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Abstract

The hippocampal formation is often investigated for its role in memory within the context of
healthy development, aging, and numerous neuropsychiatric disorders. Projections from within
the hippocampal formation form collections of thin white matter tracts (alveus and fimbria)
leading out of the medial temporal lobe via the fornix. These fiber bundles then project to the
mammillary bodies, forming the outputs of the human memory circuit. In contrast to the
anatomy of the hippocampal formation, volumetric analysis of these white matter structures has
received significantly less attention. Therefore, a robust and reliable anatomically detailed
protocol was created for their manual segmentation using high-resolution magnetic resonance
images (MRI). Segmentations were also designed for compatibility with a previous hippocampal
subfield segmentation protocol derived from our group. Application of segmentations as inputs
for an automatic segmentation pipeline was then assessed and confirmed using a strict validation
procedure. The validated algorithm was used to segment MRI images from two populations: a
healthy aging cohort (OASIS), as and an Alzheimer’s disease (AD)/Mild Cognitive Impairment
(MCI) cohort (ADNI) to analyze the architecture of both the subfields and the white matter.
Significant decreases in bilateral fornix volume were observed to occur over the course of
healthy aging, along with significant increases in volume of the bilateral alveus and CA1
subregions. Similar to these aging results, significant decreases were observed for both the
fimbriae and fornices when comparing controls to the AD cohort. Contrary to results obtained
for healthy aging, significant decreases were also observed in the CA1, CA4/DG, subiculum and

SLRM. The MCI cohort demonstrated similar volumetric decreases when compared to controls.



No significant differences were present between AD and MCI cohorts. The observed and
contrasting results obtained for the alveus and CA1 regions may suggest a neuroprotective or

compensatory role for these structures in healthy aging.
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Abstract

La formation hippocampique est souvent étudié¢e pour son rdle dans la mémoire dans le contexte
développemental, du vieillissement, et dans de nombreux troubles neuropsychiatriques. Les
projections émanant de l'intérieur de la formation hippocampique forment de groupes de minces
faisceaux de matiere blanche (alveus et fimbria) sortant du lobe temporal médian via le fornix.
Ces faisceaux de fibres projettent alors vers les corps mamillaires, formant les sorties du circuit
de la mémoire chez ’Homme. Comparativement a l'anatomie de la formation hippocampique,
I'analyse volumétrique de ces structures de matiere blanche a regu bien peu d'attention. Par
conséquent, un protocole robuste et fiable détaillé anatomiquement a été créé, pour la
segmentation manuelle de ces régions; en utilisant des images de résonance magnétique a haute
résolution (IRM). Les critéres de segmentations ont ¢galement été congus de sorte a étre
compatibles avec un précédent protocole provenant de notre groupe; permettant la segmentation
des sous-régions de 1’hippocampe. L’application de ces critéres de segmentations pour une
utilisation en segmentation automatique a par la suite été évaluée et confirmée en utilisant une
procédure de validation stricte. L’algorithme de segmentation validé a ensuite été utilisé pour
segmenter les images d’IRM pour deux populations: une cohorte vieillissant en bonne santé
(OASIS), ainsi que les groupes atteints de la maladie d'Alzheimer (AD) / ou de déficience
cognitive légere (MCI) au sein de la cohorte ADNI, afin d’étudier I’architecture des sous-régions
de I’hippocampe ainsi que de la matie¢re blanche associée. Au cours du vieillissement en bonne
santé, des diminutions bilatérales significatives du volume du fornix ont été observées,
accompagnées bilatéralement d’une augmentation significative du volume de 1’alveus et de la

sous-régions CA1l. De méme, des diminutions significatives ont été observées pour les deux

vii



fimbria et fornix lorsque 1'on compare les contrdles a la cohorte AD; mais contrairement aux
résultats obtenus pour le vieillissement en santé¢, des diminutions significatives ont également été
observées dans le CA1, CA4 / DG, subiculum et SLRM. La cohorte MCI a démontré des
diminutions volumétriques similaires par rapport aux témoins. Aucunes différences significatives
n'a été observées entre les groupes AD et MCI. Les résultats contrastants observés obtenus pour
les régions de ’alveus et CA1 peuvent suggérer un role neuroprotecteur ou compensatoire pour

ces structures dans le vieillissement sain.
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Chapter 1: Introduction

To date, magnetic resonance imaging (MRI) remains one of the most popular neuroimaging
techniques for the investigation of human brain structure. MRI is particularly valued for its
ability to produce detailed in vivo images of the human brain with minimal risk and invasiveness.
This has allowed for the study of both brain structure and function and has fostered entirely new
fields of study, including the volumetric study of brain regions via manual segmentation of MRI
images. Recent advancements in MRI methodology have increased not only the quality of
images, but have also made MRI an attractive neuroimaging technique for the imaging of large
populations and datasets. Specific advancements in image acquisition and processing, as well as
the use of high-field and high-resolution MRI, allow for in vivo imaging at a previously
unprecedented level of detail and also within more manageable time constraints. These
advancements have now allowed for the volumetric investigation of structures that previously

could not be studied in vivo.

Such recent MRI advancements have placed increased focus on the investigation of the human
hippocampus, particularly due to its unique anatomy. The hippocampus is composed of
subfields that previously could only be studied via post-mortem histology and dissection.
However, using novel MRI techniques, the subfields of the hippocampus are not only accessible
in vivo, but can be investigated within the context of many forms of brain dysfunction. In fact,
the investigation of the hippocampus as a whole has already occurred within the context of
schizophrenia (Arnold et al., 2015; Haukvik et al., 2015), depression (Treadway et al., 2015;
Videbech & Ravnkilde, 2015), and drug addiction (Castilla-Ortega et al., 2016; J. Xu et al.,
2014). Despite this, the hippocampus is most known for its involvement in memory, as it was
first documented in the case of patient H.M. who suffered from global amnesia following a
bilateral medial temporal lobectomy. This procedure involved excision of over two thirds of the
hippocampi (Scoville, 1954). It is from this case study that much research has focused on, and
solidified the importance of the hippocampus as a brain structure implicated in both healthy and
pathological aging in the form of dementias and, more, specifically, in the context of

Alzheimer’s disease.



It is estimated that the number of Canadians living with the most common form of dementia,
Alzheimer’s disease (AD), will grow to 1.4 million by 2031 (Van Hoesen & Pandya, 1975a).

AD is marked by a slow decline in cognitive abilities beginning with memory impairments and is
often preceded by a milder form of cognitive decline termed Mild Cognitive Impairment (MCI)
(Morris et al., 2001; Petersen et al., 1999). AD and MCI pose a serious risk to the Canadian
healthcare system, especially given that little is known about the cause of the disease and also
that viable or efficient treatments do not yet exist (Ostbye & Crosse, 1994; Wimo, Winblad, &
Jonsson, 2007). Therefore, much research has focused on understanding the progression of
neurodegenerative processes that may lead to disease onset and further investigation of novel

biomarkers that can be used to better understand disease progression and treatment response.

In light of the MRI advancements described above, the investigation of the hippocampus and its
intricate subfields has occurred within the context of healthy (La Joie et al., 2010; Mueller &
Weiner, 2009; Mueller et al., 2007; Voineskos et al., 2015) and pathological aging (Apostolova
& Thompson, 2008; Chételat et al., 2008; Frisoni, Ganzola, Canu, Riib, Pizzini, Alessandrini,
Zoccatelli, Beltramello, Caltagirone, & Thompson, 2008a). However, it is important to note that
the hippocampus represents only one component of the entire memory circuit. Specifically,
sensory areas of the brain project to key cortices of the medial temporal lobe and serve as inputs
to the hippocampus itself (Amaral & Lavenex, 2007; Duvernoy, Cattin, & Risold, 2013).
Projections from within the hippocampus form collections of thin white matter tracts that
eventually lead out of the medial temporal lobe. In contrast to the hippocampus, in vivo
volumetric MRI of extra-hippocampal white matter structures have received significantly less
attention. Given the lack of previous anatomical investigation of such structures, a robust and
reliable anatomically detailed protocol for manual segmentation is needed. In this way, such
methodology would allow for the volumetric assessment of these components of the memory

circuit, thereby exploring their role in healthy and pathological aging.

In addition to this, while automated segmentation techniques for the hippocampus have been
made available (Iglesias et al., 2015; Pipitone et al., 2014; Van Leemput et al., 2009;
Yushkevich, Pluta, et al., 2015b; Yushkevich et al., 2010), similar methodology does not yet

exist for white matter regions of the memory circuit. The implementation of such automated



techniques for extra-hippocampal white matter areas is needed to allow for investigations of the
hippocampal-related memory structures at the circuit level and for the rapid and efficient

segmentation of large datasets in the context of different disease and/or other populations.

The over-arching motivation for the present work rests on first understanding the differences
between healthy and pathological aging, with specific focus on AD and MCI. By investigating
differences in disease pathology and identifying key anatomical areas of interest, the
identification of biomarkers for diagnosis or areas suitable for target-treatment options may be
possible. Secondly, an additional motivating factor is to contribute to the field of MRI
volumetry by developing, validating, and making available new methodologies for the manual

and automatic volumetry of memory circuit-related brain regions.

The present thesis has three main goals: given the absence of a viable segmentation protocol for
the extra-hippocampal white matter, the first objective is to create a complete, detailed, and
reliable segmentation procedure adhering to the true anatomy of the white matter output regions
of the hippocampus. The resulting segmentation protocol maps the complete anterior—posterior
extent of all white matter structures using high-resolution MRI-data, and would be tailored to fit
with our previously published protocol for the segmentation of hippocampal subfields
(Winterburn et al., 2013). In this way, a complete atlas of all hippocampal subfields and outputs
of the memory circuit can be created. The second objective is to evaluate the possibility of
automatically labeling the white matter structures on standard MRI data using a framework
previously used for the labeling the hippocampal subfields (Chakravarty et al., 2013; Pipitone et
al., 2014). The third objective is to characterize the volume of the hippocampal subfields and
white matter structures through the course of healthy and pathological aging using the newly
derived white matter atlas and existing hippocampal subfield atlas as inputs for automated
segmentation. This was done using two different publically available datasets. First, the OASIS
dataset (Marcus et al., 2007) was used to investigate the normative trends of hippocampus and
white matter substructures throughout the course of healthy aging. The same was completed for
patients suffering from AD or MCI using data from the Alzheimer’s Neurolmaging Initiative
(ADNI; Mueller, Weiner, Thal, Petersen, Jack, Jagust, Trojanowski, Toga, & Beckett, 2005a;
2005b).



Taken together, the methods and results presented in this thesis will not only help to further
elucidate the differences between healthy and pathological aging, but may also lead to the
identification of novel biomarkers for disease risk or treatment-targets. In addition, the present
study will also contribute to the development of novel methodologies for the assessment of
structures comprising the memory circuit, which can later be used in the context of other

diseases, populations, or large datasets.



Chapter 2: Literature Review

The following section provides a review of the background literature related to the work in the
present thesis. This includes: the anatomy of the medial temporal lobes (including the
hippocampus, white matter and its circuitry), imaging methods regarding structural MRI,
segmentation techniques for structures in the medial temporal lobes, and relevant background

information concerning pathological and healthy aging.

2.1 The Medial Temporal Lobes

Along the medial bank of the temporal lobes lie a collective group of structures that are known to
be critical for proper memory function (Squire, Stark, & Clark, 2004). Known as the Medial
Temporal Lobe (or Mesial Temporal Lobe by some; MTL), the structures collectively forming
this area are highly interconnected and form what is known as the ‘memory circuit’. These
structures include the MTL cortices, the hippocampus and its subfields, as well as the extra-
hippocampal white matter tracts that emanate from within the hippocampus itself. While it is
understood that the memory circuit can also include areas of the thalamus, basal forebrain, and
higher cortical regions (Zillmer, Spiers, & Culbertson, 2007), the aforementioned regions are
considered to be the key regions of the human memory circuit. Specifically, they can be thought
of as a circuit by way of their anatomical interconnectivity and together compose three
dynamically connected components: a set of input structures, a central-processing hub, and a set

of output structures.

2.1.1 History of Study and Involvement in Memory Functions

That we know of, the earliest documented evidence suggesting the involvement of MTL regions
in memory function transpired nearly a century ago by way of a clinical case study of an amnesic
patient (Bechterew, 1900). Following the death and brain resection of a 60 year old male patient
who suffered from over 20 years of memory impairments, neuropathological findings identified

significant bilateral atrophy to key areas of the bilateral MTL, including the hippocampus and



the surrounding MTL cortices. This marked the first ever-recorded suggestion that MTL regions

are critically involved in some aspect of memory function.

Nearly 50 years later, a similar clinical case was observed in a patient who suffered from
vascular infarcts following an insulin coma that implicated structures in the MTL region directly
(Griinthal, 1947). Focal damage to the hippocampus and cortices left the patient with severe
intellectual deficiencies, including severe anterograde and retrograde amnesia. In the following
years, a similar clinical case of MTL damage was also presented in a vascular dementia patient

and resulted in the same outcome of severe memory impairments (Glees & Griffith, 1952).

However, it was not until the 1950s that the MTL region (and most notably the hippocampus)
became a primary focus of memory study in humans due to the bilateral medial temporal
lobectomy of patient H.M. whom suffered from persistent epileptic seizures originating from
these areas (Scoville, 1954). In what is now considered an accidental human lesion study,
patient H.M. suffered from serious impairments in the ability to form new memories following
the resection of parts of the bilateral MTL, resulting in the first documented direct evidence
indicating that the MTL was vital for memory function. In addition, for the first time, formal and
clinical assessment of the extent of memory impairments was well documented and evaluated
(Milner, 1972; Scoville & Milner, 1957). The study and characterization of H.M.’s impairments
has since continued for over 30 years and provided integral evidence of the involvement of the

hippocampus in memory function (Corkin, 1984).

Since these initial discoveries, an overwhelming amount of neuroscientific research now focuses
primarily on the investigation of the hippocampus, which constitutes only part of the human
memory circuit within the MTL. With the improvement of novel MRI acquisition and analysis
methods, the anatomy, structure, and function of the hippocampus and MTL structures have now
occurred within the context of health and disease. In particular, neuroimaging advancements in
MRI have allowed for both structural and functional (fMRI) investigation in order to better
understand the components of the memory circuit. While the functions of MTL regions still

remain a source of extensive investigation, the anatomy of MTL regions are well documented.



2.1.2 Anatomy and Circuitry of MTL Regions

The human MTL encompasses the most medial elaborations of the temporal cortex and its
associated neighboring structures (Amaral & Lavenex, 2007; Duvernoy et al., 2013; Insausti et
al., 1998). The input structures of the MTL memory circuit include cortical grey matter regions
of the neocortex, which are comprised of the perirhinal cortex, entorhinal cortex and
parahippocampal cortex. The hippocampus is considered the central processing hub of the
circuit and contains subfields that are cytoarchitecturally distinct from one another. Finally, the
output structures include the surrounding extra-hippocampal white matter of the alveus and
fimbria, as well as the fornix, which leads out of the MTL. Over the years many in-depth
anatomical and histological investigations have been completed in order to fully understand and
dissociate the different regions of the MTL, many of which are now established as gold-standard
anatomical atlases (Amaral & Lavenex, 2007; Duvernoy et al., 2013; Mai, Majtanik, & Paxinos,

2015).

2.1.2.1 MTL Cortices

The MTL cortices occur along the ventral aspect of the brain and extend in the anterior-to-
posterior direction, primarily along the parahippocampal gyrus (Insausti et al., 1998; see Figure
1). The perirhinal cortex (PRC) is composed of Broadmann areas 35 and 36 and occurs in
anterior sections of the parahippocampal gyrus. In contrast, the parahippocampal cortex (PHC)
occupies more posterior sections. However, a significant portion of the parahippocampal gyrus
is defined as the entorhinal cortex (ERC; Broadmann area 28), which borders the medial PRC
and occurs in slightly more posterior sections of the PRC (Amaral, Insausti, & Cowan, 1987).
The ERC is a 6-layered cortex and remains poorly demarcated. Despite this, it has been shown
to extend into more anterior regions such as the uncus, yet its posterior border remains

ambiguous and innately more variable (Duvernoy et al., 2013; Insausti et al., 1998).

The MTL cortices serve as the primary input structures of the memory circuit and receive vast
projections from various sensory cortical areas. Specifically, the PRC and PHC first receive

information from unimodal and polymodal association cortices originating from the temporal,



parietal, and frontal lobes (Jones & Powell, 2016; Van Hoesen & Pandya, 1975b; 1975¢; Van
Hoesen, Pandya, & Butters, 1975). The respective sensory pathways to the PRC and PHC are
distinct. In particular, the PRC receives input from both unimodal visual association areas and
inferior temporal areas and is thought to mediate object-centered identification and processing
(Suzuki & Amaral, 1994). Directly opposite to this the PHC receives visiospatial information
from the posterior occipital cortex, superior temporal areas, as well as the posterior parietal
cortex (Suzuki & Amaral, 1994; Tranel, Brady, Van Hoesen, & Damasio, 1988). Situated
between the hippocampus and adjacent MTL cortices, the ERC receives afferent connections
from both the PRC and PHC and reroutes information to the hippocampus (Amaral & Lavenex,

2007; Duvernoy et al., 2013).



Tl S —

Fornix [l ca1 SLRM Parasubiculum [l PHC
Fimbria Ca2 & Ca3 B subiculum PRC S = Superior
Alveus Dentate Gyrus Presubiculum ERC L = Left

Figure 1. Anatomy of MTL cortices and hippocampal subfields. Rows A-G depict
coronal sections of T1 and T2-weighted images. An additional column includes
representative  MTL structure delineations throughout T2-weighted images.



Adjacent 3D renderings depict the level at which each coronal slice occurs within
the sagittal length of the MTL (red line). Row H provides representative 3D
reconstruction of MTL cortices, MTL cortices + hippocampus, and MTL cortices +
hippocampus + extra-hippocampal white matter. Image adapted from (Amaral,
Winterburn, Pruessner, & Chakravarty, 2015).

2.1.2.2 Hippocampus

The hippocampus occurs bilaterally in the MTL and consists of a coiled elaboration of the
cerebral cortex extending medially (and slightly superiorly) in the anterior-posterior direction
(Amaral & Lavenex, 2007; see Figure 1). Sitting along the floor of the lateral ventricles, the
grey matter of the hippocampus is inferiorly bordered by the MTL cortices and superiorly bound
by the extra-hippocampal white matter sitting directly atop the hippocampus itself. While the
hippocampus contains cytoarchitectonically distinct subfields, anatomical naming conventions
exist to identify and refer to its gross structurally distinct sections. These divisions include the
hippocampal head, body, and tail, and are commonly used throughout literature (Duvernoy et al.,
2013; Mai et al., 2015; Malykhin, Lebel, Coupland, Wilman, & Carter, 2010; Pruessner, Li,
Serles, Pruessner, Collins, Kabani, Lupien, & Evans, 2000a). The hippocampal head is a larger
elaboration of folded cortex, which additionally re-folds upon itself laterally and posteriorly in
the axial plane to resemble that of a ‘J’ shape. The head region contains multiple undulations
and sits inferior to the amygdala. In more posterior sections, the hippocampal head forms the
uncus region, and it is only when the uncus disappears that the body of the hippocampus is
reached. The hippocampal body makes up a significant portion of volume as it forms the bulk of
the anterior to posterior extension. Cross-sectionally it is reminiscent of a C-shape and without
any undulations present, demarcation and identification of the different subfields and layers of
the hippocampus is less difficult. In more posterior regions, the body of the hippocampus rises
superiorly and elongates medially (i.e. flattens) towards the midline. This terminating region is

termed the tail of the hippocampus.

2.1.2.2.1 Layers and Subfields

The hippocampus is composed of two distinct lamina: the Cornu Ammonis and the Gyrus
Dentatus (Duvernoy et al., 2013). The lamina of the Gyrus Dentatus (or dentate gyrus; DG) is

completely enveloped by the Cornu Ammonis and is composed of three layers: the strata
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granulosum, strata moleculare, and the polymorphic layer. The strata granulosum is the main
layer and contains the soma of granular neurons. The strata moleculare contains axonal fibers of
the perforant pathway of the hippocampus while the polymorphic layer contains axons of the

granular neurons of the strata granulosum.

On the other hand, the lamina of the Cornu Ammonis can be divided into 6 distinct layers: the
alveus, the stratum oriens, stratum pyramidale, stratum radiatum, stratum lacunosum, and
stratum moleculare. The alveus covers the superior surface the hippocampus and contains the
main efferent fibers emanating from within the hippocampus. The stratum oriens blends with the
stratum pyramidale and is mainly composed of basket cells and axonal fibers reaching the

alveus. The stratum pyramidale is the main layer of the Cornu Ammonis and contains the
pyramidal neurons of the hippocampus. The stratum radiatum houses the dendrites of the
pyramidal cells while the stratum lacunosum is composed mainly of the white matter tracts of the
perforant pathway. The stratum moleculare contains interneruons as well as the dendrites of the

pyramidal neurons of the stratum pyramidale.

Neuroanatomically, the hippocampus can be further subdivided into several subfields with
intricate morphologies and complex synaptic connections working together to create the
processing hub of the memory circuit (Amaral & Lavenex, 2007). The majority of these
subfields are composed of the different regions of the Conu Ammonis. Of all molecular layers
of the Cornu Ammonis, the stratum pyramidale is the largest and can be described as having four
cytoarchitecturally distinct subfields: Cornu Ammonis (CA) 1, 2, 3, and 4 (de N6, 1934). The
CA1 subregion is a continuation of the subiculum and contains triangular pyramidal neurons.
Being the largest subfield, the CA1 extends along the full anterior to posterior extent of the
hippocampus, occurring more superior in the hippocampal head and moving more
superiolaterally along the body of the hippocampus. The CA2 region is composed of dense,
large, ovoid soma and follows the same confirmation as the CA1 but is much narrower (Braak,
2012). The CA3 region is composed of scattered pyramidal neurons and axonal fibers.
Continuing adjacent to the CA2 region, in the body of the hippocampus it corresponds to the
most medial region of cortex that borders the lamina of the DG. The CA4 subfield contains large,

scattered, ovoid soma and extends into the cavity of the DG. There is significant debate over the

11



existence of the CA4, as some believe that it may in fact represent a deep polymorphic layer of

the DG (Amaral, 1978; Blackstad, 1956; Mai et al., 2015).

Separate from the Cornu Ammonis, the subicular region forms part of the parahippocampal
gyrus and is also considered to be a subfield of the hippocampus given its connection to the CA1
region (Williams, Bannister, Berry, & Collins, 1995). Composed of four different sections (the
prosubiculum, subiculum proper, presubiculum and the parasubiculum) the subiculum forms the
medial continuation of either the PRC, ERC, or PHC, depending on the anterior to posterior
position. In the hippocampal head, the subiculum proper occurs inferior to the CA1 subfield,
forming the floor of the hippocampus. Throughout its anterior to posterior extension, the
subiculum proper moves medially and extends further along the parahippocmpal gyrus. The
subiculum proper is superiorly bound by the prosubiculum which borders the CA1 region and is
inferiorly bound by the presubiculum, followed by the parasubiculum. The presubiculum and
parasubiculum border the surrounding inferior MTL cortices and are not necessarily considered

to be subfields of the hippocampus per se (Amaral, Insausti, & Cowan, 1984; Braak, 2012).

Although terminology varies across authors, the most consistently recognized subfields that
together define the term ‘hippocampal formation’ (HF) include: the subiculum proper, CA1,
CA2, CA3, CA4, and the DG (Duvernoy et al., 2013; Konrad et al., 2009). Although some
include the presubiculum, parasubiculum and entorhinal cortex in the definition of the HF
(Andersen, 2007; Witter, 2007), the present thesis will refer to the aforementioned subfields as
the anatomical definition of the HF, as opposed to using the more ambiguous title of

‘hippocampus’.

2.1.2.2.2 Circuitry

It is known that the HF constitutes two main pathways: the polysynaptic pathway and the direct
pathway (See Duvernoy et al., 2013 for review). The polysynaptic pathway originates in the
ERC (Amaral and Insausti, 1990) and perforates the subiculum in order to synapse on the DG.
From here, axons from the DG then synapse on those present in the CA4 and CA3. Axons then

project to the CA1 followed by subiculum before leaving the HF via the alveus. On the other
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hand, the direct intrahippocampal pathway simply connects the ERC to the CA1. Axons then
synapse in the subiculum and back down to the ERC (Du et al., 1993; MacLean, 1992).

