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Abstract  

Multiple Sclerosis (MS) is a chronic neurodegenerative disease which is mainly characterized by 

inflammation, demyelination, and axonal loss. Conventional Magnetic Resonance Imaging (MRI) 

has become the most established imaging tool in the diagnosis and follow-up of MS in clinical 

practice. However, the high sensitivity of these standard MRI techniques is mainly restricted to 

the detection of focal demyelinating MS lesions, mainly in white matter (WM), as they fail to 

depict further damage in normal appearing WM (NAWM) and grey matter (GM) involvement. 

More advanced quantitative MRI methods, including diffusion MRI, have been applied in MS 

research and they have improved the detection and interpretation of heterogeneous MS pathologic 

features in lesions and in normal-appearing brain tissue. Abnormal diffusion tensor imaging (DTI) 

metrics, although not fully pathologically specific, have helped characterize the disease burden 

with progression and they have shown correlations with several disability and cognitive measures 

in MS. So far, MS DTI studies with consistent results and interpretations are still uncommon in 

the clinical practice. Furthermore, research diffusion MRI studies properly targeting small brain 

structures such as the limbic system WM and deep GM, or even areas with crossing fibers in MS 

are also rare and show conflicting results. This is largely because these experiments require careful 

considerations regarding acquisition protocols (e.g., high spatial resolution, imaging artifacts) and 

post-processing strategies (e.g., eddy currents correction, tensor fitting, higher order models).  

This thesis aims to address these MS literature gaps and limitations by using advanced diffusion 

MRI methods in two cross sectional datasets of individuals diagnosed with MS over four chapters, 

the first in cohort 1 at 4.7 T and the final three in cohort 2 at 3 T: (i) high resolution DTI 

tractography of limbic WM tracts, (ii) CSF-suppressed DTI tractography of the fornix, (iii) high 
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resolution DTI of the hippocampus, and (iv) novel b-tensor encoding diffusion MRI in lesions and 

NAWM. Data presented here reveal new information on how small WM and GM structures such 

as the fornix and the hippocampus, which are linked to cognitive and mood disorders in several 

neurodegenerative diseases, appear to be affected early and consistently in MS regardless of the 

patient’s phenotypic classification and disability status. Cross sectional analyses in the two MS 

cohorts studied here reveal robust reductions of fornix volume and abnormal diffusion metrics 

such as low fractional anisotropy (FA) and higher mean (MD), axial (AD), and radial (RD) 

diffusivities when compared to controls. Other affected limbic areas in terms of atrophy or 

microstructure include the uncinate fasciculus, thalamus and hippocampus, with fornix RD and 

thalamus atrophy standing out as predictors of cognitive impairment in MS. Hippocampus atrophy, 

abnormal diffusion metrics and long T2 values are reported in MS patients with cognitive 

impairment (CI), while greater regional mean diffusivity (MD), potentially indicative of 

demyelination, is evident in MS subjects independent of their CI status when compared to controls. 

This regional hippocampus analysis shows elevated MD and T2 relaxometry values, which are 

variable and widespread in MS, greater in patients with CI and high lesion volume, and linked 

with disability in the case of T2 relaxometry. In addition, b-tensor diffusion metrics complement 

standard metrics, and they differ between lesions and NAWM and between different WM fiber 

configurations in MS and controls. In conclusion, this thesis outlines a repertoire of advanced 

diffusion MRI methods, which has shown important insight about the limbic system 

microstructural changes as well as lesion and NAWM alterations in MS and their relationships 

with memory and behaviour. 
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Preface  

This thesis is an original work by Diana Valdés Cabrera. All research projects for which this thesis 

was a part received ethics approval from the University of Alberta Research Ethics Board. All 

subjects were scanned at the Peter S. Allen MRI Research Centre in the University of Alberta 

Hospital and written informed consent was obtained from all patients and controls included here. 

The four research chapters of this dissertation contain unique contributions to the international 

MRI research community.  

Chapter 2 of this thesis has been published as Valdés Cabrera, D., Stobbe, R., Smyth, P., Giuliani, 

F., Emery, D., Beaulieu, C. “Diffusion tensor imaging tractography reveals altered fornix in all 

diagnostic subtypes of multiple sclerosis”. Brain Behav. 2020, 10:e01514, 

https://doi.org/10.1002/brb3.1514. Data for this chapter was acquired on a Varian 4.7 T MRI 

system (N=39) initially by Dr. Robert Stobbe (24 MS and 3 control subjects) and then assisted and 

performed by me in the latest stages of the acquisition (4 MS and 8 control subjects). Patient 

recruitment was done at the Multiple Sclerosis Clinic (Kaye Edmonton Clinic) by Dr. Penelope 

Smyth and Dr. Fabrizio Giuliani, and the cognitive and clinical battery of MS tests were performed 

by the registered MS nurses Leah White and Roxane Billey. I conducted the literature review and 

all other aspects of the work, including image processing, statistical analysis, and figure creation. 

I wrote the full manuscript with the feedback and guidance of my co-authors. DTI data from 

supplementary analyzed white matter (WM) tracts, not reported in this chapter, were utilized in 

the published sodium MRI manuscript: Stobbe R, Boyd A, Smyth P, Emery D, Valdés Cabrera D, 

Beaulieu C. “Sodium Intensity Changes Differ Between Relaxation- and Density-Weighted MRI 

https://doi.org/10.1002/brb3.1514


 

v 

 

in Multiple Sclerosis”. Front Neurol. 2021, 12:693447, 

https://doi.org/10.3389/fneur.2021.693447.  

Chapter 3 of this thesis has been published as Valdés Cabrera, D., Smyth, P., Blevins, G., Emery, 

D., Beaulieu, C. “Diffusion imaging of fornix and interconnected limbic deep grey matter is linked 

to cognitive impairment in multiple sclerosis”. European Journal of Neuroscience, 55(1), 277– 

294, https://doi.org/10.1111/ejn.15539. Data for Chapters 3, 4, and 5 was acquired on a Siemens 

Prisma 3 T MRI system (N=86) largely by myself (43 MS patients, 11 healthy controls). The 

remaining healthy controls were selected from a larger normative study on healthy brain 

development by carefully choosing their age and sex to be comparable to the MS cohort. They 

were similarly scanned by other lab members (Dr. Sarah Treit, Dr. Pascal Tetreault, Dr. Graham 

Little, Kevin Solar and Emily Stolz) in a time period that partially overlapped with the MS patient 

data acquisition. Patient recruitment was done at the Multiple Sclerosis Clinic (Kaye Edmonton 

Clinic) by Dr. Penelope Smyth and Dr. Gregg Blevins and the cognitive and clinical battery of MS 

tests were performed by me after receiving training from the MS nurse Leah White together with 

the cognitive test manuals. I conducted all literature review, image and statistical analysis, created 

all figures and wrote the manuscript with the feedback and guidance of my co-authors.  

Chapter 4 has not been previously published but is currently under review for publication as Valdés 

Cabrera, D., Smyth, P., Blevins, G., Solar, K.G., Emery, D., Beaulieu, C. “High Resolution 

Diffusion Tensor Imaging and T2 Mapping Detect Regional Changes within the Hippocampus 

with Links to Cognitive Impairment in Multiple Sclerosis”. The original T2 mapping code was 

developed by former members of Dr. Alan Wilman’s Lab (Dr. Mark Lebel and Dr. Kelly McPhee). 

I performed all literature search, code modifications, image processing and statistical analysis, and 

https://doi.org/10.3389/fneur.2021.693447
https://doi.org/10.1111/ejn.15539
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created all figures. I wrote the full manuscript draft currently under review with guidance from my 

co-authors.  

Chapter 5 is an original contribution to this thesis and has not been published elsewhere. The 

original image acquisition protocols and post-processing analysis framework applied here were 

developed by Dr. Markus Nilsson and Dr. Filip Szczepankiewicz from Lund University in Sweden. 

All other aspects of the work, including slight protocol modifications, image quality assessment, 

processing, statistical analysis, figure creation, and writing the full manuscript draft were 

performed by me with the feedback and assistance of my co-authors. 
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1. Introduction 

This chapter briefly describes the human brain from brain cell structure and function to the overall 

brain matter areas known to be greatly affected in multiple sclerosis (MS). Specific brain regions 

associated with cognitive functions, fatigue and depression, which are additionally impacted by 

MS and later assessed in the research contributions of this thesis, are likewise illustrated here. 

