Barth et al., 2016; Setsompop et al., 2012). Reconstruction artifacts such as residual aliasing and Nyquist-like ghosting from eddy currents generated by the rapidly switching gradients can also result from multiband use, especially at higher factors (Barth et al., 2016).
	The inherently higher temporal resolution achieved by the 3D acquisition strategy precludes the need for excessive k-space undersampling which can notionally be performed in two planes as a means of acceleration to shorten the overall acquisition time. Although theoretically more time-efficient, the 3D acquisition strategy is more susceptible to motion than the 2D strategy due to the requirement for longer signal sampling times, that is, for a volume versus slice sampling; thus, the potential for greater motion effects in 3D acquisitions (Poser et al., 2010). Previous work has identified 3D sequences as being particularly susceptible to physiological motion, predominantly cardiac pulsations but also respiration, with increased potential for artifact generation due to motion and flow sensitivity (Afacan et al., 2012; Klein-Flügge et al., 2022; Tijssen et al., 2011).
	 In this setting, image acceleration in the form of parallel imaging can effectively decrease the 3D volume TR, a method that has been shown to reduce the impact of cardiac and respiratory physiological effects that manifest as signal fluctuations in the low frequency range (Stirnberg et al., 2017). Aliasing issues can arise at traditional TR values of around 3 seconds, as the sampling rate is too low to adequately differentiate these low frequency signals from the resting-state signals typically seen at < 0.1 Hz. A combination of shorter TR, noise regression and low-pass filtering can account for these unwanted signals (Narsude et al., 2016). Interestingly, in comparison to 2D data, physiological noise correction has been shown to enhance 3D data preferentially by increasing tSNR levels, with one study reporting higher FC values in the Default Mode, Motor and Visual networks with a 3D sequence (Stirnberg et al., 2017) and another reporting marked improvements in detection of six resting-state networks following physiological noise correction even at a relatively long TR of 3180ms (Narsude et al., 2016). In a comparison with a 2D GRE-EPI sequence with 1.5mm isotropic voxels, one study reported tSNR gains of more than 30% when using a 3D sequence combined with physiological noise correction during analysis (Lutti et al., 2013).                          
	The 3D GRE-EPI sequence, a works-in-progress sequence provided by Siemens Healthineers (Erlangen, Germany) for the purposes of this study, was a segmented (multi-shot) sequence with “controlled aliasing in parallel imaging results in higher acceleration” or CAIPIRINHA acceleration (a 3D acceleration factor of 4 and a factor of one in the phase encoding direction for a total acceleration of 4) and a reordering shift of 2. CAIPIRINHA blipped and segmented sampling patterns similar to that used in this sequence have been shown to achieve reductions in g-factor over conventional sampling patterns (Setsompop et al., 2012). The total or volume TR (2160ms) is calculated by the product of the number of partitions (40), the number of shots per partition (1), and the per-shot TR (54ms). As the overarching purpose of this study was to investigate high spatial resolution capabilities, the 3D sequence was tailored towards smaller VVs at the expense of temporal resolution for whole brain coverage; therefore, phase and slice Fourier reduction, another form of k-space undersampling designed to increase acquisition speed, were not employed. If necessary, further temporal resolution gains can be made in 3D acquisition strategies by employing variable echo train lengths, using an elliptical k-space mask and skipping acquisition of data points external to the mask (Stirnberg et al., 2014). In the setting of increased temporal performance of the 3D sequence, this may be an appealing option for studies wishing to maintain statistical power whilst reducing scan time, thus providing an opportunity for reductions in imaging costs or, alternatively, increases in cohort size.
	Both versions of the GRE-EPI sequence in this study are considered high resolution with voxel volumes of 20mm3 or less (Olman & Yacoub, 2011). The VV of the 2D sequence was almost twice that of the 3D sequence, therefore, with all other parameters being equal, SNR and tSNR levels are theoretically higher for the 2D sequence as shown in Chapter Five. Further, the volume TR was longer in the 3D sequence than the 2D sequence which had been previously optimised for clinical research. In practical terms, this resulted in fewer volumes acquired for the 3D sequence than the 2D sequence to obtain the same total acquisition time of just over 8 minutes. Theoretically, increased signal averaging also benefits tSNR levels in the 2D sequence. Nevertheless, the volume excitation technique coupled with 3D Fourier encoding strategy has been shown to provide relatively large tSNR gains over the 2D slice-by-slice acquisition method (Graedel et al., 2017). Previous work has shown that a similar 3D sequence to that used in this study outperformed its 2D counterpart in terms of tSNR, most notably in the centrally located white matter of the brain. They also reported increases of 1.5 times the tSNR levels in subcortical regions including the thalamus, caudate, putamen, hippocampus and amygdala, with the authors attributing these findings to several technical factors; a lower g-factor resulting from lower acceleration requirements, variations in T1 contrast generated by the different acquisition strategies and the implementation of physiological noise correction (Stirnberg et al., 2017). 