In addition, controversy exits surrounding the presence of a third hippocampal pathway.
Although its existence has been the subject of debate in humans, the alvear pathway first
described by Cajal (1911) has been shown to exist in rodents (Deller, Adelmann, Nitsch, &
Frotscher, 1996). Since axonal projections in the alvear pathway are first thought to travel
through the alveus to reach the CA1 as opposed to perforating the subiculum as in the perforant

pathway, it is considered to be a unique pathway (Mizutani & Kasahara, 1995).

2.1.3 Extra-Hippocampal White Matter

Along its entire anterior-to-posterior axis, the HF is enveloped by white matter (WM) protruding
from within the HF. These myelinated fibers represent the main outputs of the HF from the
polysynaptic and direct pathways, and are composed of the lamina of the alveus, fimbria and
fornix. These WM structures contour the trajectory of the HF through the MTL until they
aggregate near the HF tail and curve superiorly and anteriorly to project to the mammillary

bodies.

The alveus covers the majority of the anterior portion of HF head. While it is considered to be a
layer of the lamina of the Cornu Ammonis, its composition consists solely of axons emanating
from the CA regions and is considered WM, and not part of the HF itself. The alveus also
extends along the length of the HF, and sits atop the ventricular surface of the HF. Fibers of the
alveus coalesce medially to give rise to a concentrated fiber bundle; the fimbria. The fimbria
appears along the medial edge of the HF and is considerably larger than the alveus. Moving
posteriorly, the fimbria then transitions into the crux of the fornix, at which point the WM tracts
of the fornix curve vertically and anteriorly continuing through the midline of the brain. As
axons of the fornicies travel through the center of the lateral ventricles, both fornicies (left and
right) merge to form the body of the fornix. Finally, in its anterior extreme, both fornicies
separate and descend to meet the mammillary bodies. Projections then reach the anterior nuclei

of the thalamus via the mammillary bodies prior to their ascent into higher cortical regions.
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2.2 Structural MRI

MRI is a medical imaging technique that takes advantage of the physical properties of the human
body, high-field strength magnets, and the application of spatial magnetic field gradients in order
to recover radio frequency wave energy that can be exploited to image the human body
(Elmaoglu & Celik, 2011). An MRI scanner consists of a powerful magnet and a radio wave
antenna that is used to send and receive such signals from the body. These received radio-

frequency (RF) signals are then converted to images by a computer.

While MRI does not involve the use of radioactive compounds and is safe for humans, its value
as a neuroimaging technique may be particularly attributed to its long list of capabilities
(Elmaoglu & Celik, 2011). Namely, MRI can be used to investigate both structure and function
using structural MRI or functional MRI (fMRI) respectively. In addition, MRI allows for the
capture of images in all three planes (x, y, and z), therefore allowing for three-dimensional (3D)
visualization of images with high spatial and/or temporal resolution. Since the present thesis
involves the use of structural MRI, background with respect to this modality will be covered in

the following sections.

2.2.1 MRI Physics and Acquisition

MRI takes advantage of the natural properties of atoms with on odd number of protons (e.g.
hydrogen), which naturally precess around the axis of the atom (Nishimura, 1996). Hydrogen
atoms are present throughout the human body in water molecules and vary in concentration
based on tissue type. For example, fatty tissues maintain more water molecules and therefore
increased numbers of hydrogen atoms. The main magnetic field within the long axis of the MRI
scanner establishes a constant static magnetic field (measured in Tesla; T). Once an individual is
placed within the scanner, hydrogen protons precess around the direction of the magnetic field.
A radio frequency pulse can then be emitted and is specifically tuned to the frequency to which
the hydrogen atoms precess (Elmaoglu & Celik, 2011). This causes some of the hydrogen

protons to fall out of alignment with the static magnetic field and they are tipped towards the
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transverse plan using a specified flip angle (e.g.: 90° would tip the main magnetization vector
directly into the plane perpendicular to the static magnetic field). This places these protons in a
high-energy state. As the energy from the radio frequency pulse is dissipated, the hydrogen
atoms relax back into alignment with the static magnetic field, a process described as relaxation.
While undergoing relaxation back to the original state, protons emit a signal which is measured
by a receiving coil (Nishimura, 1996). Using spatial magnetic field gradients, this signal is then

interpreted based in its spatial information and its frequency content in order to produce images.

Signal during the relaxation process is collected in K-space, a matrix where each point
corresponds to a particular spatial frequency (Nishimura, 1996). This signal is first collected as a
function of time and is converted to a function of frequency via Fourier transformation. Outer
areas of this matrix correspond to high frequencies, while center areas are of lower frequencies.
Each line of the K-space matrix is created in the time between the initial application of one RF
pulse and the next, and is based on the strength of two gradients. The first gradient occurs in the
x direction (frequency-encoding) and the second in the y direction (phase encoding). Once the
K-space matrix is completed, each point corresponding to a spatial frequency is transformed via
Fourier transformation in the x and y directions to create an image that shows the MR signal at

each point.

The magnetic field strength generated by the MRI scanner is dependent on the strength of the
magnet. Most common MRI machines maintain 1-3T magnets (Baudendistel, Heverhagen, &
Knopp, 2004; Takahashi, Uematsu, & Hatabu, 2003), however, more higher-field magnets do
exist and range from 4-11.4T (Kraff, Fischer, Nagel, Monninghoff, & Ladd, 2015; Kuchling et
al., 2014), although these magnets are somewhat less common and often require specialized
expertise for acquisition and processing. While magnets at higher field strengths increase the
signal to noise ratio and are able to provide high-resolution and —contrast images, imaging
artifacts are more prevalent (i.e. increased inhomogeneity of the main field and the RF transmit
field) along with a rise in the specific absorption rate (van der Kolk, Hendrikse, Zwanenburg,

Visser, & Luijten, 2013).
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2.2.2 Sequences

Based on the specific sequence and parameters used, MRI is capable of delivering images with
varying contrasts that reflect the properties of different tissue types at differing resolutions. MRI
pulse sequences involve configuration and the pre-programing of changing gradients and
radiofrequency pulses. Namely, a pulse sequence involves the modulation of multiple scanning
parameters including time to echo (TE), time to repetition (TR), field of view, and matrix size
(among others). While many different types of pulse sequences exist the most common are spin
echo sequences, which can be T1-weighted or T2-weighted and result in images with different

properties.

2.2.2.1 T1-Weighted Images

In T1-weighted imaging, hydrogen protons are aligned in the static field and are tipped into the
transverse (i.e. perpendicular) plane by a radiofrequency pulse. As described above, following
the radiofrequency pulse protons realign to the static magnetic field. It is the emission of energy
associated with this realignment that is measured in T1-weighted imaging (Figure 2, left).
However, not all protons realign within the same time frame. Regions high in lipids tend to
realign quickly, therefore producing a higher signal (e.g. WM areas like the fornix).
Consequently these regions appear bright in the final image (Nishimura, 1996). In contrast to
this, water maintains a dark appearance as it exhibits a slower realignment (e.g. cerebrospinal
fluid of the lateral ventricles appear dark). T1-weighted images typically involve having a short
TE and TR times. The TE is the time in milliseconds between the application of the RF pulse
and the peak of the echo signal (Elmaoglu & Celik, 2011). The TR is the time between the

initial application of one RF pulse and the next.

2.2.2.2 T2-Weighted Images

At the same time that hydrogen atoms aligned in the transverse plane undergo realignment to the

static magnetic field, proton spins are decaying from their aligned precession in the transverse

plane. The differences in this decay are captured in T2-weighted imaging (Figure 2, right). The
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amount of decay is dependent on the tissue type, but areas high in fat and fluid appear bright.

T2-weigthed images are normally acquired by having long TE and TR values.
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Figure 2. Graph of magnetization as a function of time. Left: Shows graph of recovery of
magnetization with growth of T1. Right: Graph of magnetization with decay rate of T2. Image
source: Hashemi, Bradley, & Lisanti (2010).

2.2.2.3 Gradient Echo Sequences

Gradient echo sequences use gradient fields to generate the transverse magnetization (Elmaoglu
& Celik, 2011). In addition, gradient echo sequences also use flip angles of less than 90°. A flip
angle is the amount of rotation the net magnetization exhibits following a radiofrequency pulse
(Nishimura, 1996). A key advantage of these sequences is that they are more versatile and

provide better contrast between the white and grey matter of the brain.

2.2.3 High-Resolution MRI

Improving the spatial resolution in MRI data is critical to the success of much of the present
work and helps define the clarity with which different structures can be visualized. In MRI,
image resolution is defined by the size of voxels (Nishimura, 1996). Similar to pixels, voxels are
3D cubic structures of image space and maintain specific sizes for each direction (i.e. X, y, and
z). Together, all voxels of an MRI image compose the entire 3D image. Voxel size itself
depends on the field of view, matrix size, as well as the image slice thickness. The matrix size is
the number of frequency encoding steps in one direction as well as the number of phase encoding
steps in the other plane (Elmaoglu & Celik, 2011). The field of view is simply the size of the
area covered by the matrix. Modulations of these parameters are capable of modifying the size

and resolution of MRI images.
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Most MRI imaging is often completed at lower, more standard image resolutions (i.e. Imm
isotropic images). Many investigators choose to use such lower-resolution images since
acquisition times are not only faster, but file sizes are also more manageable. However, in order
to achieve the fine level of detail necessary to investigate detailed neuroanatomy, an increasing
amount of studies employ high resolution imaging with voxel sizes well below the standard.
While an exact definition of what constitutes an image as being of high-resolution does not exist,
it is generally accepted that in-plane voxel sizes for high-resolution images are between 0.7-
0.1mm. It is important to note that high-resolution images can be isotropic or anisotropic. Since
isotropic sequences increase scanning times significantly, anisotropic sequences sacrifice spatial

detail in one image plane (e.g. y) for the high-resolution acquisition in-plane (e.g. X, z).

2.2.4 Image Preprocessing

Once MRI image acquisition has been completed several preprocessing steps are typically taken
to minimize the impact of image artifacts on subsequent analysis steps. While many different
preprocessing steps can be performed on images, the most common (and used in the thesis

herein) are bias field correction and brain extraction.

2.2.4.1 Bias Field Correction

The bias field leads to intensity inhomogeneity throughout the image. The field itself is a low
frequency and spatially varying MRI artifact. This causes smooth spatially-dependent signal
intensity variation within and is due to the spatial inhomogeneity of the magnetic field during
scanning, variations in the receiving coil, as well as the interaction of the human body with the
magnetic field (Despotovi¢, Goossens, & Philips, 2015). A number of methods have been
derived to circumvent bias field inhomogeneities including the use of low-pass filtering (Cohen,
DuBois, & Zeineh, 2000), minimizing the image entropy (Vovk, Pernus, & Likar, 2007), fitting
the histogram of the local neighborhood intensities to the global histogram of the image itself
(Shattuck, Sandor-Leahy, Schaper, Rottenberg, & Leahy, 2001), maximizing the high frequency
content of the image (Sled, Zijdenbos, & Evans, 1998), and also by creating a registered template

image (Lewis & Fox, 2004). While many automatic alternatives exist, the N3 (nonparametric
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nonuniformity normalization) correction algorithm (Sled et al., 1998; Zheng, Chee, &
Zagorodnov, 2009), which smooths the present inhomogeneity by maximizing the high
frequency content of the distribution of tissue intensity, remains one of the most popular methods
used to date (Vovk et al., 2007). Recent improvements have resulted in an updated version (i.e.

N4 correction; Tustison et al., 2010).

2.2.4.2 Brain Extraction

Brain extraction involves the removal of non-brain tissues (e.g. the skull) such that only brain
tissue can be isolated. Brain extraction is a key step in the analysis of MRI images and can be
used to provide measures of total brain volume. The most common method of brain extraction
relies on the use of a template brain mask registered to the respective image in order to remove
non-brain tissue (Xue et al., 2007). The same outcome can be achieved via the use of a common
brain extraction tool (BET; Battaglini, Smith, Brogi, & De Stefano, 2008; Smith, 2002), which
inflates a sphere until the brain boundary is reached. Recently, a robust and reliable method of
brain extraction described as brain extraction based on nonlocal multi-atlas-based segmentation
technique (BEaST) has been made available and uses a library of 80 priors to complete nonlocal

segmentations of brain masks in a multi-resolution framework (Eskildsen et al., 2012).

2.3 Segmentation

Segmentation of the human brain involves the detailed identification of specific anatomical
regions of the brain (Despotovic et al., 2015). This type of neuroanatomical parcellation may
occur at a coarse level of neuroanatomy (e.g. segmentation of the entire brain) or at the level of
specific structures (e.g. segmentation of the amygdala, HF, cerebellum, etc.). Since image
segmentation relies on the isolation of a 3D MRI image through all slices and planes, 3D
structure and shape metrics (e.g. volume, surface area, deformation, shape, etc.) can be derived
based on these segmentations (Tofts, 2003). MRI-based image segmentation therefore allows for
the in vivo study of human brain structure and morphology. Neuroanatomical segmentation can

occur either by way of manual tracing, or automatic segmentation (Despotovi¢ et al., 2015).
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While both processes have been used to segment various regions of the memory circuit,

particular focus has been placed on the segmentation of the HF and its subfields.

2.3.1 Manual Segmentation

Manual delineation involves the slice-by-slice identification of any given neuroanatomical
structure of interest (or Region of Interest; ROI) by a human rater (Despotovi¢ et al., 2015).
Each ROI is completed via tracing on a voxel-by-voxel basis or by using a flood-fill after careful
demarcation. Human raters are expertly trained in the generation of ROIs and typically follow a
detailed segmentation protocol. Such protocols increase reliability and accuracy of tracing and
are based off of various brain atlases and relevant anatomical literature (See Yushkevich,
Amaral, et al., 2015a). Since protocols involve image segmentation based on contrast
differences, as well as specific geometric and heuristic rules, ROIs generated by expert tracers
are considered gold standard in the field. In order to evaluate the reliability of a protocol,
measures of inter-rater and intra-rater reliability are usually obtained. This typically involves the
retracing of an ROI by the same rater (intra-rater) or comparison of a rater’s completed
segmentation to that of a different rater (intra-rater). The Dice’s Kappa overlap metric (Dice,
1945) is most often used to evaluate reliability and assess the degree of overlap between labels
where 0 represents no overlap and 1 represents perfect overlap between labels. The Dice’s

Kappa metric is given the formula:

2a

K=2a+b+c

The number of voxels in both segmentations is denoted by a while b + ¢ represents the sum of
voxels unique to each respective label. Being an overlap metric, Dice’s kappa penalizes raters
based on spatial placement. Therefore, for structures maintaining high surface area-to-volume
ratios (e.g. WM tracts) it may be harder to achieve reliability. Alternatively, the intraclass
correlation coefficient (ICC) can also be used to assess the degree of correlation between any
two volumes where 0 represents no correlation and 1 represents a perfect correlation. ICC

measures the degree of correlation to which two volumes are associated with each other.
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However, unlike the Dice overlap metric, it does not evaluate the spatial or anatomical similarity
between ROIs. This can lead to certain biases. For example, two identical ROIs in very
different areas can receive a high ICC. Despite the advantages of Dice’s Kappa over ICC, both
are often used in literature to ensure reliability of segmentation protocols. While tracing
protocols do exist for MTL structures, most have focused on segmentation of the HF and its

subfields.

2.3.1.1 The Hippocampus

To date, over 70 different protocols exist for the segmentation of the whole HF (Boccardi et al.,
2011). The earliest recorded studies completing whole hippocampal segmentations for
volumetric investigation involved segmentation limited to the head and body of the HF (Jack et
al., 1989), or the hippocampal body exclusively (Bremner et al., 1995; Douglas, 1995; Kaye et
al., 1997). The lack of inclusivity can be attributed to the low field strengths available at the
time (1T) as well as the poor image resolution (1.5-5mm; Geuze, Vermetten, & Bremner, 2005;
Jack, 1994). Advancements in MRI technology and methodology would later impact the
anatomical inclusivity of protocols such that the majority of the anterior to posterior extent of the
HF could be segmented as one complete ROI, or separately segmented into head, body, and tail
regions (Convit et al., 1997; deToledo-Morrell et al., 2004; Killiany et al., 1993; Lehericy et al.,
1994; Pruessner, Li, Serles, Pruessner, Collins, Kabani, Lupien, & Evans, 2000b; Sheline, Wang,
Gado, Csernansky, & Vannier, 1996; Soininen et al., 1994; Watson, Jack, & Cendes, 1997).
Although not an exhaustive list, at more standard imaging resolutions (e.g. 0.9-1mm) and higher
field strengths (1.5-3T), many of the above-mentioned protocols are still used today (Boccardi et
al., 2011; Geuze et al., 2005; Konrad et al., 2009). However, the many available segmentation
protocols maintain slightly different, but significantly distinctive rules (e.g. alveus and fornix
may be included or excluded in ROI). This has therefore prompted the development of a
harmonized protocol in order to define a standardized protocol for segmentation of the whole HF
(Apostolova et al., 2015; Boccardi et al., 2015; Frisoni et al., 2015; See
http://www.hippocampal-protocol.net). Regardless, the ultimate limitation of such segmentation
protocols lies within the treatment and segmentation of the HF as a unitary structure, as opposed

to a structure composed of separate subfields.
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2.3.1.1.1 Hippocampal Subfields

Recent in vivo structural MRI of the MTL have utilized some combination of high-field and
high-resolution MRI acquisition techniques, post-mortem data, and long scan times to image and
segment the HF subfields (Adler et al., 2014; Bender, Daugherty, & Raz, 2013; Ekstrom et al.,
2009; Kerchner et al., 2013; 2012; 2010; La Joie et al., 2010; Mueller et al., 2007; Mueller &
Weiner, 2009; Mueller et al., 2010; Olsen et al., 2013; Palombo et al., 2013; Van Leemput et al.,
2009; Winterburn et al., 2013; Wisse et al., 2014; 2012; Yushkevich et al., 2009).

While the above-mentioned tracing protocols are capable of successfully segmenting the
subfields of the HF, protocols differ in the degree of specificity and anatomical accuracy to
which this can be accomplished. For example, many protocols vary not only in the number of
subfields segmented, but also in the extent to which the grouping of multiple subfields together
within the same ROI occur. Specifically, Palombo et al. (2013) and Olsen et al. (2013) create
only 3 ROIs within the body of the HF: subiculum, CA1, CA2/CA3/CA4/DG (grouped together)
while Muller et al. (2007) include 4 separate ROIs: subiculum, CA1, CA2, CA3/CA4/DG
(grouped together). On the other hand, Winterburn et al., (2013) segment 5 separate ROIs
including the CA1, CA2/CA3, CA4/DG, subiculum, but also segment additional molecular

layers of the statum lacunosum, radiatum and moleculare (SLRM).

Additionally, many protocols limit segmentation of the subfields to the body of the HF (Bender
etal., 2013; La Joie et al., 2010; Mueller & Weiner, 2009; Olsen et al., 2013; Palombo et al.,
2013) and few protocols carry their subfield segmentations throughout the entire anterior to
posterior extent of the HF (Adler et al., 2014; Winterburn et al., 2013; Zeineh, Holdsworth,
Skare, Atlas, & Bammer, 2012). For example while Van Leemput et al. (2009) exclude the
hippocampal tail entirely, both Palombo et al. (2013) and Olsen et al. (2013) only segment
subfields throughout the hippocampal body and include separate ROIs for the hippocampal head
and tail regions. In addition, some groups restrict segmentation to the body of the HF (La Joie et

al., 2010) or only segment a few slices throughout the body itself (Mueller et al., 2007).
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Quality of subfield definitions also depends on the field strength, resolution and scanning
parameters used to acquire high-resolution images. For example, many in vivo protocols use
highly anisotropic voxel dimensions (high-resolution through the coronal plane of the HF, low-
resolution through the anterior-posterior direction) for identifying these regions (Ekstrom et al.,
2009; Kerchner et al., 2012; La Joie et al., 2010; Olsen et al., 2013; Palombo et al., 2013). For
example, Mueller and colleagues (2009) preform segmentation on in vivo MR images acquired
on a 4 T scanner with a resolution of 0.4 mm X 0.5 mm x 2 mm, while Van Leemput et al.
(2009) present subfield-level segmentation using in vivo 3 T images with a 0.38 mm x 0.38 mm
% (0.80 mm resolution. Palombo et al. (2013) and Olsen et al. (2013) also present with an
anisotropic voxel dimension of 0.43 x 0.43 x 3.0 mm. Similarly, La Joie et al. (2010) use T2-
weighted images with voxel dimensions of 0.375 mm x 0.375 mm x 2 mm. These anisotropic
dimensions may not only lead to measurement bias, but also introduce partial volume effects in
images, often causing blurring of boundaries and increasing the difficulty of subfield
demarcation. Notable exceptions to this are the 0.2 mm isotropic post-mortem images from
Yushkevich and colleagues (2009) as well as the 0.16mm isotropic voxel resolutions obtained in
Adler et al., (2014). While this work offers greater anatomical detail it unfortunately relies on a
small bore 9.4 T scanner and fixed ex vivo medial temporal lobe specimens with a 15- or 63-hour
scan time. The applications of an atlas of this kind are limited given the lack of availability of
post-mortem specimens and the associated problems in registering fixed images to in vivo data.
Recent attempts have been made to overcome these limitations by employing the use of in vivo
7T MRI (Kerchner et al., 2010; 2012; Kirwan, Jones, Miller, & Stark, 2007; Malykhin et al.,
2010; Wisse et al., 2012; 2014; Zeineh et al., 2012). For example, although they interpolate their
segmentations, Wisse et al., (2012; 2014) achieve high-resolution images with isotropic voxel
dimensions of 0.35 mm at 7T. While advantageous, use of these protocols necessitates access to
a 7T MR imaging system, which is not currently available at most academic research centers.
Despite this, isotropic resolutions have been completed at 3T, as shown by Winterburn et al.

(2013) who achieve 0.3mm isotropic T1 and T2 images for subfield segmentation.
Similar to reasons mentioned in section 2.3.1.1 ‘The Hippocampus’, an organized effort has been

made in an attempt to harmonize segmentation of hippocampal subfields. While still in its early

conception, the organized effort will attempt to bring agreement to the definition of proper
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anatomical landmarks for subfields, as well as the strategies/rules used to segment subfields for
subfield labeling in MRI data (Yushkevich, Amaral, et al., 2015a; See
http://www.hippocampalsubfields.com/).

2.3.1.2 Extra-Hippocampal White Matter

While a few segmentation protocols have recently been introduced for MTL cortices (Bonilha,
Kobayashi, Rorden, Cendes, & Li, 2003; Duncan, Tompary, & Davachi, 2014; Ekstrom et al.,
2009; Insausti et al., 1998; Palombo et al., 2013; Pruessner et al., 2002; Yushkevich, Pluta, et al.,
2015b; Zeineh et al., 2012), little advancement has been made with respect to segmentation of
extra-hippocampal WM. Previously published protocols for the segmentation of the fornix are
limited in number (Bilir et al., 1998; Copenhaver et al., 2006; Gale, Johnson, Bigler, & Blatter,
1995; Kuzniecky et al., 1999; Zahajszky et al., 2001), outdated, and contain several limitations.
For example, all present protocols typically exclude posterior and/or anterior areas of the fornix.
The few protocols which include the segmentation of more anterior sections of the fornix cease
segmentation at the level of the anterior commissure and therefore omit inferior-most sections of
the anterior pillars of the fornix (Copenhaver et al., 2006; Zahajszky et al., 2001). Similar to the
grouping observed with subfields, all protocols group left and right fornices together into one
ROI and do not differentiate between the left and right fornix. The observed grouping and lack
of inclusivity of the fornix could be due to the use of standard imaging protocols limited in
resolution and contrast. For example, Zahajszky et al. (2001) employed the use of 1.5T MRI to
obtain a 1.5mm isotropic voxel dimensions while Copenhaver et al. (2006) also used a 1.5T
scanner to achieve an anisotropic resolution of Imm x Imm x 1.5mm. These same limitations in

image resolution have led to the exclusion of the alveus and fimbria altogether.