Furthermore, the chapter outlines essential theoretical concepts needed to understand Magnetic 

Resonance Imaging (MRI) techniques, mainly diffusion MRI methods used throughout this 

dissertation. Finally, an overview of MS is presented, as the disease that motivated this thesis, and 

a summary of MS diagnosing and monitoring MRI techniques mainly established in the clinical 

but also in the research practice are reviewed here, with a focus on diffusion MRI and its current 

literature gaps in MS.   

1.1. The Human Brain 

1.1.1. From Brain Cells to Brain Matter 

Brain cells encompass two major types: the neurons and the non-neuron cells called glia. The 

human brain has around 100 billion neurons, outnumbered by nearly 10 times more glial cells [1]. 

The neurons transmit information between different brain areas, and between the brain and the rest 

of the nervous system, through electrical impulses and chemical signals [2], [3]. A neuron has 

three basic parts (Figure 1.1A): the cell body or soma; the dendrites that branch off the cell body 

and receive information from adjacent neurons through synapses; and the axon, frequently 

myelinated, which is a long extension of the cell body where the action potential from the cell 
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body travels through, synapses, and then it is received by neighboring cell’s dendrites. There are 

several neuronal subtypes with different structure, polarity, axonal length, among other features. 

The glial cells consist mainly of oligodendrocytes, astrocytes, ependymal cells and microglia. They 

carry out numerous functions [4], [5], such as the formation of myelin sheaths around axons 

performed by the oligodendrocytes (Figure 1.1A), and homeostasis and biochemical support of the 

blood-brain barrier performed by the astrocytes (Figure 1.1A), although many of these functions 

are still unknown to a certain extent. As opposed to the neurons, which are mainly formed by the 

time we are born, glial cells are capable to multiply through the lifespan and they can repair 

neurons after injury, but they can also malfunction and have key roles in neurodegenerative 

diseases [6], such as MS.  

At the macrostructural level, geometrically arranged packs of myelinated axons, together with 

oligodendrocytes, astrocytes and microglia comprise the white matter (WM) (Figure 1.1D). The 

WM connects other brain parenchyma areas (e.g., the outer surface of the brain called the cortex 

with deep ‘nuclei’ areas, such as the basal ganglia) called grey matter (GM) (Figure 1.1D), which 

is mainly made of cell bodies, dendrites, and glia. The cerebrospinal fluid (CSF) is a clear fluid 

that surrounds and cushions the brain (Figure 1.1D), but also circulates nutrients, chemicals and 

removes brain waste products. Immune cells, pathological antibodies, cytokines and other 

molecules that indicate inflammation in the central nervous system (CNS), are present in the CSF 

of MS patients and serve as biomarkers for MS diagnosis and therapy [7]. A meta-analysis paper 

that analyzed a large sample of 7539 adults over 21 previous studies, reported average volumes of 

488 cm3 for total WM, 692 cm3 for GM and 159 cm3 for CSF at the age of 20 [8]. WM volume 
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increases with age until ~45 years and then decreases, GM decreases with age in a linear fashion 

through adulthood [8], [9], while CSF linearly increases with age [8]. Abnormal total WM and 

GM volumes and more specific regional atrophy have been reported in the early stages of several 

neurological diseases like MS [10], [11]. The brain is structured into the cerebrum, the cerebellum 

and the brain stem. The cerebrum is further split into two cerebral hemispheres, each subdivided 

mainly into four lobes identifiable on the cerebral cortex and the limbic lobe on the medial surface 

(Figure 1.1C).  

1.1.2. White Matter, Axons and Myelin 

The WM is located underneath the cortical GM, and it is mainly composed of insulated axon 

bundles or tracts that link neurons from different brain regions into functional circuits. These axons 

are coated with a ‘white’ tightly compressed cell membrane called myelin (Figure 1.1B), which 

wraps up to 150-160 times around them (and up to 60 times in the corpus callosum and cortex) 

[12], [13] leaving small gaps (nodes of Ranvier), effectively providing them with insulation to 

achieve the high-speed transmission of information through saltatory electrical impulses [14]. The 

myelin is a substance rich in lipids and proteins produced by the oligodendrocytes within the 

central nervous system (CNS), and its cytoplasmic and extracellular water components can be 

measured at a macroscopic level with myelin water fraction imaging [15]. Its damage can impair 

or even halt conduction and therefore different brain functions, causing the neurologic signs and 

various symptoms often displayed in MS. 
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WM keeps developing and undergoing myelination until the third decade of life [16]. Even though 

not all axons in WM tracts are myelinated or fully myelinated, there is a great degree of 

microscopic variability in the number of myelinated axons, myelin thickness and internodal length 

between and within WM tracts [17], and both the radial and the longitudinal dimensions of CNS 

myelin sheaths are coupled to axon diameter [13]. The WM forms densely packed bundles of 

myelinated nerve fibers, also called tracts or fascicles (Figure 1.1E), which are further classified 

according to which areas they connect into projection (cortex with other areas in the CNS), 

commissural (the same cortical area in opposite hemispheres) and association (different areas in 

the same hemisphere) tracts. 

1.1.3. Deep Grey Matter  

The GM in the brain is classified into the cerebral cortex (Figure 1.1F), surrounding WM in each 

cerebral hemisphere (out of the scope of this thesis), and several deep GM structures (Figure 1.1F) 

that are located under the cortex and beneath the WM within each cerebral hemisphere. One major 

deep GM structure is the thalamus, which also has some areas of WM [18], and comprises different 

nuclei in charge of the relay of sensory and motor signals, regulation of awareness, sleep and 

wakefulness, and is also involved in learning and episodic memory [19] due to its connection to 

other limbic structures such as the hippocampus and the fornix via the mammillothalamic tract 

[20].  Another vital GM structure located within the medial temporal lobe is the hippocampus, also 

part of the limbic system, which plays a key role in regulating learning, memory encoding, memory 

consolidation, and spatial navigation [21]. The basal ganglia (e.g., caudate, putamen, globus 
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pallidus, substantia nigra) is a group of small GM structures involved primarily in motor control, 

but also motor learning, behavior, and emotions. 

Figure 1.1: Overview of brain structure. Adapted from WikimediaCommons (A&C; public 

domain) and from [22] (B, under a Creative Commons Attribution 4.0 International License 

http://creativecommons.org/licenses/by/4.0/) showing (A) a typical neuron; (B) a schematic cross-

sectional view of the myelinated axon with a corresponding cross-sectional image of a myelinated 

axon in the mouse brain obtained using transmission electron microscopy; (C) the frontal, 

temporal, parietal, occipital, and limbic brain lobes; (D) sagittal and coronal T1-weighted MRI 

from a 29-year-old healthy female subject with white (WM) and grey matter (GM), including 

several deep GM structures, and cerebrospinal fluid (CSF) segmentations performed in Volbrain; 

(E) 3D rendered WM and whole brain tractography with several WM tract examples; and (F) 3D 

rendered cortical and deep GM structures from the same subject. 

http://creativecommons.org/licenses/by/4.0/)
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1.1.4. The Limbic System: Fornix-Hippocampus-Thalamus Connections 

The limbic system was first described by Paul Broca in 1878 as the curved rim of the cortex which 

includes the cingulate and the parahipoccampal gyri (Figure 1.1C), although it was James Papez 

in 1937 who first described its involvement in emotion [23]. The limbic system plays an important 

role in memory, emotions and behavior and there is no general agreement on all the cortical and 

subcortical GM and WM structures that comprise it [24]. Overall, this system comprises three 

nested arches (outer, middle and inner) (Figure 1.2A). The outer arch includes the different 

portions of the parahippocampal gyrus starting at the uncus, then curves inward at the isthmus of 

cingulate gyrus, and ends at the subcallosal area. The middle arch starts with the hippocampus and 

ends at the paraterminal gyrus, and the inner arch starts at the alveus, progresses to the fimbria, 

and continues through the rest of the fornix [25]. 

The fornix is the major efferent pathway of the hippocampus and connects it with the mammillary 

bodies in the hypothalamus and with the anterior nuclei of the thalamus (Figure 1.2B) [26]. It is a 

discrete, C-shaped WM tract located in the medial aspect of the cerebral hemispheres, which 

contains ~1.2-2.7 million fibers in each hemisphere [27]. The fornix is mainly divided into the 

fimbria, crus (crura for both hemispheres), body, and columns (Figure 1.2B). The fornix starts at 

the level of the alveus, a strip of WM fibers arising from the pyramidal cells of the hippocampus. 