	Notwithstanding the potential for inaccuracy due to the differing VV and acquisition strategies in the 2D and 3D sequences used in this small pilot study, a rudimentary comparison revealed approximately 2.6 times more tSNR centrally in the approximate location of the amygdala in the 3D sequence compared to the 2D sequence, albeit the 3D VV was approximately half that of the 2D sequence. This result requires cautious interpretation for several reasons. Firstly, the simple method of tSNR calculation utilising ImageJ software (Schneider et al., 2012) lacked precision, favouring the 3D acquisition. Due to inherent differences in pixel sizes (in-plane resolution) the elliptical ROI used in the 3D calculation was slightly larger than that used in the 2D sequence (96mm2 vs 84mm2). Additionally, as the ROI was positioned very close to the skull base in order to replicate tSNR values in the actual amygdala location, the larger voxels of the 2D sequence may have suffered a greater degree of intra-voxel dephasing due to the heterogeneity of tissue types, such as air and bone, thereby reducing the detectable tSNR levels. However, the approximate figures produced by these basic calculations may potentially be a closer representation of the actual values than those calculated by averaging results across a range of subcortical regions. Structures such as the thalamus, caudate and putamen are more ideally located in terms of being less prone to susceptibility artifacts, resulting in more homogeneous voxels that should theoretically result in increased tSNR. Examples of ROI positions for tSNR calculations are located in Appendix D. 
	The temporal lobes, the location of the amygdala, are especially affected by physiological noise during data acquisition due to inherently longer signal sampling times (Klein-Flügge et al., 2022; Poser et al., 2010). As individual physiological noise regression was unable to be performed during data analysis, the anatomical component-based noise correction procedure (aCompCor) (Behzadi et al., 2007), part of the CONN default denoising pipeline that accounts for confounding noise components from white matter and cerebrospinal fluid, was used for noise correction in both 2D and 3D analyses. As there are multiple reports of superior findings using a 3D sequence combined with individual physiological data correction (Lutti et al., 2013; Reynaud et al., 2017; Stirnberg et al., 2017), it is reasonable to assume that the 3D sequence used in the present study may have underperformed in its absence. In fact, Klein-Flugge and colleagues investigated tSNR levels following data analysis with and without individual physiological noise correction in the amygdala and subsequently reported significant tSNR increases, noting that subcortical brain regions benefited most from this method of motion correction (Figure S2) (Klein-Flügge et al., 2022).
	                        /
	Figure S 2: Increases in tSNR in amygdala with physiological noise correction
	Increases in tSNR in amygdala (amyg) relative to a baseline of no physiological noise correction (none), respiratory (resp), respiratory + respiratory volume (respRVT), cardiac (card) and a combination of all three (PNM). Adapted from (Klein-Flügge et al., 2022).
	2D and 3D Study Results Variability Related to Technical Considerations
	In relation to the work in this thesis, the variability in findings can be attributed to several technical factors. Firstly, making direct comparisons between the two sequences is problematic. As noted, the spatial resolution, although considered high for both these sequences acquired in the brain, was quite different. Secondly, the repetition times of the two sequences differed; ideally, the repetition times (TR) should be matched for sequence comparison. In our case, the TR of the 2D sequence was 1.5 seconds whereas the TR for the 3D sequence was 2.16 seconds. Maximal cardiorespiratory aliasing in central brain regions occurs at TR values of between 1 and 2 seconds, and this has been reported to affect data quality; hence, the TR value of the 2D sequence is a potential explanation for its poorer performance in the study in Chapter Six.
	Additionally, as also noted, the alternate k-space acquisition strategy of the 3D sequence gives it a competitive SNR advantage over the 2D sequence, especially in deep central subcortical brain regions. This drives the potential for even smaller voxels, noting that the spatial resolution of the 3D sequence was approximately twice as high as that of the 2D sequence; that is, the voxel volumes were approximately half (at 8mm3). This is likely responsible for the superior performance of the 3D sequence as discussed in Chapter Six.