Some groups have since completed segmentations of the alveus and fimbria as part of
hippocampal subfield work (Parekh, Rutt, Purcell, Chen, & Zeineh, 2015; Wang et al., 2003;
Zeineh et al., 2012). Specifically, Wang et al. (2003) and Zeineh et al. (2012) both group alveus
and fimbria regions together on 1mm isotropic data. While currently the most inclusive, Parekh,
Rutt, Purcell, Chen, & Zeineh (2015), include a partial description of segmentation of both the

alveus and fimbria on 7T 0.4mm images.
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2.3.2 Automatic Segmentation

The particular costs and efforts associated with manual segmentation have motivated the
development of automatic methods. By automating segmentation, time spent on segmentation
would be dramatically reduced thereby facilitating research that would have otherwise taken
much longer to complete. Automated segmentation techniques rely on an algorithm capable of
generating a specific ROI on a given MRI scan. The underlying methods of algorithmic models
vary and may rely on atlas-based techniques, deformable model techniques, or a combination of

both (Dill, Franco, & Pinho, 2015).

The atlas-based automatic segmentation technique relies on the use of an atlas, usually consisting
of an ideal (often a gold-standard manual) segmentation of the ROI on a representative MRI
image of the population to be segmented (Cabezas, Oliver, Lladd, Freixenet, & Bach Cuadra,
2011; Dill et al., 2015). In order to complete segmentation automatically, the single atlas is first
aligned directly with the target image to be segmented via registration. This registration is
composed of a linear affine transformation followed by a non-linear affine transformation of the
target image to the atlas. The linear transformation aligns the atlas and target images within the
same coordinate space while the nonlinear transformation further refines the registration of
internal brain structures (Dill et al., 2015). In this way, the atlas image (and its demarcated ROI)
are now directly in line with that of the target image. These segmented ROIs are then transferred
back to the original target image through the inverse linear and nonlinear transformations that
originated during registration (Dill et al., 2015). However, since a single atlas may not
successfully encompass the anatomical variability associated with any given population of target
images, multi-atlas segmentation algorithms have been developed to increase segmentation
quality. Similar to single-atlas segmentation, multi-atlas segmentation involves the registration
of multiple atlases with the same target image such that a candidate segmentation is created on a
per-atlas basis. All candidate segmentations are then combined to obtain a final segmentation
though label fusion techniques. While capable of capturing the variability in anatomy, multi-
atlas automatic segmentation comes with higher computational costs (Dill et al., 2015). An
alternative method with lower computational costs involves the use of probabilistic atlases for

image segmentation. Here, atlases are registered to one another and relative statistics (e.g.
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geometrical shape, voxel intensity, etc.) are obtained and used in a secondary algorithm to

segment target images.

Automatic segmentation methods may also rely on deformable models. This involves the
placement of a contour in the target image, which is then iteratively deformed until the desired
shape, and conformation of the ROI is met. Similar to atlas-based segmentation, deformable
models may be semi- or fully-automated. Semi-automated techniques require the user to create
the initial contour (or select predetermined landmarks in atlas-based segmentation), while fully
automatic algorithms do not require user support and obtain initial contours through the
registration with an atlas. Contouring is achieved by way of numerous variables including image
intensity, geometry, and by avoiding deformations falling outside of the average geometric

variation (Cootes, Edwards, & Taylor, 2001; Cootes, Taylor, Cooper, & Graham, 1995).

Similar to manual segmentation, the evaluation of the automatic segmentation involves reliability
analysis relative to a set of gold standard labels. Labels automatically generated on target images
are compared directly to manual segmentations of the same images. Dices’ Kappa overlap
metric (Dice, 1945), and to a lesser extent, intraclass correlation, are typically used to assess

reliability and accuracy of automatic segmentation.

2.3.2.1 Automatic Segmentation of the Hippocampus

Automatic segmentation techniques for the whole HF have been proposed since the late 1990s
(Dill et al., 2015). Earliest methods involved the use of deformable models and were semi-
automated (Ashton, Parker, Berg, & Chen, 1997; Freeborough, Fox, & Kitney, 1997; Ghanei,
Soltanian-Zadeh, & Windham, 1998; Kelemen, Székely, & Gerig, 1999). Semi-automated atlas-
based segmentation methods have also been developed (Christensen, Joshi, & Miller, 1997;
Haller et al., 1997; Hogan et al., 2000; Pluta, Avants, Glynn, Awate, & Gee, 2009; Tang, Mori,
Ratnanather, & Miller, 2012) each employing slightly different methods for image alignment and
registration. However, these semi-automated methods require the user to select specific points in

all target images, which are used as reference points in later registration stages.
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Fully automated methods have recently been developed and vary on their underlying techniques.
For example, both deformable models (Duchesne, Pruessner, & Collins, 2002; Hu, Coupé,
Pruessner, & Collins, 2011; Kim, Mansi, Bernasconi, & Bernasconi, 2012; Patenaude, Smith,
Kennedy, & Jenkinson, 2011) as well as single-atlas-based techniques (Barnes et al., 2007;
Carmichael et al., 2005; Friston et al., 1995; Jenkinson, Bannister, Brady, & Smith, 2002; Kwak
et al., 2013; Woods, Grafton, Holmes, Cherry, & Mazziotta, 1998) have been developed for the
fully automatic segmentation of the whole HF. However, the use of single-atlas techniques may
not accurately capture the anatomical variability of target images. Multi-atlas automatic
segmentation techniques have therefore been developed and validated to circumvent this issue
(Aljabar, Heckemann, Hammers, Hajnal, & Rueckert, 2009; Coupé et al., 2011; Dill et al., 2015;
Hao et al., 2014; Heckemann, Hajnal, Aljabar, Rueckert, & Hammers, 2006; Khan et al., 2011;
Pipitone et al., 2014; Platero, Tobar, Sanguino, & Velasco, 2014; Sabuncu, Yeo, Van Leemput,
Fischl, & Golland, 2010; Yushkevich et al., 2010). While the underlying multi-atlas methods are
similar, algorithms differ in the methods regarding label fusion of all candidate labels. For
example, (Coupé et al., 2011) use patch based method of label fusion while (Yushkevich et al.,
2010) result in a final label via similarity-weighted voting and by minimizing the total
expectation of labeling error. Hao et al. (2014) and Platero et al. (2014) use a minimization of
energy function with intensity and prior terms to create a final segmentation. Despite the use of
multiple atlases to account for subject variability, atlas sets used to segment a target population
often originate from an entirely different population (e.g. use of adult atlas for segmentation of
adolescents). Specific attempts have been made to address this issue by quantitatively hand-
picking atlases from a set that most closely resemble the target population (Aljabar et al., 2009;
Khan et al., 2011). However, novel methods have been created which involve less user effort
and with a trade-off towards increased computational expense (Pipitone et al., 2014). Using
Multiple Automatically Generated Templates (MAGeT; Chakravarty et al., 2013), Pipitone et al.
(2014) employ multi-atlas voting following a bootstrapping procedure that uses a template
library composed of images from the dataset under analysis. Here, high-resolution atlases are
used to segment this template set of individuals. The template library is then used to segment the
entire dataset and candidate labels are fused via majority vote, thereby producing fast and

reliable segmentations.
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Probabilistic automatic segmentation of the whole HF has also occurred, albeit to a lesser extent.
The most popular and widely used method of whole hippocampal segmentation from this class of

segmentation algorithms to date is Freesurfer’s tool (Fischl 2002).

At any rate, the above-presented techniques involve whole-hippocampal segmentation of target
images at standard resolutions (i.e. 1.5-1mm isotropic) and do not segment hippocampal
subfields. While it cannot be said that one technique reigns superior to another since the
methods and rigor of validation vary widely (Dill et al., 2015), some techniques offer a direct
comparison to more widely used automatic segmentation tools (Pipitone et al., 2014). For a

complete review of automatic segmentation of the whole HF see Dill et al. (2015).

2.3.2.1.1 Automatic Segmentation of the Hippocampal Subfields

Compared to the whole HF, the development of methods for the automatic segmentation of
hippocampal subfields has occurred less frequently and comparatively recently. Of the available
techniques, the majority of work involves completing subfield segmentation on target images
with more standard image resolutions (Pipitone et al., 2014; Van Leemput et al., 2009). For
example, Van Leemput et al. (2009) first proposed the use of automatic subfield segmentation on
Imm isotropic images using high-resolution T1-weighted hippocampal subfield atlases. This
same technique has been applied in the widely used Freesurfer 5.3 (Fischl, 2012). Given the
multiple concerns with quality of outputs and lack of validation (de Flores et al., 2015; Pluta,
Yushkevich, Das, & Wolk, 2012; Wisse et al., 2012; Yushkevich, Pluta, et al., 2015b), the
newest version of Freesurfer 6.0 (Iglesias et al., 2015) incorporated the use of 15 new ex-vivo
high-resolution atlases acquired at 7T. Despite the novel atlases and capabilities of subfield
segmentation on isotropic or anisotropic target images offered by Freesurfer 6.0, no attempts at
validating its use on the standard images that it is most commonly used for have been made.
Finally, the most recent technique applies MAGeT brain (Chakravarty et al., 2013; Pipitone et
al., 2014) for segmentation of the hippocampal subfields using 5 high-resolution 3T atlases
(Winterburn et al., 2013) on Imm isotropic data. In an effort to validate subfield segmentations

on isotropic data, authors compare down-sampled gold-standard manually derived atlas

28



segmentations to MAGeT brain segmented labels, thereby demonstrating the feasibility

associated with this approach.

To date, only one group has developed a technique capable of subfield segmentation on high-
resolution MRI images (Yushkevich et al., 2010; Yushkevich, Pluta, et al., 2015b). Automatic
Segmentation of Hippocampal Subfields (ASHS) uses high-resolution atlases for the
segmentation of anisotropic T2-weighted images. The original segmentation protocol first used
(Mueller et al., 2007) limited automatic segmentation to the body of the HF and the algorithm
itself required user input. However, ASHS was recently improved to include fully automated
segmentation of subfields along the whole HF, in addition to a few cortical MTL areas
(Yushkevich, Pluta, et al., 2015b). Despite appropriate validation, the method requires the use of

both standard and high-resolution MR data, which may be cumbersome and difficult to obtain.

2.3.2.2 Automatic Segmentation of Extra-Hippocampal White Matter

Automatic segmentation of extra-hippocampal WM areas of the alveus, fimbria and fornix has
been virtually nonexistent. Automatic segmentation of the fimbria has been previously
incorporated in Freesurfer 5.3 (Fischl, 2012) and was based upon the hippocampal subfield
delineations in Van Leemput et al. (2009). While Freesurfer 6.0 (Iglesias et al., 2015) is capable
of automatically segmenting alveus and fimbria regions, methods with respect to the manual

segmentation protocol used, or any sort of validation effort, have not been presented.

2.4 Pathological Aging

Pathological aging is the result of non-normative occurrences during aging brought on by trauma
or disease in the brain (Reese, Cherry, & Copeland, 2010). While normative aging is also
associated with specific levels of declining cognitive and physical health, such debilities are the
result of natural aging processes. In addition, the changes in health associated with healthy aging
are typically met with stability and lack clinical significance compared to pathological aging.

With respect to the brain, pathological aging may refer to a whole host of age-dependent
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illnesses, the most common being dementia; more specifically Alzheimer’s disease dementia

(Scheltens et al., 2016).

2.4.1 Alzheimer’s Disease

Alzheimer’s Disease (AD) is the leading cause of dementia and causes a progressive and
profound loss of cognitive capabilities, often beginning with memory impairments. To date, it is
estimated that 40 million people worldwide suffer from dementia (Prince et al., 2013). These
figures are projected to double every 20 years. With respect to Canada alone, it is estimated that
the number of Canadians living with AD will grow to 1.4 million by 2031 (Van Hoesen &
Pandya, 1975a). Being a debilitating disease, AD poses a significant burden on an individual,
their family, and the healthcare system itself. Due to its sheer impending magnitude, the
identification of preventative measures, treatments, and biomarkers for AD diagnosis has been

placed at the forefront of health and brain science research.

2.4.1.1 Symptomology

AD can present with a typical or an atypical presentation. Typical presentation of AD is
characterized by profound memory impairments that are exacerbated over time (Scheltens et al.,
2016). This usually begins with a mild forgetfulness which transitions into more serious
inabilities to recall common details (e.g. names of family members, dates, street address, etc.).
Speech issues also become apparent and word-finding as well as vocabulary troubles increase.
In the same manner, profound issues are later met in executive functioning (e.g. skipping meals,
loss of cleanliness, disorganized thought) such that individuals can no longer complete activities
of daily living and therefore require constant care and support. Although less common, atypical
AD presentation begins with language, visual, and executive impairments well before memory

deficits are observed (Murray et al., 2011).
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2.4.1.2 Clinical Assessment

Clinical diagnosis of AD first begins with obtaining history of a patient’s cognitive problems and
impairments from the patient themselves, in addition to primary caregivers and family. Aside
from reported documentation, neuropsychological tests are also preformed throughout multiple
time periods to clinically assess and evaluate disease severity and progression. A wide range of
specific tests can be used to assess memory, language, learning, and executive functioning
capabilities, however, global tests of dementia are more commonly used to clinically evaluate
overall degree of dementia. Frequent tests include: the Questionnaire on Cognitive Decline in
the Elderly (IQCODE; Quinn et al., 2014), Mini-Cog (Fage, Chan, & Gill, 2015), Mini-Mental
State Examination (MMSE; Arevalo-Rodriguez & Smailagic, 2015) and the Clinical Dementia
Rating (CDR; Morris, 1993). All assessments are questionnaire-based and vary on question
style, administration length, and level of detail. For example the MMSE is a 30 point 5-10min
interview probing for attention, recall, and language details. On the other hand, the CDR is a 3-
point 45-50min interview that involves thorough evaluation of memory, attention, executive
functioning, and daily life capabilities. Due to ease of administration and reliability of such

assessments, such tests are frequently used for subject screening in clinical AD research studies.

However, clinical assessment does not only involve behavioural assessment. With the advent of
neuroimaging, and discovery of genetic and CSF biomarkers, AD pathological changes can be
measured in vivo. In fact, this has promoted the development of new clinical diagnosis standards
set by the National Institute of Aging and Alzheimer’s Association. This new set of criteria
highlights the need of biomarker evidence in the form of either neuroimaging or CSF
biomarkers, directly suggesting neuropathological changes associated with AD (Albert et al.,
2011; McKhann et al., 2011; Sperling et al., 2011). For example protein analysis of CSF allows
for the measurement of the concentration of the two main hallmarks of AD; the Amyloid beta
(AP) and tau proteins (see 2.4.1.3 Pathophysiology). CSF protein concentration analysis have
been reported to result in accurate and reliable AD diagnoses and are associated with cognitive
decline (Mattsson et al., 2011; 2009). With respect to neuroimaging, Position Emission
Tomography (PET) allows for the in vivo radioactive imaging of AP and has been shown to

demonstrate the same AP retention as described in post mortem AD studies (Braak & Braak,
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1997; Villemagne & Chételat, 2016). CSF and PET biomarker analyses are both invasive and
laborious. Noninvasive in vivo structural MRI has also been used to identify structural AD
biomarkers. MRI of the HF and cortical grey matter regions have been shown to be well

associated with AD pathology (Frisoni, Fox, Jack, Scheltens, & Thompson, 2010).

2.4.1.3 Pathophysiology

Although the underlying pathophysiology of AD may be complicated and multi-causal in nature
(Boyle et al., 2013), the main pathophysiological features include the existence of B-amyloid
plaques and neurofibrillary tangles in the brain (Karran, Mercken, & de Strooper, 2011).
Amyloid plaques result from the cleavage of the amyloid precursor protein (APP) to yield AP
proteins that form extracellular deposits. These deposits and aggregations then become toxic to
neighboring cells of the nervous system. Neurofibrillary tangles, another pathological hallmark
of AD, occurs intracellularly as a result of hyperphosphorylation of tau proteins. This causes
impaired axonal maturation and disrupts cellular processes, leading to improper axonal-dendritic
connections and neural loss. Greatest evidence for AP and tau being implicated in AD originates
from genetic studies of familial AD where mutations in the APP protein have been shown to
affect AP cleavage and aggregation (Karch & Goate, 2015). In addition, mutations in presenilin
1 (PSENT1) and presenilin 2 (PSEN2) can result in familial forms of AD which are early-onset
compared to most sporadic forms and account for a minority of AD cases. Subjects carrying
these mutations demonstrate increased plaque formation early in their lifespan and have
demonstrated that these plaques play a major role in the cleavage of APP to AfB. Tau protein
genetics are less understood but it is known that mutations in tau result in frontotemporal

dementia AP aggregations (Scheltens et al., 2016).

Genes implicated in cholesterol metabolism has also been linked to AP plaque aggregation.
Perhaps the most notable gene and strongest risk factor associated with AD risk is the
Apolipoprotein (APOE) gene. APOE encodes three common alleles (€ 2, € 3, € 4), each is
associated with consecutively increased AD risk (Corder et al., 1993; Strittmatter et al., 1993)

with € 4 have highest amount of associated risk. APOE plays several roles in the nervous system
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including roles in cholesterol transport, neuroplasticity, and inflammation (Karch & Goate,

2015). Interestingly, APOE also binds to AP and influences its clearance.

2.4.1.4 Mild Cognitive Impairment

Mild Cognitive Impairment (MCI), first proposed by Petersen et al. (1999; 1997), has been
characterized as a state of mild cognitive deficits without the presence of dementia. MCI is
considered to be an intermediate stage prior to development of AD (Petersen, 2016).
Symptomatically, MCI differs remarkably in comparison to AD and is characterized by mild
forgetfulness and cognitive issues exceeding those found during healthy aging. While it has
been thought of as a separate clinical entity likely representing a prodromal AD, its strong link to
AD has motivated its increased research. Still in its early stages, little is known about MCI, its

underpinnings, and its relationship to AD.

2.4.1.5 AD, MCI, and Hippocampal Subfields

As stated in section 2.4.1.2 ‘Clinical Assessment’, MRI study of the HF and its progressive
atrophy in AD has been increasingly studied for use as a biomarker. In addition, its role in
memory processes make it a highly relevant structure for investigation in AD and MCI. While
studies on whole-hippocampal shape have been performed in AD populations (Apostolova et al.,
2006; Frisoni, Ganzola, Canu, Riib, Pizzini, Alessandrini, Zoccatelli, Beltramello, Caltagirone, &
Thompson, 2008b; Frisoni et al., 2006; Gerardin et al., 2009; Lindberg et al., 2012), the majority
of studies preform volumetric analysis of hippocampal atrophy (Frisoni, Ganzola, Canu, Riib,
Pizzini, Alessandrini, Zoccatelli, Beltramello, Caltagirone, & Thompson, 2008b; van de Pol et
al., 2006; Wang et al., 2009). The hippocampus is a major and primary site for neurofibrillary
tangles and A plaque deposition, and MRI-derived hippocampal volume decrease is closely
related to neuronal decreases identified through histological validation (Bobinski et al., 2000;
Gosche, Mortimer, Smith, Markesbery, & Snowdon, 2002; Jack et al., 2002). However,
volumetric investigation at the level of hippocampal subfields is imperative. Global differences
in observed whole-hippocampal volumes may be the result of regional differences in specific

subfields of the HF. Identification of these subfields may not only identify viable and
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appropriate biomarkers as well as treatment intervention targets, but may also shed light on

subfield-specific roles in AD or MCI.

Previous high-resolution volumetric studies comparing the HF subfields in AD and control
cohorts have identified decreases in subiculum, CA1, CA4/DG and SLRM volume (Adachi et
al., 2003; Boutet et al., 2014; de Flores et al., 2015; La Joie et al., 2013). Among all volumetric
results in AD, observed decreases in the CA1 region occur most frequently and are often the
central focus in such studies (Adachi et al., 2003; Boutet et al., 2014; de Flores et al., 2015;
Iglesias et al., 2015; Kerchner et al., 2010; 2013; Khan et al., 2015; La Joie et al., 2013; Li,
Dong, Xie, & Zhang, 2013; Lim et al., 2012; Mueller et al., 2010; Mueller & Weiner, 2009;
Wisse et al., 2014; Yassa et al., 2010; Yushkevich, Pluta, et al., 2015b). Studies employing
automatic segmentation have also been completed (Khan et al., 2015; Li et al., 2013; Lim et al.,
2013) and have demonstrated decreases in the subiculum, CA2/3, CA2/DG and CA1. With
respect to MCI, some studies fail to show any volumetric changes (Kerchner et al., 2013; Wisse
et al., 2014) yet a select few point towards focal decreases in CA1 (Mueller et al., 2010; Mueller
& Weiner, 2009), CA3/DG, CA4/DG and/or the subicular subfields (de Flores et al., 2015; La
Joie et al., 2013; Pluta et al., 2012).

2.4.1.6 AD, MCI, and White Matter

Accelerated levels of extra-hippocampal WM atrophy are known to be associated with AD
progression (Callen, Black, Gao, Caldwell, & Szalai, 2001; Copenhaver et al., 2006). With
minimal studies focusing on volumetric data, a wide range of diffusion weighted imaging (DWI)
studies have shown decreases in fornix integrity (Jin, Shi, Zhan, & Thompson, 2015; Metzler-
Baddeley, O'Sullivan, Bells, Pasternak, & Jones, 2012; Nowrangi, 2015; Oishi, Mielke, Albert,
Lyketsos, & Mori, 2012; Zhuang et al., 2013). DWI capitalizes on the diffusion of water
molecules along axons to successfully image fiber tracts in vivo (Mizutani & Kasahara, 1995).
DWI work has also implicated the fornix in MCI (Huang et al., 2012; Mielke et al., 2009; Oishi
etal., 2012). The use of DWI over volumetric investigation of extra-hippocampal WM integrity
has largely been motivated by the time-dependent costs associated with segmentation of WM

regions. However, DWI is limited in resolution due to a number of methodological factors and
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cannot be used to successfully investigate alveus and fimbria regions. Albeit few, existing
volumetric studies have (Cui et al., 2012), and have not (Copenhaver et al., 2006) shown
evidence of decreases in fornicial volume. With respect to volumetric investigation of the
fimbria, mixed evidence suggests both atrophy and preservation over MCI (Hanseeuw et al.,
2011; Iglesias et al., 2015; Khan et al., 2015; Lim et al., 2012; Yushkevich, Pluta, et al., 2015b)
and AD (Frisoni et al., 2006; Khan et al., 2015; Li et al., 2013; Lim et al., 2013). While no study
has sought to investigate the volumetry of the alveus directly, automatic segmentation studies
have reported volumetric decreases of the alveus in AD (Boutet et al., 2014) but not in MCI
(Iglesias et al., 2015).

2.4.1.7 AD Treatment

Current therapeutic approaches for the treatment and management of AD have largely focused
on pharmacological methods. To date, four FDA-approved drugs have been developed for the
treatment of AD. These include cholinesterase inhibitors (donepezil, rivastigmine and
galantamine) and a glutamate antagonist (memantine; Scheltens et al., 2016). Both function to
increase the presence of the neurotransmitter acetylcholine. This largely stems from the notion
that acetylcholine decreases associated with age were thought to underlie the changes associated
with AD. Although clinical studies have shown some effect, effects are typically marginal and
may only stabilize symptoms during the first year of treatment (Birks, 2006). Novel approaches
for AD treatment have focused on anti-amyloid techniques to reduce the presence of Ap plaques.
These include anti-aggregation drugs and drugs that inhibit the cleaving of APP to from Ap.
Unfortunately current clinical evaluation of such interventions shows absolutely no effect in
mediating changes to AD behavior, pathology, or atrophy (Coric et al., 2012; Doody et al., 2013;
2014, Salloway et al., 2014). In addition, no approved treatments have been put forth for MCI,

and have largely focused on the change of numerous lifestyle factors (Petersen et al., 1997).

While pharmacological treatment options have not shown much promise, more invasive
treatment options targeting circuitry and plasticity of MTL areas are currently under
development. Namely, Deep Brain Stimulation (DBS) as a treatment option for AD is now

being explored in clinical trials (Gratwicke et al., 2013). DBS involves the implant of a
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stimulating electrode in the anterior limbs of the fornix. Electrical stimulation can then be
administered at specific frequencies and rates. Initial results show promise with DBS exhibiting
an effect of decreased rates of hippocampal atrophy among patients, as well as eliciting

hippocampal growth in a number of cases (Sankar et al., 2015).