The alveus runs along the superior lateral surface of the hippocampus and extends posteriorly 

under the ependymal surface of the lateral ventricle to become the fimbria (Figure 1.2B, C) [25]. 

The fimbria continues posteriorly and splits from the hippocampus, beneath the splenium of the 

corpus callosum, to become the crus of the ipsilateral fornix. The two crura keep ascending and 
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bend below the corpus callosum, mirroring its curvature but tighter. Then, they merge medially to 

form the fornix body (~0.7 cm wide at the apex and ~2.8 cm wide at the base on an axial plane) 

[28], which goes forward, and it is attached to the inner surface of the corpus callosum via the 

septum pellucidum [29]. As the left and right crura join at the midline, they form a thin sheet of 

crossing fibers called the fornix (or the hippocampus) commissure [30]. The fornix body separates 

once again at the level of the interventricular foramen of Monro, into the columns and they curve 

inferiorly toward the anterior commissure in a manner that reflects the areas of origin in the 

hippocampus [26], [31]. The columns divide into anterior (precommissural) and posterior 

(postcommissural) fibers. Most of the columns’ fibers are postcommissural and they arise from 

the subiculum of the hippocampus and go mostly to the mamillary bodies, with some contributions 

to the anterior thalamic, midbrain tegmentum, and red nucleus of the stria terminalis [26]. The 

precommissural fibers develop into the hippocampal pyramidal cell layer (along with the 

entorhinal cortex and subiculum) and terminate in the basal forebrain, ventral striatum, and 

prefrontal cortex [26]. 

The hippocampus is a bilateral GM structure located in the temporal lobe, forming the medial and 

inferior borders of the lateral ventricles and surrounded by the entorhinal (EC), parahippocampal 

and perirhinal cortices. The majority of its neocortical inputs originate from the 

perirhinal/parahippocampal cortex, through EC, while its outputs are mainly through the 

subiculum (and then towards the alveus and the fimbria of the fornix), which also projects back to 

EC [21]. The hippocampus has an elongated seahorse shape in the anterior-posterior direction 

(Figure 1.2C) with a mean length of 4 to 4.5 cm and a width of 1 to 2 cm [32]. It can be divided 
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into head (anterior, largest part, with digitations), body (middle part) and tail (posterior, narrowest 

part) (Figure 1.2C, D). Anatomically, the hippocampus is composed of two laminae interlocking 

one inside the other: the cornu ammonis (CA) or ‘hippocampus proper” and the dentate gyrus 

(DG), which are separated by the vestigial hippocampal sulcus [32] (Figure 1.2D). CA consist of 

three GM layers (stratum oriens, stratum pyramidal and the stratum moleculare) divided into four 

subfields (Figure 1.2D): CA1, which is the largest one, composed of pyramidal cells and triangular 

soma and located closest to the subiculum; CA2, composed of dense, large and ovoid soma; CA3, 

composed of less dense mossy fibers; and CA4, also composed of less dense soma cells within the 

hilus of the DG [32], [33]. DG (Figure 1.2D) is composed by a stratum of granular cells and 

granular neurons and it process information from EC to CA3 [34], [35]. The granular neurons are 

afferent and receive the information directly from EC via the perforant path which perforates the 

subiculum to reach the DG granular cells. The stratum radiatum, lacunosum and moleculare 

(SRLM) are also important gateways involving EC and CA1, and it contains numerous apical 

dendrites and axonal bundles parallel to the CA internal surface and blending with the stratum 

moleculare of DG [36]. 
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Figure 1.2: The limbic system: Hippocampus and Fornix. Adapted from [25], [37] (A, B under a 

Creative Commons Attribution 4.0 International License 

http://creativecommons.org/licenses/by/4.0/) and from [38] (D, under a Proceedings of the 

National Academy of Sciences of the United States of America (PNAS) License). Schematic 

diagrams of (A) the three nested arches comprising the limbic system, and (B) the hippocampus-

fornix-thalamus connections of the inner limbic arch. (C) 3D rendered fornix tractography (CSF-

suppressed) and automatic hippocampus and thalamus segmentations (sagittal view) in a 44-year-

old healthy female subject. (D) Hippocampus atlas from multi-slice spin echo MRI (performed on 

a Varian 9.4T scanner at 200×200×200 µm3) of 31 ex vivo specimens and its hippocampal subfield 

segmentation (CA: Cornu ammonis, DG: Dentate gyrus, SRLM: Stratum radiatum lacunosum 

moleculare, SUB: Subiculum) derived from serial histology in 9 specimens.  

http://creativecommons.org/licenses/by/4.0/)
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1.1.5. Memory and Cognition 

Most available research suggests that memory functions are performed by the hippocampus, 

amygdala and other related limbic structures in the temporal lobe [39], as well as the prefrontal 

cortex and the cerebellum. The process of memory consolidation appears to be dependent on the 

hippocampus, fornix and other basal structures of the limbic system, such as the thalamus; and the 

integrity of the entire Papez circuit is more important than that of its individual structures [26], 

[37].  

Declarative memory, where one can intentionally store and retrieve information, is mainly encoded 

by the hippocampus, EC, and the perihinal cortex. Semantic memory, which relates to general 

factual knowledge, is mainly encoded, stored, and retrieved by medial temporal lobe areas, such 

as the hippocampus and neighboring structures [40]. Research suggests that semantic memories 

are retrieved from areas of the frontal cortex and stored in areas of the temporal lobe [41], [42], 

although many other areas of the brain appear to be involved. Implicit memory refers to those 

acquired and recalled unconsciously and are stored and retrieved by the cerebellum, the basal 

ganglia (voluntary motor control, procedures, emotions, and other behaviors), the motor cortex, 

and various areas of the cerebral cortex [43].  
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1.2. Magnetic Resonance Imaging (MRI) 

MRI is an imaging technique used to produce high quality images of the inside of the human body 

mainly for medical practice and research. It is built on nuclear magnetic resonance (NMR) theories 

and spectroscopic techniques used for chemical and physical molecular analysis. 

1.2.1. MRI Physics and Tissue Relaxation Times  

The human body is primarily composed of water (which has two hydrogen atoms or protons) [44]. 

Hydrogen is the primary nucleus measured with MRI due to its favourable magnetic properties 

(NMR signal) and abundance in our bodies. The Larmor frequency of a nucleus in a static magnetic 

field B0 is calculated from the Larmor Equation:  

(Equation 1.1)  ω0 = 𝛾B0,  

where ω0 is the Larmor frequency (MHz), 𝛾 is the gyromagnetic ratio (MHz/Tesla) and B0 is the 

strength of the static magnetic field (in Tesla, T). To produce the NMR signal, the external 

magnetic field B0 must be static, strong, and uniform; it is used to align the protons that are 

normally randomly oriented within the water nuclei of the tissue being examined, creating a net 

magnetization parallel to the B0 direction (equilibrium magnetization M0) (longitudinal 

magnetization Mz= M0 in this equilibrium state). The free induction decay (FID) signal is achieved 

by tipping the longitudinal magnetization Mz into the transverse plane using a time-varying, 

external radiofrequency (RF) pulse (B1, Figure 1.3) at a frequency that matches the Larmor 

frequency. Then, the transverse component of the net magnetization (Mxy) precesses in the 

transverse plane at the Larmor frequency. The nuclei return to their equilibrium state through 
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different relaxation processes. Different types of MRI contrast can be achieved by adjusting the 

flip angles and timing of the RF pulses. The time between successive slice-selective excitation RF 

pulses applied to the same slice is called the repetition time (TR), and the time between the RF 

pulse application and the echo signal measurement is the echo time (TE). 

Each voxel of an image of the human body contains one or more tissues and the time evolution of 

their corresponding NMR signals can be characterized by two different relaxation time constants 

– T1 and T2, introduced by Felix Bloch in 1946 [45] in his equations of the net magnetization 

vector (M), with longitudinal Mz, and transverse Mxy components (Figure 1.3). T1 is the 

longitudinal relaxation time (or spin-lattice), which establishes the rate at which the excited 

hydrogen nuclei return to equilibrium as they realign with the B0 magnetic field. At T1, the Mz 

vector recovers from 0% to 63% of its original state M0 (Figure 1.3). T2 is the transverse relaxation 

time (or spin-spin), which defines the rate at which the excited hydrogen nuclei reach equilibrium 

due to a loss of spin phase coherence induced by destructive interference from neighboring spins 

perpendicular to the main B0 field. At T2, the Mxy vector decays to 37% of its original state M0 

(assuming a 90° RF excitation pulse) (Figure 1.3). The NMR signal can be heavily T1, T2 or 

proton density ‘weighted’, although it will generally be influenced by these factors all together 

[46]. 