	It was interesting to note that the 2D outperformed the 3D in the study in Chapter Five, and this result was attributed to the longer echo time of the sequence optimised for cortical (rather than subcortical) connectivity. The TE of the 2D sequence was longer than that of the 3D sequence (33 milliseconds versus 28 milliseconds), reflecting its traditional role in investigating mainly cortical activation and connectivity. Echo times are optimal when maximum BOLD contrast is achieved, and this relates to differences in T2* signal decay and varies with field strength (Puckett et al., 2018). At 3T, selecting a TE value for fMRI data acquisition involves compromise between BOLD sensitivity and SNR loss; longer TE values can result in greater signal dephasing and lower SNR. Values between 30 and 35ms are typically used for 2D investigation of cortical activation and connectivity at 3T (Kang et al., 2023).
	However, as the 3D sequence was optimised for interrogating the amygdala, a subcortical structure, its TE value was shorter at 28 ms. Previous studies have shown that some subcortical regions possess higher iron concentrations than cortical regions, manifesting as shorter T2* values. Similarly, these regions are affected by increased susceptibility issues due to their location adjacent to the skull base. Use of shorter echo times can counter the reduction in SNR that accompanies shorter T2* values, thus optimising BOLD sensitivity in these subcortical regions (Miletić et al. 2020).
	Signal-to-noise ratio (SNR) and Mean Pixel Value (MPV) information – 2D vs 3D
	Measurements of SNR across the time series (tSNR) for all ten participants were obtained in central and peripheral locations via ROI placement in the same position for all participants. For central SNR measurements, the first ROI was positioned over the region of the right amygdala whilst the second was located outside the image in the top corner of the field-of-view on the same side. See Figure S3 for examples of amygdala ROI placement for 2D and 3D sequences for central SNR measurements. For the peripheral SNR measurements, the first ROI was positioned in the right occipital region and the second was located outside the image as previously described. See Figure S4 for example of occipital ROI placement for peripheral SNR measurement and Figure S5 for examples of all ROI placements. 
	Measurements were obtained by dividing the mean signal firstly in the central amygdala ROI by the standard deviation of the noise within the second ROI using a correction factor of 1.53 to account for the non-Gaussian Rayleigh distribution of noise. This process was repeated using the second peripheral ROI. Due to different acquisition strategies resulting in different levels of spatial resolution, the ROI sizes differed. For the 2D sequence the elliptical ROI measured six pixels by three pixels and for the 3D sequence the ROI measured seven pixels by four pixels. The circular background ROIs had a diameter of 15 pixels for both datasets. The software used was ImageJ version 1.52c and data were analysed in Microsoft Excel.
	Two outliers were noted in the central and peripheral SNR results. Datasets 2 and 3 recorded notably higher SNR levels than the other eight datasets. This was attributed to a radiofrequency coil element failure in the right anterior region of the head coil, which resulted in lower levels of noise in the area outside the field-of-view where the background ROI was positioned. This was confirmed during the regular weekly coil quality control check implemented at our site. Figures S6 and S7 represent SNR differences between the two sequences after excluding the two outliers.  
	   /
	Figure S 3: ROI placements for central (amygdala) SNR and MPV calculations
	Left: 2D sequence. Right: 3D sequence.
	/          /
	Figures S4 & S5: Examples of ROI placements for all SNR and MPV calculations
	S4 (left): peripheral and S5 (right) all three ROI locations including background ROI
	Figure S6: Central SNR values averaged over 8 datasets – 2D vs 3D
	/
	Note: Outliers excluded. Average SNR of 3D sequence up to 2.6 times higher centrally despite VV half that of 2D sequence. See technical discussion in Appendix D
	Figure S7: Peripheral SNR values averaged over 8 datasets – 2D vs 3D
	/
	Note: Outliers excluded. Average SNR of 3D sequence up to 1.9 times higher peripherally despite VV half that of 2D sequence. See technical discussion in Appendix D
	Mean Pixel Values (MPV) provide a measure of the mean signal intensity for each image in the time series. For MRI, the mean signal intensity is the average signal of the voxels in the region averaged over the time series. The MPVs within the ROIs as demonstrated in Figures S8 (central) and S9 (peripheral) show that, although the 3D VV is approximately only half that of the 2D VV, its average MPV across all datasets approaches 90% of the 2D values centrally and 67% of the 2D values peripherally. The benefits of smaller voxels in terms of improved signal due to fewer signal losses associated with larger voxels is discussed in Chapter Two.
	Figure S8: Central Mean Pixel Values – 2D vs 3D
	/
	Figure S9: Peripheral Mean Pixel Values – 2D vs 3D
	/
	Note: Values representative of amount of signal per voxel measured over all images in the time series 
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