2.5 Healthy Aging

Healthy aging is described as normative aging that occurs without the presence of significant
cognitive decline. Changes in brain structure are also observable throughout healthy aging with
the brain showing fluctuating but increased atrophy throughout age (Raz & Rodrigue, 2006;
Sowell et al., 2003). In addition, there is evidence that the atrophy observed throughout aging
closely correlates to the mild decreases in cognitive function observed throughout healthy aging
(Fjell & Walhovd, 2010; Lockhart & DeCarli, 2014). Most often the study of healthy aging
occurs alongside that of AD, and with the frequent comparison of AD to healthy aging cohorts
(de Flores et al., 2015). While no alternative comparison exists as a baseline measure, it is
important to understand that differences in brain structure between healthy and pathological
aging have not been fully defined. Moreover, it is difficult to distinguish healthy brain changes
with preclinical stages of AD or MCI (Fjell, McEvoy, Holland, Dale, & Walhovd, 2014).
Elucidating the effect of normative aging on brain structure would provide a more coherent
picture of what “baseline” normal aging is taken to be. Similar to work in AD and MCI,

amongst other regions, the HF remains an area of increased interest in the study of aging.

2.5.1 Aging and Hippocampal Subfields

While global hippocampal atrophy is known to increase with age (Jack, Petersen, Xu, O'Brien, &
Smith, 1998), post mortem studies have also identified varying rates of neuronal losses in
hippocampal subfields throughout age (Simi¢, Kostovi¢, Winblad, & Bogdanovi¢, 1997; West,
Coleman, Flood, & Troncoso, 1994). Attempts have been made to investigate the HF in vivo,
however they have been limited to MRI methods of looking at global shape change (Csernansky
et al., 2000; Wang et al., 2003; Yang, Goh, Chen, & Qiu, 2013) and radial atrophy (Apostolova

et al., 2012; Frisoni, Ganzola, Canu, Riib, Pizzini, Alessandrini, Zoccatelli, Beltramello,
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Caltagirone, & Thompson, 2008a; Wang et al., 2006). However, these methodologies cannot
target individual subfields themselves. Similar to in vivo MR work in AD and MCI, volumetry

of the subfields may be more useful.

Compared to the study of AD and MCI, the investigation of hippocampal subfields with respect
to healthy aging has been relatively limited. Despite this, many studies investigating HF
subfields throughout age support the preservation of the CA1 region (La Joie et al., 2010;
Mueller et al., 2007; Voineskos et al., 2015). However, numerous studies have demonstrated an
opposite and linear decrease in CA1 volume throughout age (Mueller et al., 2007; Mueller &
Weiner, 2009; Raz, Daugherty, Bender, Dahle, & Land, 2015; Shing et al., 2011; Wisse et al.,
2014). Other studies have used semi-automated methods (Kerchner et al., 2013) to show linear
decreases in CA1 volume, while a recent automated investigation revealed no effect throughout
age (Pereira et al., 2014). Results regarding the CA4/DG are mixed with both decreases
(Mueller & Weiner, 2009; Pereira et al., 2014; Wisse et al., 2014) and preservation (de Flores et
al., 2015; Kerchner et al., 2013; Mueller et al., 2007; Raz et al., 2015; Shing et al., 2011)

observed.

2.5.2 Aging and WM

No study to date has sought to fully address changes in all WM regions (i.e. alveus, fimbria, and
fornix) of the memory circuit. While some volumetric studies investigating the fimbria have
shown no change in volume across age (Frisoni, Ganzola, Canu, Riib, Pizzini, Alessandrini,
Zoccatelli, Beltramello, Caltagirone, & Thompson, 2008a; Pereira et al., 2014), the fornix has
only received extensive attention in DWI studies. Quantitative fiber tracking results showing
age-dependent reductions in fornicial structure (Schmahmann et al., 2007; Zahr, Rohlfing,
Pfefferbaum, & Sullivan, 2009) along with more recent DWI studies (Fletcher et al., 2013;
Gunbey et al., 2014; C. Lebel et al., 2012; Sala et al., 2012; Sasson, Doniger, Pasternak,
Tarrasch, & Assaf, 2013; Sullivan, Rohlfing, & Pfefferbaum, 2010).
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2.6 Present Study Approach

This thesis first evaluates and describes a protocol for the manual segmentation of HF WM, and
validates its use in an automatic segmentation framework (MAGeT Brain). This framework is
then used to automatically segment WM and HF subfields in a population of healthy and
pathological (i.e. MCI, AD) aging. Chapter 3 identifies the main materials and methods used in
the study. This includes a description of the segmentation protocol, datasets used, and analysis
techniques employed. In Chapter 4, all results of the statistical and analytical tests are reported,
including the reliability outcomes of manual segmentations, validation results, as well as the
volumetric results for healthy versus pathological aging. Results are discussed and critically

evaluated in Chapter 5.
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Chapter 3: Methods

Three main methods were used to produce the final contributions of the present thesis. The first
involves a description of the detailed manual segmentation protocol defined for the WM (alveus,
fimbria, and fornix) of the HF; the second is the validation of this protocol for use in a fully
automated segmentation scheme; and the final is the application of the automated protocol on the

OASIS and ADNI datasets to study healthy and pathological aging respectively.

3.1 Atlas Image Acquisition

High-resolution T1- and T2-weighted images used for the development of our manual
segmentation protocol are from data acquired from 5 healthy subjects (2 male, 3 female, aged
29-57, average age of 37 years). All images were acquired on a 3T GE Discovery MR 750
system (General Electric, Milwaukee, WI) at the Centre for Addiction and Mental Health
(Toronto, Canada) using an 8-channel head coil. Three separate sets of high-resolution T1 and
T2-weighted images were acquired. T1-weighted images were acquired using the 3D inversion-
prepared fast spoiled gradient-recalled echo acquisition (FSPGR-BRAVO; TE/TR =4.3 ms/9.2
ms, TI =650 ms, a = 8°, 2NEX, FOV =22 cm, slice thickness = 0.6 mm, 384 x 384 in-plane
steps). High-resolution T2-weighted images were acquired using the 3D fast spin echo
acquisition (FSE-CUBE; TE/TR = 95.3 ms/2500 ms, ETL = 100 ms, 2NEX, FOV = 22 cm, slice
thickness = 0.6 mm, 384 x 384 in-plane steps). Both image sets have an isotropic voxel size of
0.6 mm. A final isotropic voxel size of 0.3 mm was obtained for both T1 and T2 images using
reconstruction filters, ZIPX2 and ZIP512. All images were converted to the MINC file format
and subsequent image processing and neuroanatomical labeling was performed using tools from

the MINC software distribution (http://www.bic.mni.mcgill.ca/ServicesSoftware/HomePage).

Each image was corrected for RF inhomogeneity non-uniformity (Sled et al., 1998) and the three
T1 and T2-weighted images were averaged together following rigid-body alignment (Collins,
Neelin, Peters, & Evans, 1994) in order to decrease noise and increase contrast. Each image was
then normalized to a fixed intensity range (0—10,000), and intensity-averaged on a voxel-by-

voxel basis to enhance signal and contrast (Holmes et al., 1998) to produce one final T1, and T2-
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weighted image volume. T1- and T2-weighted averages were then rigidly aligned to one another

(Collins et al., 1994) to allow for neuroanatomical homology between the contrasts.

3.2 Manual Tracing Protocol

Whereas past protocols have only involved manual tracings of the fornix, the present work seeks
to delineate the left and right alveus, fimbria, and fornix using the high-resolution images
described above. In addition, the protocol is tailored to fit with a previously published protocol
for segmentation of the HF subfields by our group (Winterburn et al., 2013). A variety of
different anatomical papers and print atlases were used to create the WM atlases (e.g. Duvernoy
etal., 2013; Mai et al., 2015; Talairach & Tournoux, 1988). All tracings were completed using
the Display software package (part of the MINC toolkit:
http://www.bic.mni.mcgill.ca/ServicesSoftware/HomePage). In general, contrast differences
were used to discern the WM from the HF grey matter and surrounding structures. In areas of
anatomical uncertainty, geometrical rules were applied to maintain a consistent approach that
approximates the known neuroanatomy while allowing the protocol to be effectively replicated
by others; a strategy successfully employed by our group (Park et al., 2014; Winterburn et al.,
2013) and others (Ekstrom et al., 2009; Kerchner et al., 2010; La Joie et al., 2010; Libby,
Ekstrom, Ragland, & Ranganath, 2012; Malykhin et al., 2010; Mueller & Weiner, 2009;
Palombo et al., 2013; Pluta et al., 2012; Preston et al., 2010; Pruessner, Li, Serles, Pruessner,
Collins, Kabani, Lupien, & Evans, 2000a; Wisse et al., 2012; Yushkevich et al., 2009; 2010).
Similarly, this has also been the case for the application of histologically derived MR atlases
(Adler et al., 2014) where visual inspection of such atlases has also been used in conjunction
with other atlases to approximate borders of HF subfields in head and tail sections (Yushkevich,
Pluta, et al., 2015b). Although T1-weighted scans were mainly used to guide segmentation, T2-
weighted scans proved useful as a second anatomical reference (most notably in areas where the
T2 contrast provided more visibility; e.g. the anterior pillars of the fornix or WM posterior to the
crux of the fornix). Given that the present WM structures have a complex three-dimensional
shape (e.g. fornix twists and turns in and out of various planes), all views were employed to aid
delineation. Some of the WM structures may be more visible in one plane (i.e. sagittal, coronal,
axial) than another. For similar reasons, 3D surface representations of segmentations were used

to guide tracing in ambiguous areas and to enforce strict neuroanatomical homology. The
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description provided below represents only a summary of the devised tracing protocol. A
comprehensive version of the protocol with specific written guidelines per structure and

corresponding 17 anatomically detailed images, can be found in Appendix A.

Alveus: Identification of the alveus begins in the coronal plane in the anterior to posterior
direction (all other planes including 3D reconstruction were used to aid tracing). At its most
anterior extremity, the alveus first appears as a circular/oval shape approximately Imm prior to
the emergence of the HF head as previously identified by (Winterburn et al., 2013). At this
point, all high-intensity WM voxels (similar to those of the corpus callosum or anterior
commissure) are included as alveus; the superior border being the grey matter of the amygdala,
and inferior border being the WM superior to the entorhinal and perirhinal cortices. Once the HF
head emerges, the alveus sits atop the HF and is inferiorly bounded by the grey matter ribbon of
the CA region (see Figure 3A, 1). Since the WM of the alveus blends inferiorly with that of the
WM superior to the parahippocampal gyrus, an approximation is made such that the alveus
extends superiorly on the HF from the lateral-most extent of the HF to the medial most extent
ventricle. At this point the WM of the alveus extends more laterally and blends with the WM
inferior to the HF. In order to ensure inclusion of voxels contained within the alveus, the lateral
boundary is taken to be the point at which the WM of the alveus meets the floor of the lateral
ventricle (Figure 3B, iv). Medially, the alveus is traced until it is no longer visible. While the
inferior boundary remains the same as in previous slices, the superior boundary at this point now
becomes the cerebrospinal fluid (CSF) of the lateral ventricle. For the most part, the alveus
maintains the same boundaries from the HF body to the tail, running laterally and superiorly
along the HF. Following the disappearance of the uncus of the HF head, the WM of the alveus
and fimbria become indistinguishable at the level of the HF body. Here, a geometric rule was
devised to separate these two regions. This involved bisecting the entire WM ribbon superior to
the HF with a vertical line down the middle of the top most undulation of the HF body (see
Figure 3C, v). This measurement was taken to be the half-way point between the medial end of
the CA4/DG (i.e. the medial-most termination of CA4/DG and the stratum radiatum, lacunosum
and moleculare (SR/SL/SM) subregions as defined by Winterburn et al. (2013)) and the lateral
most point of the HF WM, which extends out into the lateral ventricle. All WM occurring lateral
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to this vertical line was demarcated as alveus. In posterior sections near the HF tail, the high
intensity signal contrast of the WM ribbon begins to decrease with each consecutive slice until it
completely disappears. Segmentation of the alveus therefore terminated on the last slice on

which it was discernible.

Fimbria: Moving along the HF from anterior to posterior in the coronal plane, segmentation of
the fimbria begins once the uncal sulcus appears. In the case of the fimbria, all cardinal
orthogonal planes were used to aid tracing. Similar to the alveus, the fimbria is superiorly
bordered by the CSF and inferiorly bordered by the grey matter of the uncus of the HF head. At
the level of the uncus, the fimbria extends laterally until it reaches the lateral most undulation of
the HF. This point coincides with the medial termination of the CA2/3 and DG/CA4 regions in
our previous HF subfield atlas (Winterburn et al., 2013). The fimbria continues medially until
the high intensity WM ribbon is no longer visible. In more posterior coronal sections, the
fimbria begins to separate from the uncus and is flanked by the alveus. At the level of the HF
body, a vertical line is drawn bisecting the WM ribbon on top of the HF, exactly half-way up the
lateral-most undulation of the HF (Figure 3C, v). All WM medial to this line is included as
fimbria. All other border definitions remain the same. Tracing of the fimbria continues until the

crux of the fornix is in full view coronally (Figure 3E, vi).

Fornix: Tracing of the fornix begins in the coronal plane once the crux of the fornix is in full
view (Figure 3E, vi). All other planes including 3D surface representations were also used to aid
tracing. At this point, the fornix is bound inferomedially by the pulvinar nucleus of the thalamus
and by the CSF of the quadrigeminal cistern. Since the WM of the fornix blends superiorly with
the WM of the corpus callosum (Figure 3E, vii) and the commissure of the fornix, a reliable
geometric rule to maintain tracing accuracy was employed. This involved tracing the WM along
the angle where the fornix meets the superior WM from its lateral to medial edge (Figure 3E, red
line). The lateral boundary of the fornix at this point is the medial edge of the alveus. In more
posterior sections the WM of the fornix becomes removed from the WM of the corpus callosum
and is traced until it is no longer visible. Tracing in the coronal plane ensues anterior to the crux
of the fornix where the fornix moves superiomedially and anteriorly. The fornix takes a flattened

appearance as its inferior, medial, and lateral aspects are all bordered by the CSF of the lateral
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ventricle. Here, the superiomedial border is the same as listed previously (Figure 31, red line).
The fornix then detaches from the corpus callosum (Figure 3H, viii) and tracing includes only the
condensed area of high-intensity WM. These demarcations continue throughout the body of the
fornix coronally until the anterior pillars of the fornix are reached (Figure 3F). At this point, the
fornix moves inferiorly in two separate columns to meet the mammillary bodies. At this point,

the axial view of the T2-weighted images is best used to trace WM of the fornix.
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Figure 3. Example of segmentation protocol for the alveus fimbria and fornix. Columns A-E show unlabeled coronal
slices for the white matter regions. Representative slices of the fornix are also included in rows F-I. White matter labels
are presented along side hippocampal subfield labels from Winterburn et al. (2013). Both T1 and T2 images were cross-
referenced during tracing. Sagittal and axial sections were also used to guide tracing. A) Depicts tracing protocol for the
alveus at the level of the anterior HF head region. The alveus is bordered superiorly by the grey matter of the amygdala
and inferiorly by the grey matter of the hippocampus (i). Sitting on top of the hippocampus, it includes the white matter
ribbon extending from the most medial extension of the hippocampus (ii) to the most lateral extension of the
hippocampus (iii). B) Shows segmentation protocol for the alveus in the head of the hippocampus. The alveus is
bordered superiorly by the cerebrospinal fluid (CSF) of the lateral ventricle, and inferiorly by the hippocampus. It
extends medially over the hippocampal undulations until it is no longer visible. Laterally the alveus is traced until it
reaches the point where it meets the end of the lateral ventricle (iv). C) The alveus maintains the same border definitions
except for its medial extent. Due to the presence of the fimbria, the alveus continues medially half-way up the top most
undulation of the hippocampal body (v). The white matter ribbon medial to this extent is taken to be fimbria. D)
Coronal slice though more posterior regions of the hippocampal body. E) The fimbria is traced until the presence of the
crux of the fornix (vi), while the alveus remains. At this point the fornix is continued superiomedially until it meets the
white matter of the corpus callosum (vii). F) Anterior pillars of the fornix. Axial sections were most useful in identifying
the anterior pillars of the fornix as they descend inferiorly to reach the mammillary bodies. G) Coronal section through
the body of the fornix. All high intensity white matter of the fornix is included in segmentation. H) Coronal section
through the posterior body of the fornix. The fornix at this level is surrounded by CSF. I) A section though the posterior
fornix just prior to the crux of the fornix. Superomedially the fornix follows the same rule as in vii.
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3.3 Reliability of Manual Segmentation

The alveus, fimbria, and fornix of all 5 high-resolution scans were segmented using the protocol
described above. Both intra and inter-rater reliability was assessed and consisted of retracing
three randomly selected brains bilaterally. In order to reduce artificial increases in accuracy due
to rater memory, all manual segmentations were completed 6-18 months after completion of
initial segmentations by two separate individuals: one who developed the majority of the
protocol and another who was taught the protocol de novo based on the description provided
herein. Both tracers used not only the same tracing program (MINC Display) and style (i.e.
mouse and keyboard), but also maintained the same screen size, resolution and image intensities
across all tracings. Reliability for WM regions was measured using Dice’s Kappa (Dice, 1945),
which measures the degree of overlap between test and re-test labels (1 = full overlap, 0 =no

overlap).

3.4 Investigation of the Memory Circuit in Healthy and Pathological Aging

3.4.1 Healthy Aging Dataset: OASIS

The OASIS cross sectional dataset was used to assess variation in WM (i.e. alveus, fimbria, and
fornix) through the course of healthy aging (Marcus et al., 2007). A composite dataset, OASIS
includes T1-weighted images from a total of 416 participants aged 18-96 scanned at 1.5T (3-5
scans per subject at 1 x 1 x 1.25mm, then rigidly registered, averaged, and resampled to 1mm
isotropic voxel dimensions). Clinical Dementia Rating (CDR) scores were provided for each
subject where 0 = no dementia, 0.5 = very mild dementia, 1= mild dementia, 2 = moderate
dementia (Morris, 1993). To ensure that individuals suspected of having Alzheimer’s disease or
any existing cognitive impairment were excluded, 100 individuals with CDR scores greater than
0 were removed. A total of 316 individuals were used in the final analysis (aged 18-94; mean =
45.17, SD = 23.88, 62.3% female, CDR=0; see Appendix B: Population Demographics for

age/sex distributions).
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3.4.2 Pathological Aging Dataset: ADNII1 3T baseline

Pathological aging data used in this article were obtained from the Alzheimer’s Disease
Neuroimaging Initiative (ADNI) database (adni.loni.usc.edu). The ADNI was launched in 2003
as a public-private partnership, led by Principal Investigator Michael W. Weiner, MD. The
primary goal of ADNI has been to test whether serial magnetic resonance imaging (MRI),
positron emission tomography (PET), other biological markers, and clinical and
neuropsychological assessment can be combined to measure the progression of mild cognitive
impairment (MCI) and early Alzheimer’s disease (AD). For up-to-date information, see
www.adni-info.org. The ADNI1 3T baseline dataset was used to assess the role of WM in
pathological aging. This provided a healthy control group of 47 individuals (mean age = 75.11,
SD =3.90, 61.70% females), an MCI group of 69 (mean age = 75.01, SD=8.18, 36.23% females)
and an AD group of 35 (mean age = 74.23, SD = 7.93, 65.71% females; see Appendix B:
Population Demographics for age/sex distributions) for a total of 151 individuals. Similar to the

OASIS scans, all T1-weighted images maintained a 1mm isotropic voxel resolution.

3.4.3 Image Pre-Processing

In order to facilitate the downstream segmentation pipeline, OASIS images underwent pre-
processing with N4 nonuniform intensity normalization (Tustison et al., 2010) followed by neck
cropping. Preprocessed ADNI1 3T baseline data (i.e. gradwarp, B1 non-uniformity and N3

correction; Sled et al., 1998; Zheng et al., 2009) were cropped to remove the neck.

3.5 Automatic Segmentation: MAGeT-Brain Segmentation

Multiple automatically generated templates (MAGeT) Brain segmentation (Chakravarty et al.,
2013; Pipitone et al., 2014) was used in conjunction with the 5 high-resolution atlases to derive
automatically generated segmentations of the subfields and WM of the HF. MAGeT Brain was
implemented with a total of 21 templates (both for OASIS and the ADNI datasets; as per
Pipitone et al., 2014). Using nonlinear registration (Avants, Epstein, Grossman, & Gee, 2008)

each atlas was used to label each template library image. Each subject was then labeled using
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nonlinear registration between each image in the template library, yielding 105 (5 atlases x 21
templates) possible candidate segmentations for each subject. These candidate labels were then
fused via majority vote to create the final label. Images in the template library were chosen to
represent the demographic spread within each cohort under study. OASIS templates maintained
a mean age of 42.70 (SD = 21.18 years and 52.38% female). For the ADNI cohort, templates
chosen maintained a mean age of 74.23 (SD = 7.20, 52.38% female; 4 healthy controls, 12 MCI,
and 5 AD). All 466 MAGeT-Brain outputs (315 OASIS, 151 ADNI) were assessed for quality
via manual inspection on a slice-by-slice basis. Quality control was based on specific set of rules
where each segmentation was assigned either a score of 0 (fail), 0.5 (good pass), or 1 (excellent

pass; see Appendix C for quality control procedure).
3.6 Reliability of automatic segmentation

Although MAGeT-Brain has been previously validated for HF segmentation (Pipitone et al.,
2014), an additional validation effort was made in order to verify if the WM regions defined
above could be identified on standard Imm isotropic T1-weighted acquisitions. In order to test
the reliability of the MAGeT-Brain labels, MAGeT labels were generated from the OASIS
reliability dataset (consisting of 30 individuals scanned twice with a delay of 1-89 days). A total
of 20 individuals were used after exclusion for possible pathological conditions (see Section
3.4.1). Intraclass correlation coefficient (ICC) was used to assess the degree of correlation
between the labels generated from the first and the second scan. Although this would provide a
measure of precision, in order to test the accuracy of MAGeT brain segmentation, individual
subject first scans were rigidly registered to the second scan (with 6 degrees of freedom; Avants
et al., 2008). Resulting transformations were used to transform the MAGeT labels calculated on
the first scan of the subject into the space of the repeat scan. Dice’s Kappa was used to assess
the degree of overlap between labels where 0 represents no overlap and 1 represents perfect

overlap between labels:

_ 2a
K_2a+b+c

Here, the number of voxels in both segmentations is denoted by a while b + ¢ represents the sum

of voxels unique to each respective label. Although registration and resampling errors will
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confound the quality of this evaluation, we use this to establish a possible lower bound on

MAGeT Brain segmentation reliability in the context of labeling standard T1-weighted MRIs.

An additional test for precision was completed which involved the use of a modified leave-one-
out-cross validation (LOOCYV), similar to the simulation approach presented in our previous
work (Pipitone et al., 2014). In this approach, each high-resolution T1-weighted atlas is
downsampled to 1mm isotropic voxel dimensions, and automatically segmented using the
remaining atlases. Similarly, the downsampled versions of the homologous manually derived
labels are used as a gold standard for segmentation against automated evaluation. Each LOOCV
round involved the selection of a single downsampled atlas image treated as a subject image to
be segmented by MAGeT-Brain. Given that the final step of the MAGeT-Brain pipeline involves
a majority vote and that an odd number of input atlases improves segmentation (Pipitone et al.,
2014), all combinations of three input atlases were used. Thus, each downsampled atlas is
segmented once using each possible combination of 3 of the 4 high-resolution atlases.
Therefore, for each of the five atlases, a total of 4 segmentations were evaluated per run,
resulting in combined total of 5 x 4 = 20 segmentations evaluated overall. The template library
was composed of all 5 downsampled atlases as well as 14 OASIS scans. Dice’s Kappa was
calculated for each of the 20 segmentations per region (via comparison to the downsampled gold

standard labels).

3.7 Whole-Brain Volume Estimation

The OASIS and ADNI datasets include estimates of total intracranial volume (eTIV; as derived
from FreeSurfer) and were used in subsequent analyses. Recently, an arguably more robust
measure of total brain volume, brain extraction based on a nonlocal segmentation technique
(BEaST; Eskildsen et al., 2012), has also been used in recent literature for providing whole-brain
measures. Although results presented in the present paper include those using the eTIV as
provided with each dataset, results were additionally run using BEaST outputs as a

complementary measure (See Appendix D).
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3.8 Statistical Analysis

A general linear model (GLM) accounting for sex and eTIV was used to assess the relationship
between volumes of the structures and age in the OASIS dataset. Models assessing age by sex
interactions as well as the presence of quadratic and cubic effects of age were also assessed.
Analysis was performed for the entire HF (i.e. combined subfields) and WM circuit (i.e.
combined WM regions) first as a whole, then repeated for individual HF subfields and WM
structures. Effect sizes (standardized B values) were calculated for each region. Multiple
comparisons between all 16 subregions of the memory circuit were corrected for using
Bonferroni correction (here, corrected threshold corresponds to p < 0.0031; uncorrected p values
are also reported). Pair-wise structural correlations were also assessed to test for volumetric
relationships between all WM or HF subregions to determine if there were any significant
subregion grouping patterns in the normative neurodegenerative process or if pairs of subfields
and HF WM regions degenerated with a consistent patterning. Prior to correlation analyses,
volumes were first residualized for effects of age, sex and eTIV. A correlation matrix was
generated with a bootstrap of 10,000 iterations for matrices of the left and right volumes

separately, and 100,000 times for the bilateral correlation matrix.