The transverse magnetization Mxy has its maximum when all protons are initially precessing in 

phase, but it decreases when protons start going out of phase due to interactions at the atomic and 

molecular levels. Transverse relaxation (R2, reciprocal to T2) is mainly produced by the intrinsic 

field caused by adjacent protons, which is irreversible. However, it is also caused by local but 
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reversible field inhomogeneities (main magnetic field, magnetic susceptibilities, chemical shift, 

gradients) which are overall characterized by the T2* relaxation time. This reversible dephasing 

can be eliminated by applying a 180° pulse, which is known as the basis of the Spin-Echo 

sequence, where only the ‘true’ T2 relaxation is achieved [47]. 

Figure 1.3: Longitudinal (Mz) and transverse (Mxy) components of the magnetization vector and 

their longitudinal (T1) and transverse (T2) relaxation times.  

 

1.2.2. MRI Encoding 

When nuclear spins are exposed to a magnetic gradient of strength G their resonance frequency ω 

changes as a function of their location r along the gradient direction: 

(Equation 1.2)  𝜔(𝑟) = 𝛾(B0  +  𝐺 · 𝑟),  

Different combinations of magnetic field gradients along each orthogonal direction (Gx, Gy, Gz) 

are utilized to spatially select and encode the NMR signal, as shown in a typical Gradient-Echo 

pulse sequence (Figure 1.4A). A single slice can be selected by first applying a gradient (in any 

gradient direction or combination of directions) simultaneously during the application of the RF 
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pulse. This slice selecting gradient Gz causes the resonant frequency of the spins to deviate from 

the Larmor frequency by ∆ω as a function of its position, z. The RF pulse only interacts with 

positions where the resonant frequency lies with the RF pulse bandwidth (BW), to create a slice 

with thickness ∆z (∆z=BW/γGz). Gradients can be used to alter the phase of the NMR signal. After 

a gradient is turned off, the resulting spins will have acquired a phase shift (φ) proportional to both 

the gradient strength G and time τ:  

(Equation 1.3)  𝜑(𝑟)  = 𝛾(𝐺 · 𝑟 ·  𝜏), 

After slice selection, the signal is encoded along the two remaining dimensions using phase and 

frequency encoding [48], [49]. Both phase-encoding and frequency-encoding gradients work in 

the same manner but are used for different purposes. A phase encoding gradient is first applied for 

a fixed length of time and then a frequency encoding gradient is applied at the same time the signal 

is read out. The frequency encoding gradient strength is typically constant while the signal is read 

out in increments of time to acquire a set of data points over the frequency range. The sequence of 

phase encoding followed by frequency encoding is repeated in steps with each step varying the 

phase encoding gradient strength to sample a 2D grid of frequency space (k-space), which is the 

Fourier transformation of an image slice (Figure 1.4B). 
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Figure 1.4: Gradient-Echo MRI sequence and k-space. (A) A basic Gradient-Echo pulse sequence 

where a radiofrequency (RF) pulse begins with slice selection (RF pulse and GSlice in yellow), 

followed by phase encoding (GPE in red) and frequency encoding (GFE in blue). The phase-

encoding gradient is incremented each time the pulse sequence is repeated, and each repetition 

measures one line in (B) k-space. (B) 2D Fourier transform of the image in a k-space (kx,ky). An 

inverse Fourier transform (FT-1) is applied to k-space to obtain an MR image. 

 

1.2.3. Structural MRI Acquisitions 

T1- and T2-weighted sequences are widely used in the clinical practice and many pathological 

mechanisms are frequently described in terms of T1 and T2 signal behaviour, tissue contrast, 

anatomical location, and structural volumes. MRI technical advances have been developed to 

improve spatial resolution (high resolution, 3D imaging) and sensitivity of these already 

established structural acquisitions. Regional differences in T1- and T2-weighted signal intensity 
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between WM, GM, CSF, and even between different cortical and subcortical deep GM structures 

have led to the development of manual and automated segmentation methods, which necessitate 

high resolution imaging (~1 mm isotropic) to accurately segment and calculate volumes of 

individual brain structures (e.g., small deep GM structures) and total WM, GM and CSF tissues. 

Changes in total and regional brain volumes have been reported in many volumetric analyses in 

both healthy [50]–[52] and disease [53]–[56] cohorts. Likewise, conventional T1-weighted and 

T2-weighted sequences are also employed to identify and characterize MS pathology beyond total 

and regional atrophy (e.g., T2 lesion burden, postcontrast enhancement, T1 hypointensities) [57]. 

T1-weighted images are created by using short TE and TR, thus different tissue contrast and 

brightness are mostly determined by their T1 properties (Figure 1.5A). In contrast, T2-weighted 

acquisitions are produced by applying longer TE and TR so that the tissue contrast and brightness 

are mainly controlled by their T2 properties (Figure 1.5B). For example, fluid tissue like CSF is 

dark on T1-weighted MRI and bright on T2-weighted MRI. The FLuid Attenuated Inversion 

Recovery (FLAIR) sequence is also frequently applied in clinical environments (e.g., to depict MS 

lesions) and it employs an inversion pulse with an appropriate inversion time (TI)  delay before 

the excitation pulse to null signal from CSF, while still keeping T2-weighted contrast (Figure 1.5C) 

[58]. These structural sequences are vital for the diagnosis of neurodegenerative diseases such as 

MS and they will be briefly described in the next subsections.  
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Figure 1.5: T1-weighted, T2-weighted and FLuid-attenuated inversion-recovery (FLAIR) images. 

Example of (A) T1-weighted MPRAGE, (B) T2-weighted and (C) FLAIR images of a 58-year-

old female healthy control. 

 

In addition, Gadolinium-based contrast enhancement MRI agents can be combined with several 

MRI contrasts such as T1-weighted. Gadolinium (Gd) is a strongly paramagnetic material that can 

become temporarily magnetized when placed in an external magnetic field. Gd facilitates the 

relaxation of hydrogen protons on water molecules and it shortens the T1 relaxation times of the 

tissues where it accumulates making them bright on T1-weighted images. Gd-enhanced T1-

weighted images are very useful for MS diagnosis and important for monitoring MS lesion activity 

[59], as they allow to distinguish ‘acute’ from ‘chronic’ lesions and to detect the breakdown of the 

blood-brain barrier (BBB) [60] typical of MS (Figure 1.6). However, the selection of the most 

appropriate T1-weighted sequence after contrast injection is still a matter of debate at lower 

magnetic fields (e.g., 1.5T) [59], while 3D Gradient-Echo or 3D Fast Spin-Echo sequences at 3.0 
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T have yielded higher detection rates for Gadolinium-enhancing MS lesions than standard 2D 

Gradient-Echo sequences in more recent work [61]. 

Figure 1.6: Unenhanced T1-weighted and Gadolinium contrast-enhanced T1-weighted MRI. 

Example of (A) unenhanced pre-Gadolinium injection T1-weighted and (B) contrast-enhanced 

post-Gadolinium injection T1-weighted images, both obtained at baseline in a relapsing-remitting 

multiple sclerosis patient (Adapted from [62] and reprinted by permission from SAGE 

Publications, Ltd., copyright 2013).  

 

1.2.3.1. 3D Magnetization Prepared RApid Gradient Echo (MPRAGE) 

MPRAGE stands as a useful sequence for T1-weighted imaging in both the clinical and research 

practice (Figure 1.5A) due to its high WM/GM signal difference-to-noise, high WM signal-to-

noise ratios (SNR) as well as GM SNR suppression (due to longer T1s) [63]. Basic MPRAGE is a 

3D technique consisting of the application of a non-selective 180º inversion pulse to invert the 

longitudinal component of the magnetization vector Mz, which grows back to +Mz due to T1 
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relaxation mechanisms over the TI period. After this TI period, the signal is read by acquiring 

spoiled gradient echoes at short TE times of ~2-4 ms and low flip angles α of ~5- 12º. Typical TR 

and TI times for MPRAGE are ~2000 ms and ~600-900 ms respectively. These parameters are 

determined by the desired contrast properties of the image, the T1 relaxation properties of the 

tissues, and the state of the longitudinal magnetization Mz at the end of the Gradient-Echo 

acquisition [64]. 