In the ADNI data, a GLM accounting for age, sex and eTIV, was used to assess differences in
volume across controls, MCI, and AD groups. Once again, correction for multiple comparisons
yielded a Bonferroni corrected significance level of p < 0.0031 and standardized 3 values were

also obtained for each region.
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Chapter 4: Results

4.1 Protocol Reliability

Intra-rater reliability values evaluated though Dice’s Kappa revealed high reliabilities for WM
regions, ranging from 0.81-0.90 (see Table 1). In addition, the assessment of inter-rater reliability
demonstrated that reproducibility of the manual tracing protocol was high with Dice’s kappa
ranging from 0.81-0.87 (Table 1). The above results were comparable to those frequently
reported and accepted in HF subfield literature (de Flores et al., 2015; Mueller et al., 2010; Olsen
et al., 2013; Palombo et al., 2013; Winterburn et al., 2013; Wisse et al., 2012). Three-
dimensional rendering was also used to qualitatively assess morphometric contiguity and was

found to be of sufficiently smoothly contours (See Figure 4).

Table 1. Summary of Intra/Inter-rater Reliability

Structure Left Dice Score Right Dice Score

Intra (range) Inter (range) Intra (range) Inter (range)
Alveus 0.88 (0.90-0.85) 0.87(0.89-0.85) 0.86 (0.90-0.75) 0.85 (0.86-0.83)
Fimbria 0.90 (0.92-0.89) 0.85(0.87-0.83) 0.81 (0.86-0.71) 0.81 (0.84-0.77)
Fornix 0.89 (0.90-0.87) 0.81(0.82-0.80) 0.84 (0.88-0.76) 0.81 (0.81-0.80)

Total White Matter ~ 0.90 (0.90-0.89) 0.81 (0.84-0.75) 0.84 (0.89-0.76) 0.80 (0.86-0.74)

Average intra and inter-rater reliability was calculated using Dice’s volumetric Kappa. A score of 0 represents no
overlap between test and retest labels, whereas a value of 1 represents a complete overlap.
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Figure 4. Three dimensional reconstruction of high-resolution hippocampal subfield and white matter atlases.
Bilateral 3D reconstruction of the hippocampal subfields as per Winterburn et al. (2013) are depicted in the first
column. The second column depicts the novel white matter labels superimposed on the Winterburn atlas. Row A)
presents a lateral view of the bilateral hippocampi and white matter. Row B) presents a superior view of the
hippocampal subfields and white matter.
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4.2 Quality Control of MAGeT Brain Output

Segmentation quality control of the OASIS dataset resulted in 19 out of an initial 315 subjects
(6.4%) being removed due to segmentation failure. ADNI quality control resulted in the

exclusion of 6 individuals out of 151 (3.97%)).

4.3 MAGeT Brain Reliability

Intraclass correlation coefficients (ICC) were used to assess the degree of correlation between
the volumes generated from the first and the second OASIS scans. Results indicated a medium
to high consistency for HF subfields and WM regions ranging from 0.79-0.99 (see Table 2;
OASIS Validation). Dice’s Kappa was used to assess the degree of overlap between labels and
revealed values ranging from 0.61-0.84 (see Table 2; OASIS Validation). Results of the
LOOCYV analysis revealed Dice scores ranging from 0.30-0.70 for both HF subfields and WM
structures. Although these validation results are comparable to previous work from our group
for automatic HF subfields (Pipitone et al., 2014), results are lower than other groups (Van
Leemput et al., 2009; Yushkevich et al., 2010; Yushkevich, Pluta, et al., 2015b). Despite this, it
is important to note that validation efforts of the aforementioned groups have either 1) involved
manual delineations of considerably fewer HF subfields, 2) traced HF subfields only along the
body of the HF while excluding all WM regions, and 3) have only completed automated
segmentation on high-resolution MR images (as opposed to the Imm isotropic standard

resolution used in the present study).
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Table 2. Summary of MAGeT Brain Validation

Left Right

Structure OASIS Validation  LOOCY ~(2%>5  LooCV

igg) Dice (SD) Dice (SD) ICC Dice (SD) Dice (SD)
CAI 0.95 ?(')733) 0.57 (0.05) 0.98 0.76 (0.03) 0.50 (0.04)
CA2 & CA3 094  0.63(0.06) 0.32(0.09) 0.95 0.63 (0.08) 0.35 (0.10)
Dentate Gyrus/CA4 096  0.84(0.02) 0.65(0.04) 0.94 0.82(0.03) 0.56 (0.05)
SR/SL/SM 096  0.68(0.03) 0.39(0.05 0.96 0.65(0.04) 0.30 (0.05)
Subiculum 096  0.73(0.04) 0.52(0.10) 0.96 0.75 (0.04) 0.41 (0.07)
Alveus 093 0.65(0.05) 0.39(0.07) 0.96 0.61 (0.05) 0.33 (0.06)
Fimbria 096  0.73(0.05) 0.49 (0.09) 0.91 0.69 (0.08) 0.39 (0.11)
Fomix 0.99  0.80(0.02) 0.70 (0.04) 0.99 0.79 (0.03) 0.67 (0.04)
White Matter 098  0.73(0.04) 0.53(0.7) 0.9 0.70 (0.05) 0.46 (0.06)
Hippocampus 098  0.73(0.04) 0.49(0.7) 0.99 0.72 (0.04) 0.42 (0.06)

Reliability values were assessed for each structure per hemisphere. MAGeT Brain labels of 20 OASIS subjects scanned
at two different time points were used to assess the accuracy of MAGeT Brain segmentation. Reliability was conducted
using Intraclass Correlation (ICC) which assesses the degree of volumetric correlation between test and re-test volumes.
A score of 0 represents no correlation, a value of 1 represents a perfect correlation. In order to assess the precision of
MAGeT Brain segmentation, labels produced from the first scan of each subject were rigidly aligned to their respective
repeat scan. Kappa values were then calculated once labels were in the same space. Average reliability was assessed
using Dice’s volumetric Kappa which assesses the degree of overlap between test and re-test volumes. A score of 0
represents no overlap, a value of 1 represents a perfect overlap between test and re-test labels. An additional validation
of MAGeT Brain employed the use of a leave-one-out-corss-validation (LOOCV) to assess segmentation precision.
Reliability was assessed again using Dice’s Kappa.

4.4 OASIS Dataset

No significant associations with age were found for combined WM volumes (i.e. sum of alveus,
fimbria, and fornix; Left: p=0.46; Right: p=0.82). Out of all WM subregions, we observed a
surprising positive association between bilateral alveus volumes and age (Left: R*=0.12,
p<0.001; Right: R*=0.097, p<0.001; see Figure 5 A). Decreases in bilateral fornicial volume
through the adult lifespan were observed (Left: R*=0.022, p=0.0012; Right: R*=0.038, p<0.001;

see Figure 5 C). The association between fimbria volume and age was less clear as the left
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fimbria volume decreased (R*=0.027, p=0.0011) and the right fimbria remained stable (p=0.91;

see Figure 5 B) in relation to age.
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Figure 5. Weighted scatter plots of white matter subfield volumes across age for 315 OASIS cases. Regression
lines plotted depict volume as a function of age. Statistics reported are for a general linear model (GLM) accounting
for sex and estimated total intercranial volume (¢TIV). A: Plot of alveus volume as a function of age. GLM
accounting for sex and eTIV demonstrated bilateral volume increases in the alveus (Left: R*=0.12, p<0.001; Right:
R?=0.10, p<0.001). B: Plot of fimbria volume as a function of age. GLM accounting for sex and eTIV
demonstrated a significant decrease for only the left fimbria (R*=0.03, p<0.001). The right fimbria was not
significant (p=0.91). C: Plot of fornix volume as a function of age. GLM revealed a bilateral decrease in fornix
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volume for both the left (R>=0.03, p=0.001) and right (R*=0.04, p<0.001) fornix. Plot depicts p and adjusted R
values.

No significant relationship was observed for age with respect to whole HF volume (Left: p=0.87;
Right: p=0.077) following Bonferroni correction. Significant associations between age and some
of the HF subfields were also observed. A positive association between age and volumes of left
and right CA1 was found (respectively, R*=0.044, p<0.001; R*=0.0043, p<0.001; Figure 6 A).
The left CA4/DG demonstrated a trend toward volumetric decrease associated with age
(R?=0.0073, p=0.035) while the right did not show any such association (p=0.937; Figure 6 B).
The left SR/SL/SM was found to decrease over time (R*=0.012, p=0.014; Figure 6 C), while the
decrease in the right hemisphere did not reach significance. All linear models run using BEaST-
derived total brain volumes did not deviate from findings reported above (see Appendix D for

results).
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Figure 6. Weighted scatter plots of hippocampal subfield volumes across age for 315 OASIS cases. Regression
lines plotted depict volume as a function of age. Statistics reported are for a general linear model (GLM) accounting
for sex and estimated total intercranial volume (eTIV). A: Plot of CA1 region volume as a function of age. GLM
accounting for sex and ¢TIV demonstrated bilateral volume increases in the CA1 region (Left: R*=0.04, p<0.001;
Right: R?<0.001, p<0.001). B: Plot of CA4/DG volume as a function of age. GLM accounting for sex and eTIV
demonstrated a significant decrease for only the left CA4/DG (R*=0.01, p=0.035). The right CA4/DG was not
significant (p=0.94). C: Plot of SR/SL/SM volume as a function of age. GLM revealed a bilateral decrease in
SR/SL/SM volume for the left (p=0.01). The right SR/SL/SM showed no significant change (p=0.31). Plot depicts p
values and adjusted R values.
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Bilateral increases of alveus volume over age maintained the largest effect size (left: 3 =0.84;
right: B =0.73; see Figure 7). Largest negative effect sizes were observed for the left and right
fornicial volumes (respectively, B =-0.69; 8 =-0.54). Out of all WM regions the left fimbria (3 =-
0.15) showed the smallest effect size as it decreased in volume with age. Within the HF
subfields, the bilateral CA1 region maintained the largest positive effect size (left: B =0.82; right:
3 =0.94) and largest negative effect sizes observed for the left CA4/DG (B =-0.32) and left
SR/SL/SM (83 =-0.39).
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Figure 7. Graph depicting effect size (3 values) of age on structure volumes. A general linear model accounting for
sex, and total intercranial volume, demonstrated significant volumetric differences across age (post-Bonferroni
correction) for the right and left fornix, right and left alveus, left fimbria, right and left CA1 region as well as the left
SR/SL/SM. The left CA4/DG was found to be significant prior to Bonferroni correction. *p<.05, **p<0.01,
***p<0.001, f indicates significance prior to Bonferroni correction.

A correlation matrix of the left and right volumes separately revealed generally positive
correlations (Figure 8, A & B) with similar patterns across left and right hemispheres (p<0.001
for all r-values reported here). Namely the left CA1 region was significantly correlated to the
left CA2/3 (r=0.38), CA4/DG (r = 0.64) and SR/SL/SM (r = 0.74) regions. This observed
positive correlation was also observed for the right CA1 with CA2/3 (r = 0.58), CA4/DG (r =
0.67) and SR/SL/SM (r = 0.82). In addition, the left alveus was positively correlated to the left
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CAl (r=0.54), CA2/3 (r=0.70) and SR/SL/SM (r = 0.43). Similar positive correlations were
also observed for the right alveus with the right CA1 (r = 0.75), CA2/3 (r = 0.70) and SR/SL/SM
(r=0.65). A bilateral correlation (Figure 8 C) revealed positive inter-hemispheric cross-
correlations between the right alveus and left CA1 region (r = 0.59) as well as the left alveus and
right CA1 (r = 0.52). Positive correlations were also observed between the right CA1 and left
SR/SL/SM (r = 0.67) as well as the left CA1 and right SR/SL/SM (r = 0.65).
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Figure 8. Structural correlation matrices of subfield volumes. A: Structural correlation matrix of left hemisphere
subfields. Correlations were bootstrapped 1000 times. B: Structural correlation matrix of right hemisphere subfield
volumes. Correlations were bootstrapped 1000 times. C: Structural correlation matrix of all subfield volumes
bilaterally. Scale depicts degree of correlation (Pearson r value).

57



4.5 ADNI Dataset

In contrast to the OASIS results, a significant difference in combined WM volumes (i.e. alveus
fimbria and fornix) were observed between the control and MCI group (Left: R*=0.036,
p=0.0073; Right: R>=0.032, p=0.016; see Figure 9 B). A significant difference was also
observed for HF whole volume between control and the MCI cohort (Left: R>=0.11, p<0.001;
Right: R*=0.060, p<0.001; see Figure 9 A). Contrary to results observed in the healthy aging
cohort, the bilateral alveus did not show any significant differences between control and MCI
groups (Left: p=0.90; Right: p=0.33; Figure 10 A). The left and right fimbria were found to
decrease bilaterally (Left: R>=0.12, p<0.001; Right: R*=0.068, p=0.003; Figure 10. B), as did the
fornix (Left: R?=0.051, p=0.0043; Right: R?=0.093, p<0.001; Figure 10 C) when comparing
controls to MCIL.

Between the MCI and AD cohorts no significant effect of diagnosis was found for all WM
regions combined (see Figure 9 A). Trend-level differences were observed with respect to whole-
HF volume differences (Left: R>=0.013, p=0.079; Right: R>=0.008, p=0.13; see Figure 9 B).
Volumes of all WM subregions were not significantly different between MCI and AD except for
the left fimbria, which was found to be significantly decreased in AD compared to MCI
(R?=0.039, p=0.029).

Comparison between the control and AD groups yielded results that were strikingly similar to the
control and MCI comparisons. AD demonstrated overall smaller combined WM volumes (Left:
R?=0.089, p<0.001; Right: R?=0.042, p=0.018; see Figure 9 A), as well as the combined HF
volume (Left: R*=0.27, p<0.001; Right: R>=0.18, p<0.001; see Figure 9 B). Unlike results for
the normative aging sample, significant differences in alveus volume were not observed when
comparing controls to the AD group. However, bilateral volume decreases were observed for
both the fimbria (Left: R>=0.38, p<0.001; Right: R?=0.12, p=0.001), and fornix (Left: R>=0.068,
p=0.0063; Right: R>=0.10, p<0.001). All above linear models were re-run using BEaST volumes

as in the OASIS dataset and showed similar results (see Appendix D for results).
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Figure 9. Boxplots of combined hippocampal subfield and white matter volumes for ADNI sample. A: Boxplot of
whole hippocampal volume. Whole hippocampal measurement was obtained via the addition of all hippocampal
subfield volumes (CA1, CA2/3, CA4/DG, Subiculum and SR/SL/SM). General linear model (GLM) accounting for
age, sex and estimated total intracranial volume (eTIV) demonstrated bilateral volume decreases in the hippocampus
when comparing the control cohort to the MCI group (Left: R?=0.11, p<0.001; Right: R*=0.06, p<0.001), and the
Control to AD cohort (Left: R>=0.27, p<0.001; Right: R*=0.18, p<0.001). B: Boxplot of combined white matter
volume. Combined white matter volume was obtained by the addition of all white matter subfield volumes (alveus,
fimbria, and fornix). A GLM accounting for age, sex and eTIV demonstrated a significant decrease when comparing
Controls to the MCI group (Left: R*=0.036, p=0.0073; Right: R*=0.032, p=0.016), and Control to the AD group
(Left: R>=0.089, p<0.001; Right: R?=0.042, p=0.018). *=p<0.05, **= p<0.01, ***=p<0.001.
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Figure 10. Boxplots of white matter subfield volumes for ADNI sample. A: Boxplots depicting left and right
alveus volume by group. A general linear model (GLM) accounting for age, sex and estimated total intracranial
volume (eTIV) demonstrated no significant differences comparing across all cohorts. B: Boxplots depicting left and
right fimbria volume by group. A GLM accounting for age, sex and eTIV demonstrated a bilateral decrease in
fimbria volume when comparing controls to the MCI cohort (Left: R?=0.11, p<0.001; Right: R*=0.068, p=0.003).
The left fimbria was found to have a significant decrease (R*=0.039, p=0.029) when comparing volumes of the MCI
cohort to those of the AD group. Finally volumes for the bilateral fimbria significantly decreased when comparing
controls to the AD cohort (Left: R>=0.38, p<0.001; Right: R?>=0.12, p=0.001). C: Boxplots depicting left and right
fornix volume by group. A GLM accounting for age, sex and eTIV demonstrated a bilateral decrease in fornix
volume when comparing controls to the MCI cohort (Left: R>=0.051, p=0.0043; Right: R>=0.093, p<0.001 ).
Comparing controls to the AD group, a significant decrease in the left and right fornix was also found (respectively,
R?=0.068, p=0.0063; R?=0.102, p<0.001). *=p<0.05, **=p<0.01, ***=p<0.001.
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In direct contrast to the OASIS results, comparing controls to the MCI cohort (Figure 11 A),
demonstrated significant decreases in left and right CA1 (respectively 3 =-61.1 and B =-85.0) and
also more striking decreases in the left and right subiculum (respectively B =-43.2 and 3 =-42.8),
left and right SR/SL/SM (respectively B =-67.7 and B =-46.5), left fimbria (3 =-18.3), and right
fornix (3 =-44.6). The left and right CA4/DG regions (respectively 8 =-52.3 and 3 =-43.2) as
well as the right fimbria (B =-12.7) and left fornix (3 =-34.2) were significant prior to Bonferroni
correction. When comparing controls to the AD cohort, significant effect sizes were observed
for the left and right CA1 (respectively B =-114.0 and B =-88.7), left and right CA4/DG
(respectively B =-74.3 and B =-71.8), left and right subiculum (respectively 3 =-67.9 and 3 =-
62.1), left and right SR/SL/SM (respectively B =-87.3 and B =-67.3), left and right fimbria
(respectively 3 =-29.9 and B =-13.8), and right fornix (3 =-42.5). The left fornix (B =-37.6) was
significant prior to Bonferroni correction. Lastly, the MCI versus AD group effect sizes (Figure
11 C) showed no significant effect sizes, although, the left and right subiculum (respectively 3 =-
26.9 and BB =-21.7), as well as the left fimbria (3 =-11.8) were significant prior to Bonferroni

correction.
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Figure 11. Graph depicting effect size (3 values) of group status on structure volumes in ADNI sample. A general
linear model (GLM) accounting for sex, and total intercranial volume was used to assess changes in volumes across
all groups (post-Bonferroni correction). A: Effect sizes for controls versus MCI. Significant effect sizes were noted
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for the right and left CA1, right and left subiculum, right and left SR/SL/SM, left fimbria and right fornix. The left
and right CA4/DG, right fimbria, and left fornix were also found to be significant prior to Bonferroni correction. B:
Effect sizes for controls versus AD. Significant effect sizes were noted for the right and left CAl, right and left
CA4/DG, right and left subiculum, right and left SR/SL/SM, right and left fimbria and the right fornix. The left
fornix was found to be significant prior to Bonferroni correction. C: Effect sizes for MCI versus AD. No significant
effect sizes were noted for all subregions. The right and left subiculum, and left fimbria were found to be significant
prior to Bonferroni correction. *p<.05, **p<0.01, ***p<0.001, T indicates significance prior to Bonferroni
correction.
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Chapter 5. Discussion

The present thesis presents a complete and comprehensive investigation of WM volumetry with
respect to normal and pathological aging. This was accomplished via the creation, validation,
and implementation of a novel methodological approach to the in vivo investigation of human
extra-hippocampal WM. First, a detailed high-resolution segmentation protocol for the
delineation of all WM outputs of the HF (i.e. alveus, fimbria and fornix) was developed and was
found to be both reliable and reproducible; importantly the developed protocol is complementary
to existing work on the HF subfields by our group (Winterburn et al., 2013). Secondly, the
feasibility of using these manual segmentations as atlases for the automatic segmentation of HF
subfields and WM by way of MAGeT-Brain segmentation was assessed and validated.
Validation efforts demonstrated both appropriate precision and accuracy of MAGeT-Brain
output segmentations at Imm isotropic voxel dimensions. Finally, the volumetry of the WM
structures in healthy and pathological aging was assessed by performing MAGeT-Brain
segmentation on two different datasets, namely, the OASIS dataset (a healthy aging cohort) and
the ADNI-1 3T baseline dataset (cohorts of controls, MCI, and AD). Results indicated a
preservation of the bilateral alveus and CA1 region over the course of healthy aging. Significant
decreases were also noted for the bilateral fornix, left fimbria, and left SR/SL/SM regions. With
respect to pathological aging, comparison of the MCI cohort to controls indicated decreases in
bilateral CA1, subiculum, SR/SL/SM, left fimbria and right fornix. While comparison of MCI to
AD cohorts did not reveal any significant differences, the results observed for comparison of
controls to AD remained markedly similar to those observed for MCI to controls with decreases

observed in the bilateral CA1, CA4/DG, subiculum, SR/SL/SM, fimbria, and right fornix.

Manual segmentation has been a dominant approach for the study of HF subfields in vivo. Many
protocols exist for the segmentation of the HF subfields (e.g. Adler et al., 2014; Bender et al.,
2013; Duncan et al., 2014; Ekstrom et al., 2009; Kerchner et al., 2012; La Joie et al., 2010;
Malykhin et al., 2010; Mueller & Weiner, 2009; Olsen et al., 2013; Palombo et al., 2013; Preston
etal., 2010; L. Wang et al., 2003; Winterburn et al., 2013; Wisse et al., 2012; Yushkevich, Pluta,
et al., 2015b; Zeineh et al., 2012; Zeineh, Engel, Thompson, & Bookheimer, 2001) including
recent work towards the development of a unified protocol (Yushkevich, Amaral, et al., 2015a).

Despite the many available options for manual segmentation of the HF, the use of (Winterburn et
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al., 2013) for manual segmentation maintains significant advantages. Firstly, the present tracing
protocol segments HF subfields along the entire anterior to posterior axis of the HF while other
groups instead include separate labels for head and tail regions (Olsen et al., 2013; Palombo et
al., 2013; Preston et al., 2010; L. Wang et al., 2003; Zeineh et al., 2001). In fact, some protocols
are devoid completely of segmenting the head and tail and restrict segmentation of HF subfields
to solely the body (Bender et al., 2013; Kerchner et al., 2012; Mueller et al., 2007). Secondly,
the protocol employed maintains improved inclusivity with respect to regions segmented. For
example, Palombo et al. (2013) include only three ROIs: the subiculum, CA1, and
CA2/CA3/CA4/DG (grouped together); this same ROI assortment and grouping is consistent
across multiple segmentation protocols (Duncan et al., 2014; La Joie et al., 2010; Preston et al.,
2010; Zeineh et al., 2001). As opposed to segmentation of 3 ROI regions, the Winterburn et al.
(2013) protocol delineates 5 different ROIs (subiculum, CA1, CA2/CA3, CA4/DG, SL/SR/SM),
and is the only method at 3T that can successfully isolate the molecular layers (i.e. SL/SR/SM).
These characteristics of the Winterburn et al. (2013) protocol allow for the precise investigation

of HF subfields at an unprecedented level of anatomical rigor.