1.2.3.2. T2-weighted MRI 

Spin-Echo pulse sequences are largely used to achieve T2-weighted contrast (Figure 1.5B) [47]. 

In a simple Spin-Echo sequence the 90° RF pulse is followed by a 180° refocusing pulse at TE/2. 

Then, the signal is read at TE, with a single echo measured during each TR. The Fast Spin Echo 

technique (FSE, also known as Turbo Spin-Echo (TSE) or Rapid Acquisition with Relaxation 

Enhancement (RARE)) [65] is more efficient because multiple echoes are recorded per TR, which 

is achieved by a series of 180º refocusing pulses after the single 90º excitation pulse to generate a 

train of echoes. The echo train length (or turbo factor) is the total number of echoes acquired in 

each TR interval. Axial T2-weighted FSE sequences are a reference standard for detecting focal 

hyperintense T2 lesions in MS regardless of their brain location [59]. Moreover, these are part of 

the standardized brain MRI protocols for MS diagnosis (recommended 1 mm isotropic voxel 

resolution at 3 T according to the latest 2021 Magnetic Resonance Imaging in Multiple Sclerosis 

(MAGNIMS) and  Consortium of Multiple Sclerosis Centres (CMSC) consensus 

recommendations [66]). However, these sequences are optional for the assessment of disease 

activity and monitoring effectiveness of the disease-modifying treatment if high-quality sagittal 
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3D T2-weighted FLAIR and multiplanar reconstruction in axial and sagittal planes are available 

(see table 2 in [66]). 

1.2.3.3.  FLuid-Attenuated Inversion Recovery (FLAIR)  

FLAIR is an inversion recovery sequence (often acquired as T2-weighted) with a long TI needed 

to remove the CSF signal (Figure 1.5C) [58]. It begins with a 180° pulse, which reverses the 

longitudinal magnetization Mz for all tissues, which regrows via T1-relaxation. When Mz of CSF 

is close to zero at the end of the TI interval, it will produce a small or zero signal contribution to 

the reconstructed image. For FSE acquisitions, TI can be derived from the following equation:  

(Equation 1.4)  𝑇𝐼 = 𝑇1[𝑙𝑛  2 −𝑙𝑛(1 + 𝑒−(𝑇𝑅−𝑇𝐸𝑙𝑎𝑠𝑡) 𝑇1⁄ )], 

where TElast is the time of the last echo, thus recovery could start after the last refocusing pulse. 

When TR>>T1, equation 1.4 reduces to TI ≈ 0.69 x T1. TI values are 3000 ms and 1800 ms for 

2D and 3D FSE FLAIR at 4.7 T and 3 T, respectively (TI values reported in Research Chapters 

for FLAIR protocols performed in this thesis). Like T2-weighted images, FLAIR is largely 

employed for T2 lesion detection in demyelinating disorders such as MS. These lesions appear 

hyperintense on T2-weighted images and the high signal intensity of CSF often precludes their 

visibility in periventricular areas with conventional T2-weighted images but not with FLAIR [67]. 

Both 2D and 3D FSE FLAIR (3D FSE is called Sampling Perfection with Application optimized 

Contrasts using different flip angle Evolution (SPACE) in Siemens MRI scanners) have been 

applied in MS, with sagittal 2D or 3D FLAIR scans deemed as mandatory for baseline MS 

diagnosis in earlier consensus [59]. 3D FLAIR has been stated as “preferable” over 2D FLAIR in 
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the latest revisions of the McDonald MS diagnostic criteria due to its improvement of lesion 

detection and the possibility of realignment of anatomical orientation that is necessary to detect 

new lesions when comparing serial MRI scans [66]. Furthermore, several MS studies have reported 

improved lesion detection in supratentorial and infratentorial regions in MS with 3D FLAIR when 

compared to 2D FLAIR [68], [69]. 

1.2.4.  Transverse Relaxation (T2) Mapping 

The transverse magnetization Mxy is characterized by the exponential decay of the NMR signal in 

the transverse plane with a T2 relaxation time constant (discussed in Section 1.2.1). Quantification 

of T2 relaxation times provides an absolute measure of the transverse relaxation independent of 

other factors, which plays an important role for in vivo tissue characterization in healthy and 

diseased human brain [70], [71]. Multicomponent multi-echo T2 relaxation measurements in 

healthy brain tissue, such as myelin water imaging, can generally separate the NMR signal into 

three T2 components (long, intermediate and short). The long T2 (> 2 s) is attributed to CSF, the 

intermediate T2 (~80 ms) is associated with intra/extracellular water, and the short T2 component 

(~20 ms) is credited to water trapped between myelin bilayers called myelin water [70], [72]. In 

order to measure the shortest T2 component, as it is aimed with myelin water fraction (MWF), the 

echo spacing should ideally be as short as possible (10 ms or less), typically 32 echoes, and the 

echo train should exceed 1 s reporting only noise in the last echoes [71]. In MS, for example, 

several previous multicompartmental T2 relaxation studies have shown brain water content 

abnormalities with a focus on lower MWF in both normal appearing WM (NAWM) and lesions in 

MS when compared to healthy WM [73]–[77].  
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Additionally, single component analyses that measure the voxel mean T2 relaxometry values can 

identify increased water content occurring in WM pathology that arise from other water reservoirs 

such as edema or inflammation [72], [78], [79]. Longer T2 times have been considered an indicator 

of neuronal damage in MS, caused by pathology like demyelination and inflammation/edema, as 

seen in WM lesions and in NAWM beyond lesions [72], [78], [80], [81] but also in cortical normal 

appearing GM (NAGM) [82]. Furthermore, shorter T2 times (also reflected by longer transverse 

relaxation rates R2=1/T2) have become a reliable measure of brain iron accumulation mainly at 

high MRI fields and have been reported in deep GM and basal ganglia structures such as the 

caudate, globus pallidus, pulvinar nucleus of the thalamus, and substantia nigra of MS patients 

[83], [84]. 

T2 relaxometry mapping can be performed by using the Carr-Purcell-Meiboom-Gill sequence 

[85], [86], which is a multi-echo Spin-Echo protocol consisting of a 90° pulse and followed by a 

train of 180° refocusing pulses. These refocusing pulses are 90° out of phase to reduce the effects 

of imperfect 180° pulses [85], however perfect 180° refocusing pulses at 3 T or higher field 

strengths are impractical to achieve due to slice profile variations, B1 calibration errors, and RF 

inhomogeneity [87], [88]. T2 can be determined by modeling the spin response from multi-echo 

spin echo experiments with existing fitting methods such as the Extended Phase Graph (EPG) with 

Fourier slice approximations [89][90], or Bloch simulations [91], which yield accurate T2 values 

despite imperfect refocusing pulses by employing computational modelling of the signal response 

for all echo pathways. The EPG model with Shinnar-Le Roux (SLR) slice profiles [92] have been 

evaluated and compared with other fitting methods providing excellent results in most cases when 
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SNR is adequate and sufficient data points are available (Figure 1.7) [93], and it was utilized in 

Chapter 4 of this thesis to evaluate T2 values in the hippocampus in MS. 

 
Figure 1.7: Multi-echo Spin-Echo Images acquired from transverse T2 relaxometry mapping of 

the hippocampus. Images were acquired with axial-oblique orientation along the long axis of the 

hippocampus in a 34-year-old relapsing-remitting MS male subject. Single slice Spin-Echo R2 

images (1/T2) for the (A) first and (B) last echo of a train of 16 echoes, acquired with a TR of 3.56 

s at 3 T. (C) T2 relaxometry map calculated with the Extended Phase Graph model with Shinnar-

Le Roux slice profiles. 

 

1.2.5.  Diffusion MRI 

Another type of contrast or ‘weighting’ of the NMR signal is by the diffusion of water molecules, 

called diffusion weighted imaging (DWI). This dissertation is strongly focused on different 

advanced diffusion MRI techniques and their application to MS. Their basics, imaging analyses 

and applications will be described in the next following subsections. 
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1.2.5.1.  Background and Acquisition  

Water molecules are in constant and random movement caused by thermal energy (Brownian 

motion). According to Einstein [94], when the medium is homogeneous and there are no 

boundaries, the diffusion of water molecules is free and will have a mean squared displacement 

〈r2〉 which depends on the diffusion time t and the diffusion coefficient D of the substance. 