Novel post mortem work has led to the capability of segmenting 6 separate ROIs (i.e. subiculum,
CAl, CA2, CA3, CA4/DG, and SL/SR/SM; Adler et al., 2014) via histology-derived volumetric
annotation of the HF. This process involves reconstructing sequential histological sections to the
MRI scan of the same post mortem brain in order to obtain exact microscopic-based HF subfield
delineations. While the product achieved by this type of work is desirable, the effort required
and lack of applicability of the final product may hinder its use in novel research studies. A
time-intensive and computationally expensive process, the histological-reconstruction and
registration to an MRI scan preformed here was completed for an 89-year-old female. This
severely limits subject variation in the finalized segmentation and makes results of this work
difficult to apply to other cohorts. Moreover, since delineations are solely based on the histology
of one subject, no specific set of rules can be applied manually to other cases and establishes this
work as more of a proof-of-concept study. However, future work in this field holds promise. If
histologically reconstructed MRI delineations can be completed on numerous subjects of a
representative population, they may be useful atlases for incorporation into an automatic

segmentation framework.
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In addition to the above limitations observed in the segmentation protocols themselves, efficacy
and quality of manual tracings also depend on field-strength, resolution, and scanning parameters
used for acquisition. For example, many in vivo scanning protocols use highly anisotropic voxel
dimensions in the coronal plane with low-resolution through the anterior-posterior direction (2-3
mm; Kerchner et al., 2010; La Joie et al., 2010; Mueller et al., 2007; Mueller & Weiner, 2009;
Olsen et al., 2013; Palombo et al., 2013; Van Leemput et al., 2009). While these types of
acquisitions are advantageous since they reduce acquisition times, they introduce significant
sampling bias in the measurement of small and geometrically complex structures and partial
volume effects, possibly altering the visualization of clear boundaries. Despite the inherent
trade-off with respect to scan-time, the scanning parameters employed in the present thesis
address these concerns by using images with anisotropic voxels. Although this trade-off is not
explicitly quantified (which would be difficult to complete in the absence of data from other
groups), it is likely that systematic introduction of noise in images with anisotropic voxels can be
more easily overcome with increases in sample size. Therefore the use of anisotropic data can
limit partial volumes and increase accuracy of manual segmentations completed for the HF
subfields and associated WM regions. In addition, some groups argue for more precise measures
by completing segmentation of HF subfields at 7T (Kerchner et al., 2012; Kirwan et al., 2007;
Malykhin et al., 2010; Wisse et al., 2012; Zeineh et al., 2012). While signal-to-noise and image-
contrast ratios may be improved and results in images with an increased level of detail, most MR
research is conducted using 3T scanners. Not only are the costs of 7T scanners high, but their
absence in clinical settings may also hamper data availability and corresponding study

investigation (Balchandani & Naidich, 2015).

The similar limitations observed for the HF subfields with respect to segmentation protocols and
scanning acquisition also hold true for the volumetric investigation of the WM regions of the
alveus, fimbria, and fornix. As a whole, little work has focused on the WM of the HF, let alone
its segmentation and volumetry. Our work improves on previously published protocols for the
segmentation of the fornix (Bilir et al., 1998; Copenhaver et al., 2006; Gale et al., 1995;
Kuzniecky et al., 1999; Zahajszky et al., 2001) that carry specific limitations. Namely, these

include: the lack of full anterior to posterior segmentation, grouping of multiple structures within
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the same ROI, and exclusion of entire structures altogether. For example, all above-mentioned
WM protocols fail to segment posterior and/or anterior areas of the fornix. Of those that claim to
include posterior and anterior-most regions (Copenhaver et al., 2006; Zahajszky et al., 2001),
segmentation terminates at the level of the anterior commissure, thereby omitting the anterior
pillars of the fornices. Grouping of structures is also observed amongst all protocols as only one
ROl is created for the fornices, and volumetric measures are a bilateral sum of the right and left
fornix. The current protocol circumvents both these issues and is not only capable delineating
the left fornix from the right, but also includes the entire anterior to posterior extent of the fornix.
Additionally, the above protocols exclude the fimbria and fornix entirely. Although a few
protocols exist for the segmentation of the alveus and fimbria, these either group both regions
together into the same ROI (Wang et al., 2003; Zeineh et al., 2012) or lack clear anatomical
details for their separate delineation (Parekh et al., 2015). In addition, the majority of protocols
have completed segmentation at more standard imaging resolutions, often employing 1.5T
isotopic (e.g. Zahajszky et al., 2001) or anisotropic voxel sizes (Imm x Imm x 1.5mm; e.g.
Copenhaver et al., 2006). The only protocol that includes sub millimeter voxel sizes is Parekh et
al. (2015; 0.4mm isotropic) but employs high-field 7T imaging in order to do so while also
combining the fimbria and fornix within the same ROI. To the best of our knowledge, this work
is the first to develop a detailed 3T protocol for the full anterior to posterior segmentation of the

alveus, fimbria, and fornix.

Establishing inter- and intra-rater reliability is key to the development of a useful segmentation
protocol. Not only does this secure the reproducibility of the protocol by the protocol author
(intra-rater reliability), it also establishes the reproducibility of the protocol by others based on
the protocol outline (inter-rater reliability). In Table 1 we show strong inter- and intra-rater
reliabilities with Dice’s Kappa values ranging from 0.81-0.90 for the alveus, fimbria, and fornix.
Direct comparison of our results to those of past protocols is difficult for a number of reasons.
Firstly, of the protocols segmenting the alveus, fimbria, and fornix, none include any measures of
reliability (Parekh et al., 2015; Wang et al., 2003; Zeineh et al., 2012). In addition, past
protocols for the segmentation of the fornix use ICC as a method of reliability evaluation. While
ICC is capable of discerning the degree of correlation to which two volumes are associated with

each other, it does not maintain the capability of evaluating the spatial or anatomical similarity
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between them. For example, two ROIs with exactly the same volume can be compared and may
receive a high ICC. However, if these volumes were in completely different spatial locations,
then observed ICC values would not change. Since the essence of segmentation lies in proper
boundary placement, a more suitable and frequently used measure is Dice’s Kappa overlap
metric (Dice, 1945). Used excessively in recent HF subfield segmentation literature (Olsen et
al., 2013; Palombo et al., 2013; Winterburn et al., 2013; Yushkevich, Pluta, et al., 2015b) and
herein, this method penalizes raters for segmentations that fall outside the boundaries of the
original ROI. Nonetheless, the ICC values reported by other groups are moderately high (see
Table 3), ranging from 0.88-0.97. Taking into consideration that these results were obtained at
standard image resolutions, the reliability of the present high-resolution segmentation protocol is
high, especially given the increased margin of error incurred with increased voxel resolution and

number.

Table 3. Comparison of WM Reliability Across Protocols

Author Intra-Rater Inter-Rater Method of
Reliability Reliability Evaluation

Amaral et al., 2016 0.81-0.90 0.81-0.87 Dice’s Kappa

Bilir et al., 1998* 2.9-3.5% 0.86-0.98 Coefficient of
variation percentage
/1CC

Copenhaver et al., 0.93 0.97 ICC

2006*

Gale et al., 1995* 0.92 0.92 ICC

Kuzniecky et al., 3.5% 0.82 Coefficient of

1999%* variation percentage
/1CC

Parekh et al., 2015 none none none

Wang et al., 2003 none none none

Zahajszky et al., 2001* 0.91 0.83 ICC

Zeineh et al., 2012 none none none

Reliability values listed are those reported in respective articles. Ranges are reported for some protocols. Listed
ranges for Amaral et al., (2016) is based on average WM reliability across all regions (i.e. not limited to the fornix).
* denotes segmentation of only fornix.

It can be argued that volume is not considered a primary metric for the MR investigation of
white matter tracts. By contrast, it can be thought that a better estimate of white matter integrity
can be completed using diffusion-weighted imaging (DWI). This is reflected in literature where
volumetric investigation of the WM structures of the memory circuit has received significantly

less attention. Instead, the majority of studies focus on DWI measures. While DWI is capable of
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successfully imaging WM tracts, standard DWI measures do not maintain the level of spatial
detail needed to capture the alveus, fimbria, and areas of the anterior-most fornix. Although
tailored high-resolution DWI sequences can increase fiber-tracking results, these protocols take
more time to employ and are highly specific. This makes subsequent analyses more laborious to
complete (Yassa et al., 2010; Zeineh et al., 2012). In addition, given their proximity to the
lateral ventricles, standard DWI measures of these WM projections may suffer from partial
volume effects, free water contamination, and inherent spatial, as well as angular resolution
constraints, all of which limit its application to only the fornix (Pelletier et al., 2013; Zhuang et
al., 2013). Different pulse sequences (e.g. FLAIR) have also been used to eliminate the CSF
partial volume effects, however, this often comes at a cost of lowering signal-to-noise ratio and
consequently downgrades fiber tracking results (Basser & Pajevic, 2000; Chou et al., 2005;
Jones, 2003). Therefore, volumetry of these regions may be a useful proxy of WM integrity and,
potentially, a complementary analysis metric. As advancements in high-resolution DWI
continue, future work should look to establish and quantify the homology between these two
metrics. This may identify if easily obtained volumetric data (as such from automatic
segmentation pipelines) can be practically used as a primary metric. This is especially important
for in-clinic use. Results permitting, if viable WM biomarkers for disease onset or progression
are discovered, a method capable of providing quick and efficient patient evaluation would be an
asset, and therefore more practical as opposed to a detailed and laborious high-resolution DWI

sequence.

Advancements with respect to the automatic segmentation of HF subfields have been made over
recent years (Fischl, 2012; Iglesias et al., 2015; Pipitone et al., 2014; Van Leemput et al., 2009;
Yushkevich, Pluta, et al., 2015b). Despite the use of high-resolution images as inputs by some
algorithms (e.g. Yushkevich, Pluta, et al., 2015b), these images still suffer the same resolution
constraints as mentioned previously. In addition, availability of such datasets are rare and the
majority of large MR datasets complete scanning at more standard resolutions. In fact, the
majority of automatic HF subfield segmentation has been completed on standard 1mm isotropic
images (Fischl, 2012; Iglesias et al., 2015; Pipitone et al., 2014; Van Leemput et al., 2009;
Voineskos et al., 2015). It can be argued that the dependability of using an automatic

segmentation method on such data may result in imprecise measurements. Since the MAGeT-
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Brain algorithm uses a combination of whole HF anatomy and local contrast features (both of
which are visible despite speculation in standard T1-weighted images), accurate and precise
measurements should be possible. Our validation efforts were therefore motivated not only by
this, but also due to the absence of any validation effort made on behalf of the aforementioned
algorithms for segmentation of HF subfields on standard MR images (apart from Pipitone et al.,
2014 by our group). We demonstrated high accuracy as measured by ICC in our first of three
validations. The high ICCs supported the reproducibility of MAGeT-Brain segmentation for all
structures. Our corresponding two additional tests for precision revealed lower but appropriate
numbers. The Kappa values obtained following the transformation of OASIS labels into the
same space represent a lower bound of reliability given the inherent error attributed with image
registration. LOOCYV results were similar to those previously reported by our group (Pipitone et
al., 2014). Compared to other validation reports, our Dice’s Kappa values were slightly lower
than those reported in Yushkevich et al. (2009; Dice range of 0.51-0.74) and Yushkevich, Pluta,
et al. (2015b; Control HF subfields Dice range of 0.50-0.82). However, it is important to
differentiate between the two validations as they were obtained through validation directly on
high-resolution images, and did not contain WM regions. In addition, the LOOCYV included in
(Yushkevich, Pluta, et al., 2015b) and (Yushkevich et al., 2009) included the comparison of
manual segmentations directly to automatic results of the same image since atlases and subject
images were of the same resolution. The present LOOCV completed is limited by our
segmentation protocol, which cannot be used to manually delineate HF subfields and WM
directly on 1mm isotropic data. Although not ideal, the down-sampling atlases (and
corresponding labels) was required to complete an approximate validation. As described in
(Pipitone et al., 2014), the resampling during this LOOCV combined with the use of only three
atlases may have contributed to lower overlap scores (as we have previously demonstrated). The
observed lower values for WM subregions were expected, yet are still impressive given that
these structures are often 1-2 voxels thick and are spatially dynamic (i.e. twist, turn and move in
and out of all planes). Further, the Dice metric penalizes structures with high surface area-to-
volume ratios; precisely the type of geometry shown in the HF WM structures. To our
knowledge, this is the first attempt at validation, let alone automatic segmentation, of the HF

subfields and alveus, fimbria, and fornix on T1 1mm3 standard MRI images.
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The use of 1mm isotropic data remains a limitation of the present study, with a trade-off made
for image quantity over quality. Future work still lies in adapting and validating MAGeT-Brain
segmentation for the automatic segmentation of high-resolution images. With respect to
standard image segmentation, a few additional improvements can be made in future MAGeT-
Brain work. For example, it is well known that automatic multi-atlas segmentation techniques
require atlases representative of their population in order to achieve the best possible results
(Cabezas et al., 2011; Dill et al., 2015). One limitation of the current implementation of
MAGeT-Brain involves the demographic details of the high-resolution atlases used.
Specifically, atlases consisted of 2 males and 3 females aged 29-57 (av. = 37). While such an
atlas set may be representative for a healthy aging population, they may not be the most
appropriate for the segmentation of AD or MCI cohorts. Having an additional representative set
of high-resolution HF/WM atlases for AD and/or MCI patients may provide more accurate
results. Although the inherent problem of comparison between results generated from two
different atlases sets would remain, the unique structure of MAGeT-Brain attempts to somewhat
circumvent this issue via the use of templates. By having a subset of the subjects chosen as
templates, final segmentations are ultimately based off a representative set of subjects as opposed
to directly from the atlases. In this way, the bias associated with using healthy atlases to segment
AD cohorts is reduced. Despite difficulties associated with creating a gold-standard atlas set of
atrophic AD or MCI brains, this would also be advantageous for further validation. Currently,
the validations included herein are only applicable to the OASIS cohort. By having a high-
resolution atlas set, the same LOOCYV can be preformed for AD or MCI populations.

Compared to the study of AD and MCI, the investigation of HF subfields and WM with respect
to healthy aging has been relatively limited. Consistent with previous findings from our group
(Voineskos et al., 2015), no significant relationship with whole HF volume and age were
observed, however, the present study identified a strong preservation of the CA1. To date, few
studies seem to support this result (La Joie et al., 2010; Voineskos et al., 2015). However,
numerous studies have demonstrated an opposite and linear decrease in CA1 volume throughout
age (Mueller et al., 2007; Mueller & Weiner, 2009; Raz et al., 2015; Shing et al., 2011; Wisse et
al., 2014). Unlike the present study, these studies involve MR images at sub-millimeter voxel

sizes. Consequently, significantly lower participant numbers are used compared to the present
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study (see Table 4 for comparison). Nonetheless, other studies have used semi-automated
methods (Kerchner et al., 2013) to show linear decreases in CA1 volume, while a recent
automated investigation revealed no effect throughout age (Pereira et al., 2014). It has also been
demonstrated that CA1 volume decline begins around the age of 50 in a nonlinear trajectory (de
Flores et al., 2015). Some studies have also shown similar results to those presented in this study
regarding null changes in CA4/DG volume (de Flores et al., 2015; Kerchner et al., 2013; Mueller
etal., 2007; Raz et al., 2015; Shing et al., 2011), yet a few studies support decreases with age (de

Flores et al., 2015; Mueller & Weiner, 2009; Pereira et al., 2014; Wisse et al., 2014; see Table 4

for overview of studies investigating HF subfield structure in healthy aging). Heterogeneity in

these results across laboratories may be a result of different methods used for segmentation,

differing definitions of the subfields themselves, and/or differing use of covariates. For example,

studies that use the Mueller protocol (Mueller et al., 2007) may suffer from a substantial bias, as

this protocol only requires the demarcation of three coronal slices in the body of the HF.

Further, other studies may or may not use brain volume as a covariate in their results.

Table 4. Comparison of WM and HF Subfield Volumetry Across Healthy Aging Studies

Author Field Strength/ Segmentation Labeled ROIs Volumetric
Voxel Type / Subject Results
Resolution Number
(mm)
Amaral et al., 3T/1.0x1.0x Automatic CA1l, CA2/CA3, Increase: alveus,
2016 1.0 /315 CA4/DG, CAl
SL/SR/SM, Decrease: left
Subiculum, SL/SR/SM,
alveus, fimbria, fornix, left
fornix fimbria
Frisoni, Ganzola, 3T/1.0x1.0x Manual HF, DG, Increase: HF
Canu, Riib, 1.0 /19 subiculum,
Pizzini, alveus/fimbria
Alessandrini,
Zoccatelli,
Beltramello,
Caltagirone, &
Thompson,
2008a
Kerchner et al., 7T/022x0.22 Semi-Automatic CAI1/SL/SR/SM, Decrease:
2013 x 1.5 /27 CAL1/SP, CA1/SR/SL/SM
CA3/DG
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La Joie et al.,
2010

Mueller et al.,
2007

Mueller &
Weiner, 2009

Pereira et al.,
2014

Raz et al., 2015

Shing et al., 2011

Voineskos et al.,
2015

Wisse et al.,
2014

3T /0.38 x 0.38
x2.0

4T/04x0.5x
2.0

4T/04x0.4x
2.0

3T/1.0x 1.0x
1.0

3T,04x 0.4 x
2.0

3T/0.4x0.4x
2.1

1.5T/0.78 x
0.78x 1.5

7T/0.7x 0.7 x
0.7

Manual
/50

Manual
/42

Manual
/119

Automatic
/50

Manual
/80

Manual
/29

Automatic
/137

Manual
/29

CAl,
CA2/CA3/CA4/
DG, subiculum
CAl, CA2,
CA3/CA4/DG,
subiculum

CAl, CA1-2
transition,
CA3/DG

CA1l, CA2/CA3,
CA4/DG,
subiculum,
presubiculum,
fimbria
CA1/CA2,
CA3/DG,
subiculum
CA1/CA2,
CA3/CA4/DG,
subiculum

CAl, CA2/CA3,
CA4/DG,
SL/SR/SM,
subiculum

CAl, CA2, CA3,
CA4/DG,
subiculum

Decrease:
subiculum

Decrease: CAl

Decrease: CAl,
CA3/DG

Decrease:
CA2/CA3,
CA4/DG

Decrease:
CA1/CA2

Decrease:
CA1/CA2

Decrease:
CA2/CA3,
CA4/DG,
SL/SR/SM,
subiculum
Decrease: CAl,
CA4/DG

No study to date has investigated changes in WM regions within the memory circuit. Thus, our

results demonstrating preservation of the bilateral alveus and decreases in the left fimbria and

fornices with age are the first to our knowledge. While some volumetric studies investigating the

fimbria have shown no change in volume across age (Frisoni, Ganzola, Canu, Riib, Pizzini,

Alessandrini, Zoccatelli, Beltramello, Caltagirone, & Thompson, 2008a; Pereira et al., 2014) the

fornix has been extensively studied via DWI. Studies using quantitative fiber tracking

corroborate our results by showing age-dependent reductions in fornicial structure (Schmahmann
et al., 2007; Zahr et al., 2009), along with more recent DWI studies (Fletcher et al., 2013;
Gunbey et al., 2014; Lebel et al., 2012; Sala et al., 2012; Sasson et al., 2013; Sullivan et al.,

2010).
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On the other hand, research pertaining to the study of HF subfields within the context of AD and
MCT has been reasonably more extensive. Previous high-resolution volumetric studies
comparing the HF subfields in AD and control cohorts have replicated our observed findings of
simultaneous decreases in subiculum, CA1, CA4/DG and SR/SL/SM volume together (Adachi et
al., 2003; Boutet et al., 2014; de Flores et al., 2015; La Joie et al., 2010). Among all volumetric
results in AD, observed decreases in the CA1 region occur most frequently and are often the
central focus in such studies (Adachi et al., 2003; Boutet et al., 2014; de Flores et al., 2015;
Iglesias et al., 2015; Kerchner et al., 2013; Khan et al., 2015; La Joie et al., 2013; Li et al., 2013;
Lim et al., 2012; Mueller et al., 2010; Mueller & Weiner, 2009; Wisse et al., 2014; Yassa et al.,
2010; Yushkevich, Pluta, et al., 2015b). Studies employing automatic segmentation completed at
more standard resolutions akin to the present study have also been completed (Khan et al., 2015;
Lietal., 2013; Lim et al., 2013) and have substantiated our results of decreases in the subiculum,
CA2/3, CA2/DG and/or CA1. As stated previously, it is important to note that differences in
segmentation protocols and atlases may partially explain the varying results among studies.
While some fail to show volumetric changes in MCI cohorts (Kerchner et al., 2013; Wisse et al.,
2014), a select few point towards focal decreases in CA1 (Mueller et al., 2010; Mueller &
Weiner, 2009), CA3/DG, CA4/DG and/or the subicular subfields (de Flores et al., 2015; La Joie
et al., 2013; Pluta et al., 2012). Some of the aforementioned automatic segmentation studies also
included an MCI component, which resulted in similar results (Hanseeuw et al., 2011; Iglesias et
al., 2015; Khan et al., 2015; Lim et al., 2012; Yushkevich, Pluta, et al., 2015b; see Table 5 for

overview of studies investigating HF subfield structure in MCI and AD).

Table 5. Comparison of WM and HF Subfield Volumetry Across AD and MCI Studies

Author Field Strength/ Segmentation Labeled ROIs Volumetric
Voxel Type / Subject Results
Resolution Number
(mm)
Amaral et al., 3T/1.0x1.0x Automatic CA1l, CA2/CA3, Decrease: CAl,
2016 1.0 /AD: 47 MCI: 69 CA4/DG, SL/SR/SM,
SL/SR/SM, subiculum,
Subiculum, fornix, fimbria
alveus, fimbria,
fornix
Adachi et al., 1.5T/1.0x1.0x Manual/AD: 12 CAl, CA3/CA4, Decrease: CAl,
2003 1.0 subiculum CA3/CAA4,
subiculum
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Boutet et al.,
2014

Callen et al.,
2001

Copenhaver et
al., 2006

Hanseeuw et al.,
2011

Iglesias et al.,
2015

Kerchner et al.,
2010
Kerchner et al.,
2013

Khan et al., 2015

La Joie et al.,
2010

Lietal., 2013

7T /0.30 x 0.30
x1.2

1.5T/13x13x
1.3

1.5T/1.0x 1.0x
1.0

3T /0.81 x 0.95
x 1.0

1.5T, 1.0x 1.0 x
1.0

7T/0.2x0.2x
2.0
7T/0.22x0.22
x 1.5

1.5T/1.1x1.1x
1.2

3T, 0.375 x
0.375x 0.375

1.5T/12x1.2x
1.2

Manual
/ AD: 4

Manual
/AD: 40

Manual
/AD: 16 MCI; 20

Automatic
/MCI: 15

Automatic
/MCI: 16

Manual

/AD: 14
Semi-automatic
/MCI: 15 AD: 11

Automatic
/MCI: 357 AD:
291

Manual
/MCI: 17 AD: 18

Automatic
/AD: 29

CA1-SL/SR/SM,
CA1-SP, hilum,
subiculum-SP,
alveus

Hippocampus,
fornix,
mammillary
bodies

Fornix,
mammillary
bodies

CAl, CA2/CA3,
CA4/DG,
presubiculum,
subiculum,
fimbria

CAl, CA2/CA3,
CA4, GC-DG,
molecular layer,
presubiculum,
subiculum,
parasubiculum,
alveus, fimbria
CAI1-SL/SR/SM,
CAI1-SP
CAI1-SL/SR/SM,
CAI1-SP,
CA3/DG

CA1l, CA2/CA3,
CA4/DG,
presubiculum,
subiculum,
fimbria

CAl,
CA2/CA3/CA4/,
subiculum

CAl, CA2/CA3,
CA4/DG,
presubiculum,
subiculum,
fimbria

Decrease: CAl-
SL/SR/SM,
CA1-SP,
subiculum-SP,
alveus
Decrease:
Hippocampus,
fornix,
mammillary
bodies
Decrease:
Fornix,
mammillary
bodies
Decrease:
CA2/CA3,
subiculum

Decrease: CAl,
CA2/CA3, CA4,
GC-DG,
molecular layer,
fimbria

Decrease: CAl-
SP

Decrease: CAl-
SL/SR/SM,
CAI1-SP,
CA3/DG
Decrease: CAl,
CA2/CA3,
CA4/DG,
presubiculum,
subiculum,
fimbria
Decrease: CAl,
CA2/CA3/CA4/,
subiculum
Decrease: CAl,
CA2/CA3,
CA4/DG,
presubiculum,
subiculum,
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Lim et al., 2013

Mueller et al.,
2010

Mueller &
Weiner, 2009

Pluta et al., 2012

Wisse et al.,
2014

Yassa et al.,
2010
Yushkevich,
Pluta, et al.,
2015b

3T/1.0x 1.0x
1.0

4T/04x0.4x
2.1

4T/04x0.4x
2.0

3T/0.4x 0.4 x
2.0
3T/0.7x 0.7 x
0.7

3T/0.75x0.75
x 0.75
3T/1.0x 1.0x
1.0

Automatic
/AD: 31

Manual
/MCI: 20 AD: 18

Manual
/MCI: 20 AD: 18

Semi-automated
/MCI: 17
Manual

/MCI: 16 AD: 9

Manual
/MCI: 10
Automatic
/MCI: 40

CA1l, CA2/CA3,
CA4/DG,
presubiculum,
subiculum,
fimbria

CAl, CAl1-2
transition,
CA3/DG,
subiculum
CAl, CAl1-2
transition,
CA3/DG,
subiculum
CAl, CA4/DG

CAl, CA2, CA3,
CA4/DG,
subiculum

CAl, CA3/DG,
subiculum

CA1l, CA2/CA3,
CA4/DG,
presubiculum,
subiculum,
fimbria

fimbria
Decrease:
CA2/CA3,
CA4/DG,
presubiculum,
subiculum
Decrease: CAl,
CA1-2 transition,
CA3/DG,
subiculum
Decrease: CAl,
CA1-2 transition,
subiculum

Decrease: CAl,
CA4/DG
Decrease: CAl,
CA3, CA4/DG,
subiculum
Decrease: CAl,
CA3/DG
Decrease:
CA2/CA3,
CA4/DG,
presubiculum,
subiculum,
fimbria

With respect to WM regions, we found significant decreases in only the fornix and fimbria in

both AD and MCI. Previous studies have demonstrated the accelerated atrophy of the fornix in

AD volumetrically (Callen et al., 2001; Copenhaver et al., 2006) along with a wide range of DWI
studies (Jin et al., 2015; Metzler-Baddeley et al., 2012; Oishi et al., 2012; Zhuang et al., 2013).
While DWI work also implicates the fornix in MCI (Huang et al., 2012; Mielke et al., 2009;

Oishi et al., 2012) the few existing volumetric studies have (Cui et al., 2012), and have not

(Copenhaver et al., 2006) shown evidence of decreases in fornicial volume. As for the fimbria,

mixed evidence suggests both atrophy and preservation over MCI (Hanseeuw et al., 2011;

Iglesias et al., 2015; Khan et al., 2015; Lim et al., 2013; Yushkevich, Pluta, et al., 2015b) and

AD (Frisoni, Ganzola, Canu, Riib, Pizzini, Alessandrini, Zoccatelli, Beltramello, Caltagirone, &

Thompson, 2008a; Khan et al., 2015; Li et al., 2013; Lim et al., 2013). While no results were

observed for the alveus, decreases in alveus volume have been both reported in AD (Boutet et
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al., 2014) and not found in MCI (Iglesias et al., 2015). Surprisingly, we did not observe
significant differences for WM regions when comparing AD to MCI (that is, aside from the left
fimbria). Although such differences have been reported (Mielke et al., 2009; Oishi et al., 2012)
we found increasing negative effect sizes for the fornix and fimbria in aging to MCI and AD.
Although not significantly step-wise, these results may support the conclusion that rates of
atrophy in WM structures in healthy aging can serve as a predictor of conversion to MCI and AD

(Fletcher et al., 2013).