    (Equation 1.5)  〈𝑟2〉 =  2𝐷𝑡  

 However, in biological tissues, water molecules are restricted as they interact with cell membranes 

and macromolecules, and they are confined in the intracellular or extracellular space. The 

contributions of the water pools within these microscopic spaces vary as they are dependent on the 

tissue biological features and susceptible to several processes (e.g., cellular swelling, edema) and 

pathologies (e.g., ischemic and chronic strokes, necrotic tumors, gliomas). During these random 

diffusion walks, the water molecules probe the tissue microscopic structure at a resolution beyond 

MRI. Characteristic diffusion times of ~50 ms, assuming the average diffusion coefficient of 

biological tissues at body temperature (~1.0 x 10-3 mm2/s), allow the water molecules to randomly 

move ~10 µm in the brain as they interact with several tissue and cellular components. Then the 

diffusion signal observed in a DWI voxel (~8 mm3 resolution in standard acquisitions) represents 

the average displacement distribution of the water molecules within this voxel which are associated 

to the structural and geometric organization of the underlying microstructural compartments [95]. 

Diffusion can become more directional or anisotropic when there are oriented geometric barriers 

hindering the water in specific directions, such as in WM [95], [96]. In organized WM axonal 
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bundles, water molecules can travel along the length of the axon, and perpendicular movement is 

restricted mainly by membranes and myelin [97], [98]. Therefore, we can infer information about 

the tissue microenvironment by measuring its diffusion properties. 

Recalling the basics of MRI and image encoding (discussed in Sections 1.2.1 and 1.2.2), when a 

linear gradient is applied it modifies the frequency of precession of the protons by spatially varying 

the magnetic field they perceive according to Equation 1.2. The NMR signal could be sensitized 

to diffusion by employing a pair of “dephasing/rephasing” gradients [99] (Figure 1.8). After 

applying an RF excitation pulse, protons at different locations precess at the same frequency. When 

a gradient is applied, protons at different locations perceive different magnetic fields and resonate 

at different frequencies, depending on their locations. After the application of this first “dephasing” 

gradient, protons will be out of phase (Equation 1.3) leading to an overall NMR signal loss. If a 

second “rephasing” gradient is applied with identical strength and length but opposite polarity to 

the first gradient, and there are no diffusing protons, then the ‘refocusing’ will be perfect as the 

rephasing gradient will cancel the phase difference induced by the dephasing gradient, and the 

corresponding NMR signal will be strong (see the “without motion” pixel example in Figure 1.8). 

In the case of diffusing protons (exemplified as the three pairs of protons switching locations 

during the diffusion time between the “dephasing/rephasing” gradients in Figure 1.8), the 

rephasing gradient does not eliminate the phase differences of the diffusing protons and the 

corresponding NMR signal will be weaker (see the “with motion” pixel example in Figure 1.8).  
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Figure 1.8: Schematic representation of the dephasing/rephasing diffusion sensitizing gradients 

and the behavior of stationary and moving spins. Each circle represents proton spins at different 

locations in a pixel while the arrows within the circles indicate the phase’s location. If protons 

move within the direction of the gradient, between the two gradient applications (indicated by 

yellow arrows), the rephasing gradient cannot perfectly refocus the phases, which leads to signal 

loss. (Adapted from [99] and reprinted by permission from Elsevier, License Number 

5301061095313).  

 

1.2.5.2.  Diffusion MRI Pulse Sequences: Echo Planar Imaging 

In general, diffusion MRI measures the diffusion of spins by applying a Pulsed Gradient Spin Echo 

(PGSE) method [100], which consists of a pair of pulsed gradients on a spin-echo sequence (Figure 

1.9) [47]. The diffusion gradients must be strong, and they are applied on either side of the 180° 

RF pulse with the same duration, amplitude, and direction (the 180° RF pulse is equivalent to the 

opposite polarity of the dephasing/rephasing diffusion gradients in Figure 1.8). The first diffusion 
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gradient is applied between the 90° RF pulse and the 180° refocusing pulse, causing the spins to 

dephase in its direction. The second gradient is applied between the 180° refocusing pulse and the 

signal readout, so that the stationary spins reverse any phase accumulated from the first gradient.  

Figure 1.9: Stejskal and Tanner Pulsed Gradient Spin Echo (PGSE) sequence for diffusion 

encoding. Two gradients of the same amplitude (G) and duration (δ) are paired on either side of a 

180° RF pulse to ‘weight’ the sequence on diffusion along the gradient direction.  

 

Nevertheless, the diffusing spins that have moved along the gradient’s axis between the first and 

second gradients, are still out of phase and have lost signal, which can be measured by the equation: 
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(Equation 1.6)  
𝑆

𝑆0
= 𝑒−𝛾2𝐺2𝛿2(∆−

𝛿

3
)𝐴𝐷𝐶 = 𝑒−𝑏𝐴𝐷𝐶  

where the b-value measures the degree of diffusion weighting applied [101]. The diffusion 

coefficient is referred as the apparent diffusion coefficient (ADC) because it is not the intrinsic 

diffusion coefficient of water but instead is impacted by the geometry of the tissue microstructure. 

Higher b-values (e.g., by increasing the gradient strength or diffusion times) lead to more signal 

loss from diffusion as well as due to increased T2 relaxation. To calculate the ADC, two images 

must be acquired at different b-values to obtain the slope from Equation 1.6 (usually a non-

diffusion weighted image (non-DWI) with b=0 s/mm2 (b0) as the S0 input of Equation 1.6 and a 

DWI with a higher b-value as S). 

Diffusion MRI protocols in this dissertation were mainly acquired with single-shot Spin-Echo 

Echo-Planar Imaging (SS-EPI) (Figure 1.10), which is one of the fastest MRI acquisition schemes 

and one of the main methods for collecting DWI data. As shown in Equation 1.6, the b-value is a 

diffusion sensitization factor that reflects the strength and timing of the gradients used to generate 

diffusion-weighted images. This leads to a monoexponential signal decrease in simple solutions 

and in some tissues. However, non-monoexponential behavior has been observed mostly within 

those single voxels where a multicomponent mixture of tissues with different microstructure and 

diffusion properties contribute to a fraction of the total signal [95]. Thus, as CSF long T2 values 

cause a relative enhancement of the observed signal, a biexponential behavior might occur in 

regions with CSF partial volume contamination , such as cortical GM and WM areas near the brain 

ventricles [102]. This motivated the application of a CSF-suppressed, inversion-recovery SS-EPI 
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diffusion sequence for the first time in 1991 to demonstrate the dominant contribution of CSF to 

the non-monoexponential diffusion decay behavior observed in cortical GM [102]. The addition 

of a FLAIR preparation pulse to EPI diffusion sequences have allowed a more accurate and precise 

determination of diffusion values in cortical GM and parenchymal tissues bordering the ventricles 

[103] but also a marked improvement of fiber tracking of small limbic WM connections such as 

the fornix, which lies adjacent to the lateral ventricles [104]. This has motivated the application of 

a high resolution FLAIR diffusion protocol to suppress CSF (note the CSF-suppression in the 

ventricles/cortical GM in Figure 1.10C) and to evaluate fornix damage in MS as part of this thesis. 

Figure 1.10: Mean b0 and Mean Diffusion Weighted Images (DWI) acquired with single-shot 

Spin-Echo Echo Planar Imaging (SS-EPI) at 4.7 T and 3 T (with CSF suppression). Examples of 

(A, C) mean b0 and (B, D) mean DWI acquired at (A, B) 4.7 T (5 b0, 1.7 mm isotropic voxels, 

b=1000 s/mm2, 30 directions, TR=9500 ms, TE=54 ms, GRAPPA=2, Partial Fourier (PF)=0.69, 

Anterior-Posterior (AP) phase encoding direction, BW=2604 Hz/Pixel) and (C, D) 3 T (5 b0, 1.2 

× 1.2 × 2 mm3 voxels, b=1000 s/mm2, 20 directions, TR=9000 ms, TE=69 ms, TI=2300 ms, 

GRAPPA=2, PF=0.75, AP phase encoding direction, BW=1900 Hz/Pixel) in a 34-year-old 

relapsing-remitting MS female subject (A, B and C, D were acquired 4 years apart). 
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In a SS-EPI pulse sequence imaging data is collected in a single shot which remove the shot-to-

shot variation in phase from diffusion data collected with multi-shot acquisitions (Figure 1.11A). 

A SS-EPI pulse sequence is designed so that the trajectory oscillates back and forth in kx while 

progressing along ky [105]. In SS-EPI with partial k-space coverage a typical trajectory begins near 

the center of k-space, and cross over to the far side of it, with the spin echo occurring just as the 

sampling trajectory is positioned at the k-space origin (Figure 1.11B), consequently removing 

gross dephasing effects [106]. This previously described partial k-space coverage reduces the 

duration of the pulse sequence as well as the T2 signal decay for the k-space center. However, the 

acquired part of k-space must be large enough to cover phase variations due to motion-induced 

phase and to reduce the prevalence of other motion artifacts such as head rotation [106]. 

Figure 1.11: Single-shot Spin-Echo Echo Planar Imaging (SS-EPI) pulse sequence for diffusion 

MRI. (A) SS-EPI pulse sequence with asymmetric read out by making the sum of Gy equal to zero 

at the spin echo. (B) Sampling trajectory with partial k-space coverage from pulse sequence in (A). 

(Reprinted from [106] by permission from Elsevier, License Number 5301110404611). 
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Although the rapid slice acquisition of SS-EPI reduces the time interval of the echo train read thus 

decreasing the probability of inter volume subject motion, it leads to eddy current distortions. 

These distortions can be corrected or minimized with several approaches such as bipolar gradients 

[107], correcting/calibrating the distortions in k-space by using reference measurements of eddy 

current fields [108], post-acquisition image processing (e.g., scaling, shear, translation in the phase 

encoding direction) to register the DWIs to reference undistorted baseline images [109] or to 

images collected twice for each diffusion gradient, once traversing k-space bottom-up and once 

top-down, which provides information on the displacement fields and intensity maps [110].  

Any subject motion in the diffusion encoding direction can still cause erroneous diffusion 

measurements, while local magnetic field inhomogeneities and signal loss due to T2* dephasing 

could arise in air tissue interfaces, such as in the sinus area, creating spatial distortions as well. 

One common alternative to further correct for these magnetic field inhomogeneities and warping, 

which worsen at higher magnetic fields, is to use parallel imaging reconstruction methods, which 

use the signals from individual receive coils in an array of multiple coils to perform some of the 

spatial encoding [111]. Parallel imaging takes advantage of the local sensitivity of each coil in the 

phased array and artificially reduces the field of view (FOV) of each coil in the phase encoding 

direction which effectively increases the allowable spacing between k-space samples [106]. The 

FOV is the distance over which MRI is acquired and it is related to the k-space according to the 

following rule: 

(Equation 1.7)  
1

∆𝑘𝑥
 < 𝐹𝑂𝑉,  
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which is the Nyquist condition to avoid the occurrence of aliasing. As decreasing the FOV results 

in aliasing or wraparound artifact, the spatial dependence of the phased-array coil elements is used 

to remove or prevent the aliasing in parallel imaging [112], while reducing the number of phase-

encoding steps by a factor of R [111]. SS-EPI diffusion sequences in this dissertation utilizes a  

GeneRalized Autocalibrating Partially Parallel Acquisitions (GRAPPA) method with R=2, which 

uses multiple k-space lines from all coils to fit one single coil acquired autocalibration signal line 

resulting in high accuracy of the fitting procedure and good artifact suppression [111]. The 

increased temporal resolution of parallel imaging in SS-EPI acquisitions allows to improve spatial 

resolution and to reduce susceptibility distortions in the acquired images, while decreasing the 

SNR by √R. However, other alternatives could be used to increase SNR, such as increasing the 

number of signal averages (NSA), mainly of the b0 images in diffusion MRI, which will increase 

the SNR by √NSA although increasing the total acquisition time as well.  

Other diffusion pulse sequences include FSE and multi-shot methods, as well different methods to 

collect k-space data such as Periodically Rotated Overlapping ParallEL Lines with Enhanced 

Reconstruction (PROPELLER) [113] and spiral-based pulse sequences [114], where k-space data 

is respectively collected in strips/blades or in an spiral trajectory.  

 

1.2.5.3.  Mean DWI, ADC, and T2 Shine-Through 

Earlier diffusion MRI studies used to first acquire an image without diffusion weighting (non-DWI 

with b0=0 s/mm2) and then 3 images with diffusion weighting along 3 orthogonal diffusion 
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gradient directions to compute the rotationally invariant geometric mean known as the isotropic, 

trace or mean DWI according to Equation 1.8:  

(Equation 1.8)      𝑆𝐷𝑊𝐼 = √𝑆𝑥𝑆𝑦𝑆𝑧
3 =  𝑆0𝑒−𝑏(𝐷𝑥𝑥+𝐷𝑦𝑦+𝐷𝑧𝑧 3)⁄ = 𝑆0𝑒−𝑏(𝐷𝑡𝑟𝑎𝑐𝑒 3)⁄ = 𝑆0𝑒−𝑏∙𝐴𝐷𝐶,  

where S0 is the signal intensity for the b0 image, Sx, Sy and Sz are the signal intensities from the x-

, y-, and z- diffusion gradient directions, while Dxx, Dyy, and Dzz are the diffusion coefficients from 

the corresponding orthogonal gradient directions. From Equation 1.8, the mean DWI is inversely 

related to the average value of the trace (Dxx + Dyy + Dzz)/3, which is the previously defined ADC 

(Equation 1.8). As the mean DWI is only ‘diffusion-weighted’, it is substantially influenced by 

T2-weighting. As such, a tissue with a long T2 decay time will have a high T2 signal which 'shines 

through' the DWI image. This is known as "T2-shine-through", and in order to confirm true 

restricted diffusion the region of increased DWI signal will show low signal on ADC. Nowadays, 

DWI studies are still commonly performed in the clinical practice for evaluation of pathologies 

such as acute ischemic stroke (high mean DWI signal and low ADC), mostly due to the inherent 

acquisition speed of these methods but also to remove anisotropic effects which allows the 

differentiation of acute stroke from other acute neurologic events [115].  

1.2.5.4.  The Diffusion Tensor Imaging (DTI) Model  

As many biological tissues, for example, WM in the brain, are highly anisotropic, DWI does not 

consider this complexity and reduces diffusion to a single average value, which is a very simplistic 

interpretation. The DTI model was developed to deal with this problem by emphasizing and 

quantifying areas that are dependent on anisotropic effects and to acquire diffusion measures not 
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dependent on the direction of the diffusion gradients [96]. Instead of scalar ADC, DTI employs a 

second order tensor D (Figure 1.12A) which is a matrix of the diffusion coefficients in each 

combination of directions and contains six free parameters to be fit. Dxx, Dyy, Dzz, Dxy, Dyz, and 

Dzz are the tensor’s six independent elements, and the tensor D can be represented by an ellipsoid 

(Figure 1.12B). The main greater axis of the diffusion tensor ellipsoid can indicate the principal 

direction of well-aligned WM fibers (along the axons) where the other axes are more limited by 

barriers (myelin sheaths, cellular membranes) indicating a more restricted diffusion.  

The diffusion tensor can be estimated by fitting an adapted Stejskal and Tanner equation to at least 

six DWI acquired for at least six noncollinear gradient directions and a b0 image [116]. For each 

image voxel, the ellipsoid model is fitted from the directional diffusivities through matrix 

diagonalization, and it can be decomposed in three eigenvectors (e1, e2, e3) and three eigenvalues 

(λ1, λ2, λ3) ordered in descending order (Figure 1.12A). The eigenvalues are the ADC values of the 

tensor along the directions of the eigenvectors, and they describe the shape and size of a tensor, 

independently of its orientation (rotationally invariant) [117]. 
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Figure 1.12: The diffusion tensor D and the DTI parameter maps. (A) The diffusion tensor D is 

acquired as a matrix of diffusivities with different diffusion directions (6 non-collinear directions), 

which can be decomposed into eigenvectors (e) and eigenvalues (λ). (B) The tensor is 

geometrically represented as an ellipsoid, which eccentricity characterizes the degree of diffusion 

anisotropy. The longest axis is the first eigenvector (e1) that represents the direction of maximal 

diffusion. (C) Several metrics, such as fractional anisotropy (FA), mean diffusivity (MD), axial 

diffusivity (AD) and radial diffusivity (RD) can be derived from the diffusion tensor (from a 27-

year-old female control). (A and B were adapted from [118] by permission from Springer Nature, 

License Number 5253920329702). 