Perhaps the most important goal of this study was to volumetrically assess the memory circuit in
its entirety. In this way, each subfield could be evaluated within the context of all other
structures, unlike most studies, which simply consider a few subfields irrespective of
neighboring structures. This approach is necessary given the inherent connections present within
the HF subfields and neighboring structures. In order to draw conclusions about atrophy and
disease changes, taking into consideration only sections of this circuitry is insufficient. By
including the WM and the HF subfields we are able to reach this circuitry at a gross anatomical
level. It is known that the HF has two main pathways: the polysynaptic pathway and the direct
pathway (see Duvernoy et al., 2013 for review). Briefly, the polysynaptic pathway originates in
the entorhinal cortex (Amaral & Insausti, 1990) and perforates the subiculum in order to synapse
on the DG. From here, axons from the DG then synapse on those present in the CA4 and CA3.
Axons then project to the CA1 followed by subiculum before leaving the HF via the alveus and
fimbria. On the other hand, the direct pathway simply connects the entorhinal cortex to the CA1.
Axons then synapse in the subiculum and back down to the entorhinal cortex (Du et al., 1993;
MacLean, 1992). Taking into consideration that the entorhinal cortex is the first site of AD-
related pathology (Braak & Braak, 1991; Gomez-Isla et al., 1996; Moreno et al., 2007; Whitwell
et al., 2007) and that MR-identified structural atrophy has been shown to occur first in this region
(Dickerson, 2001; Du et al., 2001; Killiany et al., 2000; 2002; Miller et al., 2015; Pennanen et al.,
2004; Varon, Loewenstein, Potter, & Greig, 2011; Visser et al., 1999; see Zhou, Zhang, Zhao,
Qian, & Dong, 2015 for review), our results are therefore justifiable at the circuit level.
Specifically, early atrophy of the entorhinal cortex may implicate the distal structures involved in
its downstream circuitry. Since the first synapse of the direct pathway involves the CA1, the

observed CA1 atrophy is logical. Our observed atrophy with respect to the subiculum and
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CA4/DG in AD/MCI can also be explained given the fact that these regions consecutively mimic
the connections within the perforant pathway. Following this logic, atrophy beginning in one
region would propagate to connecting regions occurring downstream. This idea fits with the
cell-cell interaction hypothesis of AD (i.e. prion-like theory of AD) where the spread of
pathogenesis is dependent on brain circuitry and spreads from cell to cell in a prion-like manner
(Miller et al., 2015; Small, Schobel, Buxton, Witter, & Barnes, 2011; see Brundin, Melki, &
Kopito, 2010 for general review; see Yin, Tan, Jiang, & Yu, 2014 for AD-relative review). In
fact, these results have been mimicked in ex-vivo studies where the loss of afferents from the
entorhinal cortex to the DG can cause DG atrophy (Scheff, Price, Schmitt, & Mufson, 2006).
Surprisingly, the final output afferents of the alveus were not found to suffer from volumetric
changes despite that its deterioration has already been observed in AD (Mizutani & Kasahara,

1995).

Continuing with this line of thinking, the preservation of CA1 and alveus regions in our healthy
aging sample can be explained by the possible strengthening of an older, more controversial
pathway; the alvear pathway. Although its existence has been a subject of debate in humans, this
pathway first described by (Cajal, 1911) has been shown in rats (Deller et al., 1996). This is
different then the perforant pathway since axonal projections here first travel through the alveus
to reach the CA1 rather than perforating through the subiculum (Mizutani & Kasahara, 1995).
Not only did we identify increases in alveus and CA1 volume throughout healthy aging, we also
found structural correlations between these two regions. Taken together, these results could

reveal some sort of neuroprotective effect mediated by the CA1 and/or alveus.

The results obtained are also important on a clinical level. Given that the patterns of WM
decreases observed in MCI and AD cohorts contrasted with results in the healthy aging cohort,
these regions may serve as viable biomarkers for disease onset or even treatment options.
Interestingly, the failure of pharmacological approaches has motivated increased interest in deep
brain stimulation (DBS) for the treatment of AD; a therapy that has shown positive results in
other neurodegenerative diseases such as Parkinson’s disease (Deep-Brain Stimulation for
Parkinson's Disease Study Group, 2001). While many treatment targets have been suggested for

AD (see Bick & Eskandar, 2016 for review), DBS of the fornix in rodents have shown increases
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in memory capabilities (Hescham et al., 2013b; C. Zhang, Hu, Wu, Zhang, & Zhang, 2015). Itis
unsure weather DBS may mediate orthodromic or antidromic activation of the myelinated axons
of the fornix (Hardenacke, Shubina, Biihrle, & Zapf, 2013; Hescham, Lim, Jahanshahi, Blokland,
& Temel, 2013a), regardless, stimulation has shown to increase cellular activity in the CA1,
CA3, and DG of the HF, as well as increase neurotropic factors (Gondard et al., 2015), all of
which support the stimulation of neuroprotective mechanisms. These details fit in line with our
observed volumetric results; if DBS of the fornix is possible, it may have downstream volumetric
effects on HF subfields, thereby approximating the results observed in healthy aging (i.e.
increases in CA1 and stability of other subfields). In fact, DBS of the anterior limbs of the fornix
has already been completed on 6 AD patients (Sankar et al., 2015) and demonstrated significant
increases in global HF volume correlated to increases in cognitive scores for 2 patients.
However, the precise volumetric measurement of HF subfields, or WM has yet to be completed.
Future work should be done to identify what downstream effect fornix stimulation incurs and if

changes approximate those that might be observed in normative aging.

Additionally, it is important to consider the impact that genetics may play in disease risk and
onset. For example, it is well known that APOE4 is a significant risk factor for AD (Genin et al.,
2011) with many studies demonstrating a dose-dependent risk in carriers of €3 and &4 alleles
(Farrer et al., 1997). Recent investigation of the effect of APOE status on subfield volume has
shown decreased subicular volume (Donix et al., 2010), as well as CA1-SLRM volume
(Kerchner et al., 2014) in elderly cognitively normal participants. While increased rates of
atrophy have been shown in whole-hippocampal volume of AD APOE4 carriers (Schuff et al.,
2009), more focal decreases have also been observed in the CA3/DG (Mueller & Weiner, 2009)
of AD patients. Understanding the effect of APOE status (and other AD-related polymorphisms)
on the HF subfields and WM would help to elucidate its volumetric effect on asymptomatic and
symptomatic populations. Unfortunately genetics were not included in the freely available
OASIS dataset, and were not completed for the ADNI cohort. This remains an important

limitation to the current work, and should be investigated in future studies.

Perhaps the most salient limitation involved the use of cross-sectional and standard (Imm

isotropic) MR images in our analyses. Although the use of such images provide inherently lower
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spatial information compared to high resolution images, the lack of dataset availability
comprising of high resolution images for healthy aging, MCI and/or AD cohorts forced us to
choose scan quantity over quality. While datasets like the Human Connectome Project (Van
Essen et al., 2013) do exist and include 0.7mm isotropic scans of 897 healthy subjects aged 22-
35, the limited age range forfeits the ability to complete a viable healthy aging study. This is also
the case for retrospective or longitudinal data. Tied to this is our use of subsampled versions of
atlases during validation. Intuitively, downsampling atlases only provides a proxy gold standard
label and may cause the loss of anatomical correctness due to resampling error. In addition, the
devised WM protocol can only be thought of as an approximation of structure as rules and
delineations are based on available print atlases and histological papers; a limitation suffered by
most manual segmentation protocols that do not derive delineations from MRI data registered to

histological data (e.g. Adler et al., 2014).

Here we have presented not only a novel protocol for the segmentation of WM structures, but
have also validated its use for automatic segmentation via MAGeT Brain. Additionally, we
assess the changes in these regions (along with HF subfields) in healthy aging and AD/MCI. We
identified significant decreases in key WM and HF regions that follow the circuit-based patterns
as theorized by the prion-like spread of AD pathology. Results support a neuroprotective role of
the alveus and/or CA1 regions for healthy aging. Future study of WM regions and their relation
to HF subfields are needed in both health and disease. The inclusion of MTL inputs (i.e.
entorhinal, perirhinal or parahippocampal cortices) in future volumetric studies should be
prioritized in order to achieve a more comprehensive assessment of the entire human memory
circuit. This complete assessment would also offer insight into the circuit-based findings we
observed. Finally, a comparison of DWI to volume metrics for the assessment of WM regions
should be done in order to better understand which are most sensitive to observing changes in the

alveus, fimbria and/or fornix.
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Appendix A: Detailed Segmentation Protocol

Review of General Anatomy of Alveus, Fimbria, and Fornix:

The human hippocampal formation (HF) is enveloped by thin white matter (WM) projections
emanating from within the HF. These myelinated fibers contour its trajectory through the medial
temporal lobe until they aggregate near the HF tail and curve superiorly and anteriorly,
projecting to the mammillary bodies. The alveus covers the majority of the anterior portion of
HF head and extends along the lateral length of the HF. These myelinated fibers extend medially
and coalesce forming the fimbria. The fimbria runs along the superomedial bank of the HF and

transitions into the fornix, which then projects to the mammillary bodies (See Figure 12).

Figure 12. General depiction of hippocampal white matter anatomy.
The alveus (green) covers the anterior and lateral portions of the
hippocampus. The fimbria (red) begins near the hippocampal uncus
region and includes all the aggregated white matter from the alveus.
The fimbria continues posteriorly until it reaches the crux of the fornix.
At this point the fornix (blue) curves superiorly and moves anterior to
reach the midline. At its anterior-most extent, the fornix descends to
meet the mamillary bodies (purple). Figure adapted and modified from
Gray, Henry. Anatomy of the Human Body. Philadelphia: Lea &
Febiger, 1918.
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Detailed Manual Tracing Protocol:

Alveus: With most of its WM projections emanating from the subiculum and cornu ammonis

(CA) 1 region, the alveus envelops the entire head of the HF superiorly, and extends along the
lateral edge of the ventricular surface of the HF. It can be visibly identified as a high- or low-
intensity band on T1- or T2-weighted images respectively (See Figure 13). This is consistent

with all the WM structures.

L = Left
S = Superior

Figure 13. Image depicts a T1- and T2-weighted image of the right hippocampal head of one individual at the
same coronal slice. The alveus is visible (yellow arrowheads) as it borders the ventricular surface of the
hippocampus, presenting as a thin strip of high-intensity in the T1-weighted image and low-intensity on the T2-
weighted image.

The coronal view in T1-weighted images were most useful for demarcation of the alveus. The sagittal
and axial planes were also used to ensure accuracy and to maintain consistent morphology of
segmentations across coronal slices. Anteriorly, the alveus typically can be seen 2 to 3 slices
(~0.6mm) prior to the onset of the HF. Tracing of the anterior section the alveus begins when the high
intensity WM structure is first visible in the coronal plane within the middle of the MTL (See Figure
14, 1). This will appear as a high-intensity patch of WM in the T1-weighted image. Here, all high-
intensity voxels are included as alveus. At this point the superior border of the alveus is the grey
matter of the amygdala (Figure 14C, iii) and the inferior portion is the WM just superior to the
entorhinal (ERC) and perirhinal (PRC) cortices. A clear division between the WM of the alveus and

the more inferior WM can be seen (Figure 14C, v). The lateral border of the alveus is the temporal
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horn of the lateral ventricle (Figure 14C, iv). Moving more posterior, the HF begins to emerge through
the middle of the alveus (See Figure 14C, ii). At this point the alveus is still follows along the superior
surface of the HF, just above the HF CA1 subregion (inferior boundary). Although the WM of the
alveus extends inferior along the HF’s anterior head, at this point it is indistinguishable from the WM
occurring superior to the PRC and ERC. Thus, to create a reliable definition for this region, a line is
drawn from the medial extremity to the lateral extremity of the HF. The alveus is therefore stopped at

both the medial and lateral-most end of this line (Figure 15).

Labeled T1

-

L = Left
S = Superior = Alveus

Figure 14. Coronal depiction of first appearance of right alveus and its anterior tracing methodology. Slices
A) to C) are of consecutive slices from anterior to posterior. The alveus (i) first appears on the T1 image as a
high intensity patch. At this point the superior boundary is the amygdala (iii). The inferior boundary is
marked by the division between the WM of the alveus and the WM occurring above the MTL cortex. At this
point the T1 and T2-weighted images show a line of different intensity between the two (v). This is used to
guide tracing. In more anterior sections the temporal horn (iv) begins to appear and serves as a lateral border.
In later slices, the hippocampus appears through the middle of the alveus (ii).
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T1 Labeled with
Winterburn et al. (2013)

T1 Labeled

P "

L = Left = Alveus =CA1
S = Superior = Subiculum = SL/ISR/SM

Figure 15. Coronal depiction of geometric rule for the anterior alveus once hippocampus emerges. Image
depicts a coronal section through the right hippocampus of one subject. Since inferior-most sections of the
alveus are not distinguishable due to the presence of WM superior to the MTL cortex ribbon (yellow
arrowheads), a geometric rule also used by Winterburn et al. (2013) was used. Namely, a line (red line) is
drawn from the medial extremity to the lateral extremity of the hippocampus. Tracing of the alveus is then
ceased at both the medial and lateral extremities of this line. The grey matter of the CA1 region serves as an
inferior boundary.

The above geometric rule continues until the HF extends medially (prior to the disappearance of
the ambient gyrus) and the lateral side begins to rise out into the temporal horn of the lateral
ventricle. At this point, the superior boundary is still the amygdala (or CSF of the lateral
ventricle). Medially, the high-intensity alveus is followed as far as it is visible. The inferior
boundary remains to be the surface of the HF (i.e. the CA1 subregion). As stated above, the
alveus curves around the lateral to the inferior portion of the HF. Since the alveus is still
indistinguishable from the WM occurring inferior to the HF, a consistently reliable definition is
again required. Thus, the lateral extremity of the WM of the alveus is drawn until the alveus
meets the lateral ventricle near the inferomedial area of the HF (See Figure 16, iii). Moving
posteriorly, the isthmus of the HF is visible medially. The alveus continues superomedially
along the isthmus until it is no longer visible (Figure 16, iv). At its lateral extremity, and near
the superiolateral part of the alveus, special care must be taken so as not to include parts of the
choroid plexus or partial volumes from the CSF region. For this, it is most useful to use the
sagittal sections to ensure strict identification of the alveus (See Figure 17). In addition, the
sagittal sections can also be useful for ensuring that the medial definition of the alveus

(terminating where it meets the inferior part of the lateral ventricle) is satisfied.
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T1 Labeled with
Winterburn et al. (2013)

T1 Labeled

L = Left = Alveus = CA2/CA3
S = Superior = Subiculum = CA4/DG
= CA1 = SL/SR/SM

Figure 16. Landmarks and tracing methodology for identification of alveus along more posterior portions of the
hippocampal head. Image depicts coronal sections through the right hippocampus of one subject. Rows A) to C)
represent slices from anterior to posterior. Images depict the right hippocampus with alveus. The superior border
remains the amygdala (i). When the hippocampus rises and extends medially into the lateral ventricle (prior to the
disappearance of the ambient cistern, ii), the lateral extent of the alveus extends to where the alveus meets the lateral
ventricle (iii). The medial extent of the alveus is drawn until contrast disappears (iv).
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T1 Labeled with
T1 Labeled Winterburn et al. (2013)

B - S .

L = Left = Alveus = CA1

S = Superior M = Fimbria = CA2/CA3
= Fornix = CA4/DG
= Subiculum = SL/SR/SM

Figure 17. Sagittal sections of the right alveus. Image depicts sagittal sections through the right hippocampus of
one subject. Rows A) to C) represent slices from lateral to medial. Sagittal and axial sections were most useful for
segmentation. Sagittal sections can be used to ensure partial volumes from CSF (i) or choroid plexus (ii) are not
included in segmentations. In addition, sagittal slices allow the tracer to ensure the medial definition of the alveus
(i.e. extends to where the alveus and lateral ventricle meet) is being satisfied (iii).

Moving posterior, the HF head bifurcates following the emergence of the uncal sulcus (Figure
18, i1). The slice at which the uncal sulcus first appears is when the alveus no longer extends
medially to include the entire WM ribbon occurring superior to the HF. Instead, tracing includes
all high-intensity signal associated with the alveus medially until the end of the lateral most
undulation of the HF (i.e. area where the teardrop shape of the HF body forms; See Figure 18,
1i1). The lateral part of the WM ribbon excluded from the alveus is the fimbria (Figure 18, iv). At
this point the lateral, superior and inferior borders of the alveus are the same as listed previously.
Once the WM superior to the HF uncus rises to lift off of the uncus (Figure 18, v), the alveus
extends medially over % of the lateral most undulation of the HF body (Figure 18, vi). Once in
the body of the HF (and the uncus disappears), tracing becomes easier. The body of the HF is
denoted by the tight, condensed curved c-shape structure (Figure 18, C). At this point, the WM
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ribbon sitting superior to the HF body is bisected (i.e. at the half way point; Figure 18, vii),
serving as the medial boundary of the alveus. This continues all the way through the body of the
HF until the HF tail is reached. Again, all views should be employed to ensure that choroid

plexus is not included in demarcation of the alveus (Figure 18, viii).

T1 Labeled with
T1 Labeled Winterburn et al.
(2013)

L = Left = Alveus = CA1
S = Superior [ = Fimbria = CA2/CA3
= Subiculum = CA4/DG
= SL/SR/SM

Figure 18. Description of protocol for segmentation of the alveus near the bifurcation of the hippocampal head.
Image depicts coronal sections through the right hippocampus of one subject. Rows A) to C) represent slices from
anterior to posterior. Anteriorly, the hippocampal head bifurcates following the emergence of the hippocampal
uncus region (i) and uncal sulcus (ii). At this point the medial extension of the alveus includes all the WM until the
teardrop shape of the lateral most hippocampal undulation (iii). This corresponds to the medial termination of the
CA2/3 subregion in Winterburn et al. (2013). The lateral part of the WM ribbon excluded from the alveus is
segmented as fimbria (iv). In more posterior areas the WM superior to the HF uncus region begins to lift (v). At
this point the medial boarder of the alveus extends % over the lateral most hippocampal undulation (vi). More
posterior to this, the uncus disappears and the hippocampal body is reached (C). Here the WM ribbon superior to
the hippocampal body is bisected at its halfway point (vii). This serves as the medial boundary of the alveus
throughout the rest of the hippocampal body. It is also important to ensure that choroid plexus is excluded from the
alveus demarcation (viii).
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In more posterior regions, the HF tail becomes visible. At this point the c-shaped HF body
moves superiomedially and elongates. The lateral definition of the alveus includes all the WM
on the ventricular surface of the HF extending until the inferior most part of the HF (See Figure
19, blue line). The superior and inferior borders remain the CSF of the trigone of the lateral
ventricle and ventricular surface of the HF respectfully. The alveus is traced superiomedially
along the WM ribbon until it reaches a point where it begins to widen. This is the point at which
the alveus will transition into the fornix (Figure 19, ii). This typically occurs approximately 1/3
of the way up the lateral bend of the HF (Figure 19, red lines). Tracing of the alveus ceases once

the HF is no longer visible.

T1 Labeled with
T1 Labeled Winterburn et al. (2013)

L = Left = Alveus
S = Superior =CA1
= SL/SR/SM

Figure 19. Description of alveus segmentation along the tail of hippocampus. Image depicts coronal sections
through the right hippocampus of one subject. Rows A) and B) represent slices from anterior to posterior. Once the
hippocampal tail is reached, the lateral border of the alveus is no longer the area where the alveus meets the border
of the lateral ventricle. Instead, it extends until the inferior most portion of the hippocampus is reached (blue line).
Superiomedially, the alveus curves up to meet the fornix (i). At this point the alveus widens and transitions into the
fornix (ii). This serves as the medial extent of the alveus and corresponds to a line perpendicular to the
hippocampus 1/3 of the way up its lateral bend (red lines on coronal slices).

Fimbria: The fimbria is a collection of WM which extends along the superomedial portion of
the HF. It is the continuation of the alveus and therefore contains WM projections from within
the HF. The fimbria travels posteriorly along the superomedial side of the HF and gives rise to
the fornix. The Fimbria is best viewed on T1-weighted images, with T2 used to ensure

segmentation accuracy in ambiguous areas.
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Tracing of the fimbria occurs in the coronal plane once the uncal sulcus appears (Figure 20, 1).
All other planes are used to ensure correct and accurate segmentation. Similar to the alveus, the
inferior extent includes all high-intensity WM above the grey matter of the uncus section. The
superior border is the CSF of the temporal horn of the lateral ventricle. Early in the bifurcation
of the HF head, the fimbria is traced laterally until the teardrop shape of the lateral HF
undulation is reached (Figure 20, i1). Medially, the fimbria extends to include all the high-
intensity WM over the uncal region until it is no longer visible. The fimbria continues only for a
few slices superior to the uncus until it separates from the uncus completely. The CSF from the
uncal sulcus is therefore used as an inferior border (Figure 20, iv). Laterally, the fimbria meets
the alveus as it extends 1/3 of the way up the lateral HF undulation. Once the uncus disappears
fully in the coronal plane, the fimbria extends laterally half-way up the WM ribbon superior to
the HF body (Figure 20, vi). The fimbria is extended medially to include all the WM surrounded
by the CSF. In this area, the choroid plexus is visible and should not be included. In addition,
the tenia of the fimbria (i.e. tenia fimbriae) is visible (Figure 20, vii). This structure connects the
choroid plexus in the lateral ventricles to the fimbria and should be excluded from fimbria
segmentations. Axial and sagittal sections were also used to ensure the exclusion of choroid

plexus and the tenia fimbriae.
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T1 Labeled with
T1 Labeled Winterburn et al.
(2013)

L = Left = Alveus = CA1
S = Superior [l = Fimbria = CA2/CA3
= Subiculum = CA4/DG
= SL/SR/SM

Figure 20. Description of segmentation protocol for the anterior fimbria. Image depicts coronal sections through
the right hippocampus of one subject. Rows A) to C) represent slices from anterior to posterior. The fimbria is first
traced once the uncal suclus is visible (i) and extends laterally until the teardrop shape of the lateral hippocampal
undulation is reached (ii). Medially, the fimbria includes all WM superior to the hippocampal uncal region (iii).
After separation of the fimbria from the uncus, the CSF from the uncal sulcus is used as an inferior border (iv).
Laterally, the fimbria meets the alveus and extends 1/3 of the way up the lateral hippocampal undulation (v). Once
the uncus disappears, the fimbria extends laterally half-way up the WM ribbon to meet the alveus (vi). The tenia of
the fimbria is not included as part of the fimbria (vii).

Throughout the body of the HF, the fimbria condenses superomedially directly above the HF
body. This shape remains relatively constant. The inferior, medial, and lateral borders remain
the same as in previous slices. The superior border becomes the small area of CSF that connects
the lateral ventricle to the lateral part of the transverse fissure (Figure 21, ii). In more posterior
sections, the fimbria begins to rise as it approaches the crux of the fornix. This corresponds to
the emergence of the pulvinar nucleus of the thalamus medial to the fimbria (Figure 21, iv).
Care must be taken so as not to include the pulvinar nucleus as part of the fimbria segmentation.

Here the fimbria's superior extent is drawn until the low-intensity area between the fornix and the
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fimbria is reached (Figure 21, v). This area typically has both vasculature and choroid plexus
that impede signal. It may be useful to use the T2 to guide tracing if contrast differences are
unclear in the T1 image. At this point, the inferomedial portion of the fimbria is bordered by the
CSF from the wing of ambient cistern (Figure 21, vi). Once the crux of the fornix is in full
coronal view (i.e. the area where the WM of the fimbria and the fornix meet) segmentation of the

fimbria ceases (Figure 21, vii).

T1 Labeled with
T1 Labeled Winterburn et al.
(2013)

L = Left = Alveus = CA1
S = Superior M = Fimbria = CA2/CA3
= Subiculum = CA4/DG
= SL/SR/SM

Figure 21. Description of tracing protocol for segmentation of the posterior fimbria. Image depicts coronal sections
through the right hippocampus of one subject. Rows A) to C) represent slices from anterior to posterior. The
fimbira can be seen superomedially atop the hippocampal body (i). The superior border is the small area of CSF that
connects the lateral ventricle to the lateral part of the transverse fissure (ii). The posterior fimbria (B) begins to rise
as it approaches the crux of the fornix (iii). At this point the pulvinar nucleus of the thalamus can be seen medial to
the fimbria (iv). The pulvinar should not be included in segmentation of the fimbria. Here the superior extent of the
fimbria is segmented until the low-intensity area between the fornix and the fimbria is reached (v). This area
includes both blood vessels (v) and choroid plexus that impede signal. The inferomedial extent is bordered by the
CSF from the wing of ambient cistern (vi). Once the crux of the fornix is in plain view (vii) the fimbria is no longer
segmented.

Fornix: All WM fibers from the fimbria and alveus condense near the hippocampal tail to form

the fornix. This large WM bundle then curves superiorly and travels anteriorly along the midline
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of the brain. At the body of the fornix, each unilateral fornix joins tightly to the contralateral
fornix near the midline. In more anterior sections, the fornices then descend vertically and
ventrally (forming the region known as the anterior pillars of the fornix) to reach the mammillary

bodies.

Tracing of the fornix begins following segmentation of the fimbria. Namely, once the crux of
the fornix is visible (Figure 22, 1), tracing begins in the coronal plane. Here, all the high-
intensity WM of the crux of the fornix is included in the segmentation. The fornix is bound
inferomedially at this point by the pulvinar nucleus of the thalamus (Figure 22, ii) and by the
CSF of the quadrigeminal cistern (Figure 22, iii). Superiorly the WM of the fornix blends with
the WM of the corpus callosum (Figure 22, iv) and the commissure of the fornix (which contains
fibers connecting both hippocampi across the midline; See Figure 22, v) cannot be dissociated.
Thus, a reliable and consistent definition is introduced that involves tracing the WM along the
angle where the fornix meets the superior WM from its lateral to medial edge (Figure 22, red line
on coronal slice). The lateral extent is bordered by the alveus and inferomedially by the grey
matter of the HF, namely the CA1 subfield. In more posterior coronal slices, the fornix no
longer connects supeiromedially near the WM of the corpus callosum. This is consistent with
the disappearance of the subiculum and the isolation of the HF tail. The superiomedial boundary
of the fornix is extended until the medial part of the HF ends (Figure 22, yellow lines) with the
lateral border the same as listed above. Typically, all WM present between the CSF of the
posterior horn of the lateral ventricle and the HF is included as fornix. It is important to note that
this region is highly anatomically heterogeneous among individuals. Namely, some individuals
maintain a large gap between the HF and alveus/fornix while others do not (Figure 23). This
typically occurs when the WM of the splenium begins to extend underneath the WM of the
fornix (Figure 23, ii). In such cases where the WM of the splenium contributes to the large WM
separation between the HF and fornix, the T2-weighted images are used to dissociate the WM of
the splenium and fornix. This involved the identification of a thin low-intensity band of CSF,
which separated the two structures and served as the medial boundary. All WM lateral to this

line was taken as WM of the fornix.
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(2013)
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= Fornix = CA4/DG
= Subiculum = SL/SR/SM

Figure 22. Depiction of protocol for tracing posterior areas of the fornix. Image depicts coronal sections through
the right hippocampus of one subject. Rows A) to C) represent slices from anterior to posterior. Tracing of the
fornix begins once the crux of the fornix is visible (i). The fornix is bound inferomedially by the pulvinar (ii) and by
the CSF of the quadrigeminal cistern (iii). The WM of superior parts of the fornix blends with that of the inferior
corpus callosum (iv). While the commissure of the fornix (v) may or may not be visible, demarcation of the fornix
is unclear. At this point, segmentation of the fornix involves the inclusion of all WM present along the angle to
which the fornix meets the superior WM (red line on coronal image). The lateral extent of the fornix is bordered by
the alveus and inferomedially bordered by the grey matter of the hippocampus CAl subfield. In more posterior
slices (B & C), the fornix no longer connects supeiromedially near the WM of the corpus callosum. At this point the
subiculum is no longer present and the hippocampal tail is isolated laterally. Here, the superiomedial boundary of
the fornix is the point at which the medial part of the hippocampus terminates (yellow lines).
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Figure 23. Coronal images depicting differences between posterior fornix anatomy for two different subjects.
Namely, some individuals maintain a large gap between the hippocampus (i) and alveus/fornix. Here Subject 1
presents with a large gap (ii), while Subject 2 maintains a small area of white matter (iii). This typically occurs
when the WM of the splenium extends underneath the fornix (as in ii).

Anterior to the crux of the fornix, the fornix rises superomedially. At this position, many
different (albeit slight) anatomical variances between individuals exist (See Figure 24). The
inferior, medial, and lateral borders are the CSF of the lateral ventricles. Superior borders
remain as listed previously (Figure 25, red line on coronal image). Moving anterior along the
coronal plane, the fornix begins to detach from the superior WM of the corpus callosum and a
clear intensity difference can be seen superior to the fornix (Figure 25, v). It is important to note
that along the medial side of the fornix, the tenia of the fornix is visible (Figure 25, vi).
Functionally, the tenia of the fronix serves as a line of attachment anchoring the choroid plexus
within the lateral ventricles. Its epithelial tissue therefore contains no axonal fibers and should
not be included in fornix segmentation. Its visibility is denoted by a slight decrease in signal

intensity.
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Figure 24. Coronal examples of fornix morphology
variation from 4 different subjects. Images are of the area
just anterior to crux of the fornix.

T1 Labeled
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Figure 25. Image depicts segmentation protocol for anterior-middle area of the fornix. Rows A) to C) represent
coronal slices from anterior to posterior from one subject. The fornix is visible (i) and elongates superomedially to
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meet the WM of the corpus callosum (iii). The inferior, medial and lateral borders are the CSF of the lateral
ventricles. The area connecting the fornix to the superior WM of the corpus callosum (ii) follows the same rule as
listed previously (red line on coronal image). Anteriorly, the fornix detaches from the superior WM of the corpus
callosum (iv) via a clear intensity difference (v) used as a superior border. Along the medial side of the fornix, the
tenia of the fornix is visible (vi) and should not be included as fornix.

Moving further in the anterior direction coronally, both fornices appear to merge together tightly
(Figure 26, 1). This is the level of the body of the fornix. Care must be taken to delineate the left
fornix from the right. This is best accomplished via the use of intensity differences present
between the two fornices in the T2-weighted images. The superior border of the fornix is drawn
to include all the WM below the septum pellucidum (Figure 26, iv). At this position, the area of
fornix that moves inferiorly and slightly posteriorly to meet the mammillary bodies is visible and
should therefore be segmented (Figure 26, ii). The high intensity WM of this inferior portion of
the fornix should be included in the tracing, and care must be taken so as to avoid inclusion of
the surrounding hypothalamic nuclei (Figure 26, iii). At this point, the anterior commissure is
also visible (Figure 26, v) and serves as an inferior boundary. However, it should not be
included within the segmentation. In extreme anterior coronal slices, the columns of the fornix
are visible. At this point the medial borders are the CSF that is present between both pillars of

the fornices (best seen in T2 image; See Figure 26, vi).
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Figure 26. Fornix segmentation protocol for anterior-most area. Rows A) to C) represent
slices from anterior to posterior. Fornices appear to merge tightly along the body of the
fornix (i). The superior border of the fornix is the septum pellucidum (iv). At this position,
the inferior part of the fornix that curves back posteriorly to meet the mammillary bodies is
visible (ii) adjacent to the surrounding hypothalamic nuclei (iii). In more anterior slices the
anterior commissure is visible (v) and serves as an inferior boundary. In these slices, medial
borders are the contrast differences caused by the CSF between the two pillars (best seen in
T2 image; vi).

Segmentation of the anterior columns of the fornix should be completed using the axial plane in
T2-weighted images, which provide better contrast. In addition, axial slices perpendicular to the
anterior columns of the fornix allow for increased discernibility. Superior-most axial slices
depict both fornices elongating in the anterior-posterior direction (Figure 27, A). The medial and

lateral borders are the CSF of the third and lateral ventricles respectively. These slices also
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allow for the inspection of the superiomedial delineation of the fornix from the corpus made
coronally (See Figure 25, red line on coronal image). If followed correctly, a smooth line
contouring the corpus should be visible (Figure 27, ii). Moving inferior along the axial plane,
both fornices merge but can still be dissociated based on intensity differences. Care must be
taken to only include the high intensity WM of the fornix and not that of the septum pellucidum
(Figure 27, v) or septal nuclei (Figure 27, vi). These structures appear anterior to the fornices
and are of lower intensity in T1-weighted images. Moving inferiorly, the anterior commissure is
reached (Figure 27, vii) at which point the fornix becomes considerably smaller and condensed.
This serves as an anterior boundary for the fornix as it passes posteriorly behind the commissure.
In the inferior-most axial sections, the fornix begins to thin and elongate toward the mammillary
bodies. Here, all high intensity areas (low intensity in T2) are traced until the mammillary

bodies.

T1 Labeled

A = Anterior = Fimbria
R = Right
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Figure 27. Anterior axial fornix segmentation. Rows A) to D) represent slices from
superior to inferior for one subject. In superior-most axial slices, the fornix elongates in the
anterior-posterior direction (i). These superior axial slices also allow for the inspection of
the superiomedial delineation of the fornix made earlier. If followed correctly, a smooth
line contouring the corpus callosum should be visible (ii). Moving inferior along the axial
plane, both fornices merge together. Right (iii) and left (iv) fornices can still be dissociated
based on intensity differences. The septum pellucidum (v) and septal nuclei (vi) appear
anterior to the fornices and should not be segmented. Moving more inferior in the axial
plane, the anterior commissure is reached (vii) and serves as an anterior boundary. At this
point, the fornix becomes smaller and passes posterior to the anterior commissure.
Inferior-most axial sections depict the fornix as thin and elongated (viii) reaching the
mammillary bodies (ix).

The use of 3D reconstruction was employed throughout all tracings (Figure 28) and was found to
be valuable in checking for anatomical accuracy. Its use also aided tracing in areas of ambiguity,
or to identify areas that did not conform to the protocol. Moreover, additional planes were used
to confirm anatomical accuracy of all regions following segmentation on the primary (or

preferred) plane.

A = Anterior L = Left
P = Posterior R = Right

Figure 28. 3D rendering of completed segmentation for one subject. 3D reconstruction for all structures
may serve as a valuable tool to check for anatomical accuracy or aid in tracing.
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Appendix B: Population Demographics

Both the OASIS and ADNI subject cohorts were assessed for age/sex distribution characteristics.
Age and sex ratios for the OASIS dataset were found to be relatively consistent across decades
(Figure 29) with consistently more males. A negatively skewed histogram indicated a bias
towards the inclusion of younger participants. A histogram of all ADNI subjects combined (i.e.
controls, MCI and AD cohorts) revealed a relative balance of age and sex (Figure 30, A). While
the histogram for controls revealed more female participants and was negatively skewed (Figure
30, B), the MCI histogram was positively skewed with a more male-based cohort (Figure 30, C).
The AD cohort itself maintained a high female to male ratio (Figure 30, D).

Histogram for OASIS Subjects' Age/Sex
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Figure 29. Histogram characterizing sex and age distributions in
OASIS healthy aging dataset. Although positively skewed, male to
female ratios are relatively consistent across each decade, with
slightly more males.
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Histogram for ADNI Subjects' Age/Sex
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Figure 30. Histograms characterizing sex and age distributions
a. A: Histogram of age and sex distribution across
all data groups included in analysis. Male to female ratios are
well matched across each decade. B: Histogram of sex and age
data for control group. C: Histogram of sex and age data for
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MCI group. D: Histogram of sex and age for AD group.
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Appendix C: Quality Control of MAGeT Output

All MAGeT brain outputs were assessed for quality via manual inspection on a slice-per-slice
basis (results are summarized in SM Table 1). Quality control (QC) was rigorously assessed
using a three point system. All participants received a score of 1 (perfect), 0.5 (good) or 0 (fail).
Any segmentation receiving a QC score of 0 was not included in the final analyses. Specific
criteria existed for each QC value assigned. Given that the typical HF and its associated WM
extends across approximately 30-45 coronal slices, some errors may exist. If segmentations
maintained less then 5 slices per hemisphere where visible segmentation errors occurred, a QC
score of 1 was assigned. Any segmentation with 5 to 10 slices containing errors was assigned a
score of 0.5. If more than 10 errors were present unilaterally on separate slices, labels would be
rejected and receive a failing score of 0 (See Figure 31 for examples). Images were also 3D-

Rendered to ensure anatomical accuracy (Figure 32).

The above-mentioned errors typically involved small deviations from the correct and true
segmentation (See Figure 31, arrowheads). Segmentations occasionally revealed large, gaping
holes encompassing significant portions of the HF. At times, such inaccuracies would extend
along the entire length of the HF, while others would only continue for a few dozen slices.
Albeit rare, such segmentation faults were considered to be too unremitting and were
consequently rejected outright, (regardless if most HF subfields or WM regions remained intact).
Rather, errors typically involved small shifts in label placements (e.g. CA1 label bleeding into
subiculum) or, more frequently, over/underestimation of specific labels (e.g. over estimation of
the alveus leading to inclusion of CSF as WM). Special attention was also paid to proper
SL/SR/SM segmentation, which is most visible in 1mm scans given its high intensity signal. It is
also important to note that accuracy during quality control was taken into consideration by
looking at segmentations as a whole (e.g. all HF subfields) not on a one-per-one basis (CA1,

CA2/3, CA4/DQG, etc.).
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Sample Output of MAGeT Brain Automatic Segmentation for OASIS Dataset

QC Value =1 QC Value = 0.5 QC Value =0

T1 Labeled ™ T1 Labeled ™ T1 Labeled

Sample Output of MAGeT Brain Automatic Segmentation for ADNI Dataset

QC Value =1 QC Value = 0.5 QC Value =0

T1 T1 Labeled T T1 Labeled T1 Labeled
s =

., ~

= Alveus =CA1 Il = SLISR/SM S = Superior R = Right
= Fimbria = CA2/CA3 B = Subiculum | = Inferior L= Left
= Fornix B = CA4/DG

Figure 31. Sample outputs from OASIS and ADNI cohort segmentation via Multiple Automatically Generated
Templates (MAGeT Brain) and quality contol methods. Rows A-D indicate sample outputs from OASIS
segmentation and determination of quality control designation. Rows depict T1 weighted coronal sections through
the right hippocampal: A) anterior head, B) posterior head C) body and D) tail. Areas of label error are indicated by
yellow arrowheads. Rows E-H depict sample output segmentations from the ADNI dataset. T1 weighted coronal
sections through the right hippocampal: E) anterior head, F) posterior head G) body and H) tail are shown. Areas of
label errors are indicated by yellow arrowheads.
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3D Rendering of
Hippocampus &
White Matter

3D Rendering of
Whole Hippocampus

A = Anterior [ =Alveus [Jjj=CA1 [ = SL/SR/SM
P = Posterior [J]=Fimbria [JJ=CA2/CA3| = Mam. Body
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L = Left

Figure 32. 3D rendering of MAGeT-Brain segmentation output for one randomly
chosen OASIS subject. Rows A) and B) show the medial aspect of the left
hippocampus subfields and white matter regions. Rows C) and D) depict the anterior
aspect of the left hippocampal subfields and white matter regions. Given that white
matter regions curve in and out of plane with anatomical complexity, 3D
reconstruction allowed for confirmation of proper anatomical placement of MAGeT-
Brain generated labels.
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Appendix D: Brain Extraction Based on Nonlocal Segmentation Technique

(BEaST)

Recently, a robust and reliable method of brain extraction described as brain extraction based on
nonlocal segmentation technique (BEaST) has been made available. BEaST employs a library of
80 priors to complete nonlocal segmentations of brain masks in a multi-resolution framework
(Eskildsen et al., 2012). This method of brain extraction is thought to be more reliable and true
to the underlying anatomy. Therefore, BEaST was also used as a complementary to the
estimated total intracranial volumes provided in the OASIS and ADNI datasets. Prior to

statistical analysis, BEaST outputs were also controlled for quality.

BEaST Quality Control:

Similar to MAGeT-Brain segmentations, BEaST outputs also underwent quality control in order
to ensure accurate segmentation (Figure 33). Each brain mask was inspected on a slice-per-slice
basis using MINC Display. Unlike the three-point system used for the quality control of MAGeT
brain segmentations, BEaST output was measured using a two-point pass/fail system. Brain
masks receiving a score of 0 did not pass quality assessment, while those receiving a score of 1
passed. Given the size of a typical whole-brain mask, errors focused on those that omitted large
parts of the cortex or other brain regions (See Figure 33). While such errors were rare, minute
errors were occasionally visible but did not warrant a score of 0. Such errors involved the
mistaken inclusion/exclusion of areas into the label, most frequently occurring along the cortical
surface. An example of this would involve the whole-brain mask including CSF of the
subarachnoid space into the whole brain label. Despite only continuing for a few slices, such

minute errors were nonetheless surprisingly infrequent.
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Sample Output of BEaST Whole Brain Segmentation
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Figure 33. Sample outputs from BEaST whole brain segmentation and determination of quality control (QC)
designation. Each image was rated with a QC value of either 1 (Pass) or 0 (Fail). Any disturbances in the whole
brain mask constituted a QC value of 0. A) Coronal section through a sample Tl-weighted image and
corresponding whole brain mask for both a successful and unsuccessful subject. B) Corresponding sagittal
section through a sample T1-weighted image and corresponding whole brain mask for both a successful and
unsuccessful subject. C) Corresponding axial section through a sample T1-weighted image and corresponding

whole brain mask for both a successful and unsuccessful subject. Out of 315 OASIS cases 3 did not pass QC. 5
out of 151 ADNI cases did not pass QC.

BEaST Quality Control Results:

BEaST quality control for the OASIS dataset resulted in 396 successful whole brain
segmentations. A total of 3 segmentations did not pass QC. For ADNI cohorts 8 subjects failed

in total leaving a total of 143 individuals with successful whole brain segmentations.
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OASIS Dataset Analyzed Using BEaST Measure:

All linear model statistics were re-computed using BEaST eTIV. A general linear model
covarying for sex and TIV (obtained through BEaST) was used to assess volumetric changes
across age. No significant changes were observed with respect to combined WM volumes (i.e.
alveus fimbria and fornix; Left: p=0.12; Right: p=0.24). Out of all the WM subregions, the
bilateral alveus showed the most increase across age (Left: R*=0.15, p<0.001; Right: R*=0.12,
p<0.001). The left fimbria was found to decrease over time (R*=0.022, p<0.002) while the right
fimbria failed to reach significance (p=0.79). Decreases in fornix volume were observed for both

the left (R?=0.015, p<0.006) and right (R>=0.026, p<0.001) fornix.

A significant change in the combined HF total volumes was found for the right HF (R*=0.013,
p<0.007) but not the left (p=0.29). Significance was observed in some of the subfield structures
as defined by Winterburn et al. (2013). With respect to the HF subfields, significance was
observed in the left and right CA 1 region (respectively, Left: R*=0.058, p<0.001; Right:
R’=0.061, p<0.001) demonstrating increases in volume over time. The left and right CA4/DG
showed no significance (Left: p=0.18: Right: p=0.35). The left SL/SR/SM was found to
significantly decrease over time (R*=0.0043, p=0.01). No significant differences were observed

for the right SL/SR/SM (p=0.88).

ADNI Dataset Analyzed Using BEaST Measure:

As in stated in ‘BEaST Quality Control Results’, the ADNI dataset also included measures of
intracranial volume (ICV). BEaST was used to provide another measure of total brain volume.

All linear models were re-computed using BEaST measures.

A general linear model accounting for age, sex, and TIV (as obtained by BEaST), was used to
assess changes in volume across disease states. Comparing controls to the MCI cohort, a trending
but non-significant decrease was observed for the combined WM volumes (i.e. alveus fimbria

and fornix; Left: R?>=0.02, p=0.056; Right: R?=0.0015, p=0.093). A significant decrease in HF
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volume also occurred comparing controls to MCI (Left: R*=0.085, p<0.001; Right: R*=0.043,
p<0.001). Out of all WM subfields, the bilateral alveus was the only region that did not exhibit a
significant difference between control and MCI cohorts (Left: R*=-0.004, p=0.5353; Right:
R’=0.006, p=0.1870). On the other hand, the bilateral fimbriae were found to decrease
bilaterally (Left: R*=0.15, p<0.001; Right: R>=0.066, p=0.004) as did the fornices (Left:
R’=0.033, p=0.025; Right: R?=0.071, p=0.002).

Between the MCI and AD cohorts no significant effect was found for all WM regions combined
(Left: p=0.45; Right: p=0.99). Although trending, no significance was observed with respect to
the whole HF (Left: R?=0.05, p=0.21; Right: R?=0.001, p=0.29). All WM subfields, including
the bilateral alveus (Left: p=0.79; Right: p=0.64), right fimbria (p=0.93), and bilateral fornix
(Left: p=0.43; Right: p=0.72), were not significantly different. However, the left fimbria was
found to have a significant decrease (R*=0.031, p=0.045).

Comparing controls to AD patients reveled significant decreases in combined left WM volumes
(R?=0.056, p=0.008) and a similar trending result was observed for the right WM (R*=0.018,
p=0.10). The combined HF volumes were also significantly decreased in AD cohort compared
to controls (Left: R*=0.19, p<0.001; Right: R>=0.12, p<0.001). The bilateral alveus showed no
significant difference between cohorts (Left: p=0.46; Right: p=0.084. Both the bilateral fimbria
(Left: R?>=0.29, p<0.001; Right: R*=0.065, p=0.002) and fornix (Left: R*=0.046, p=0.026; Right:
R’=0.074, p=0.007) were found to have significantly decreased volumes in the AD group

compared to controls.
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