 

1.2.5.5.  Scalar DTI Metrics and Biological Interpretations 

Several scalar diffusion metrics can be calculated from the diffusion tensor (Figure 1.12C). 

Important DTI metrics for this dissertation are: 
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Mean diffusivity (MD): It characterizes the overall mean squared displacement of 

molecules (average ellipsoid size). It is numerically different from ADC in that it is rotationally 

invariant whereas the ADC differs per gradient direction in an anisotropic sample [119]. MD is 

sensitive to the amount of water diffusion (edema, inflammation) but also to myelin loss [120]–

[122]. 

   (Equation 1.9)          MD =
 𝜆1+𝜆2+𝜆3

3
=

𝐷𝑥𝑥+𝐷𝑦𝑦+𝐷𝑍𝑍

3
  

Fractional Anisotropy (FA): It quantifies the ratio between the magnitude of the 

anisotropic component of the diffusion tensor D and its entire magnitude. Hence, FA is the ratio 

of the tensor that can be assigned to anisotropic diffusion [123]. FA values range between zero and 

one. FA can be considered an overall measure of microstructural diffusion anisotropy [116], 

mainly in highly coherent WM structures, and it usually decreases in WM diseases. Even though 

FA is very sensitive to microstructural changes, it is less specific to the type of change, ranging 

from degree of myelination to axonal ordering, density and loss [124], 

(Equation 1.10)            FA = √
1

2

(𝜆1−𝜆2)2+ (𝜆2−𝜆3)2+ (𝜆1−𝜆3)2

𝜆1
2+ 𝜆2

2+ 𝜆3
2  

Axial diffusivity (AD): It describes the diffusion coefficient of water molecules diffusing 

parallel to the tract within the voxel of interest. It has been hypothesized to be sensitive mainly to 

axonal degradation [121], although it tends to be variable in WM changes and different 

pathologies. For example, AD measurements can be higher in MS subjects when compared to 
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healthy controls [125] as a result of the replacement of axonal structure with extra-cellular space 

in MS lesions [126]. 

(Equation 1.11)            𝐴𝐷 = 𝜆1 

Radial diffusivity (RD): It is the magnitude of water diffusion perpendicular to the tract. It 

may reflect myelin changes, as myelin damage leads to increased RD in mouse models [121], 

[127]. 

(Equation 1.12)            𝑅𝐷 =
 𝜆2+𝜆3

2
 

The brain tissue is highly complex, and the WM bundles are composed of diverse orientations, 

location, fiber population, degree of myelination and axonal sizes. The main determining factor of 

anisotropy in nervous tissue are the ‘intact’ cell membranes. Myelin itself, it is not necessary for 

diffusion to be anisotropic in the brain, however it serves to modulate anisotropy [97]. 

Furthermore, although DTI is sensitive to many of these features, the interpretation of the diffusion 

metrics is not always straightforward. For example, DTI is sensitive to microscopic diffusion 

anisotropy however the measurements of these microscopic information are averaged over 

macroscopic voxel volumes. When these averages come from more than one fiber population 

differently oriented, or when there is some sort of macroscopic heterogeneity, their contributions 

to the signal could be averaged, thus preventing us from seeing anisotropy at voxel level. Hence, 

if pathology intermingles with the complex brain cytoarchitecture it is difficult to directly infer 

those microstructural abnormalities by typical DTI metrics (mainly FA), which could be likewise 
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influenced by macroscopic reorganization as a confounder in healthy and diseased cohorts [128]–

[130]. 

1.2.5.6.  DTI Pre-Processing and Analysis Techniques. Fiber Tractography 

Standard DTI processing includes several pre-processing steps of the data, followed by the 

diffusion tensor estimation (Figure 1.13). In addition to accounting for subject motion, the most 

comprehensively analyzed and corrected EPI distortions in DTI are those induced by eddy‐currents 

(discussed in Section 1.2.5.1) (ECMOCO). These distortions must be corrected to guarantee a 

reliable analysis (see row 4 in Figure 1.13) and they have been performed with several 

postprocessing software tools in this manuscript, such as mutual information-based registration 

techniques and a spatial transformation models containing parameters that correct for eddy current-

induced image distortion (affine, 12 degrees of freedom) ([131] for Chapter 2;  [132], [133] for 

Chapter 3; [110] for Chapter 4; [134] for Chapter 5 and discussed in a later section) and rigid body 

motion in three dimensions when feasible (e.g., FLAIR DTI data in Chapter 3 was registered to 

MPRAGE) for all diffusion analyses in this thesis. Physically implausible signals that arise from 

negative eigenvalues were not considered during ECMOCO, in diffusion data in Chapter 2 and 3 

as these images were acquired with high SNR, thus this default parameter wouldn’t bias the DTI 

data processing [135].  

Denoising is an important step at low SNR data (e.g., axial-oblique slab for hippocampus DTI with 

SNR ~3-5 [136]), which should be performed as the first step of the processing pipeline (see row 

1 in Figure 1.13C), as further steps may alter the noise characteristics from which noise mapping 
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is based [137]. Other pre-processing steps before tensor calculation includes correcting for Gibbs 

artifacts (Figure 1.13), which typically appear as multiple fine parallel lines adjacent to high-

contrast interfaces as a consequence of using truncated Fourier transforms to reconstruct MR 

signals and worsen with Partial Fourier [138] as acquired in all the diffusion data in this dissertation 

(Partial Fourier of 0.69 in Chapter 2 and 0.75 (6/8) in Chapter 3, 4, and 5). Gibbs artifacts can be 

corrected with approaches such as total-variation [135], [139]. While scanning, B1 inhomogeneity 

was minimized by rotating/translating the birdcage transmit RF coil according to [140] at 4.7 T or 

by applying a prescan normalize filter at 3 T that can minimize B1 inhomogeneity through the slice 

and improve ventricular visualization/registration between scans with no detrimental effects on 

DTI parameters. This can be further corrected with post-processing strategies such as B1 field 

inhomogeneity correction [141], applied to the axial-oblique slab for hippocampus DTI.  
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Figure 1.13: Standard pre-processing pipelines for DTI data in a (A) 57-year-old primary-

progressive MS female), a (B) 37-year-old relapsing-remitting MS female and a (C) 70-year-old 

healthy male. Corrections for eddy current distortion and subject movement (ECMOCO) are 

essential in all diffusion datasets (A, B, C) while denoising is particularly beneficial in DTI 

acquisitions with low SNR (C). 
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Several analysis techniques can be applied to DTI after the diffusion tensor calculation, each one 

with its own strengths and limitations. The most optimal analysis method depends on many factors 

inherent to the study design, such as the data acquisition protocol and quality, the purpose of the 

analysis and the hypothesis about the brain location(s) of interest, among other aspects. Analyses 

can be voxel-based (whole-brain or not), specific to one or several regions of interest (ROI) or to 

one or several fiber bundles. For example, tract-based spatial statistics (TBSS) [142] is considered 

as the typical approach for voxel-based DTI analysis in large whole-brain multi-subject DTI 

studies. In TBSS the skeletonization step yields measures only from the nearest voxel with highest 

FA perpendicular to the skeleton presumably reflecting the core of many WM tracts without 

needing data smoothing, however this is particular difficult and inaccurate when studying smaller 

tracts like the fornix [143].  

Fiber tractography has also become a preferred analysis method when investigating DTI 

parameters in specific WM bundles, in heathy individuals and a rising number of brain pathologies, 

MS included [122], [144], [145]. The goal of fiber tracking is to render 3D trajectories of 

anisotropic structures (e.g., WM tracts) by connecting voxel-based estimates of the underlying 

continuous fiber orientation field [146]. Tractography algorithms can be classified as deterministic 

and probabilistic. Deterministic tractography infers only one fiber orientation estimate per voxel, 

thus providing a single streamline trajectory per seed point. The generated fibers could be prone 

to errors due to image artifacts and algorithm integration errors [147]. In contrast, probabilistic 

tractography creates a distribution of possible trajectories from each seed point, and results are 

quantified from generated visitation count maps of the number of trajectories that traverse each 
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voxel. As a result, brain regions that contain higher density trajectories correspondingly have a 

higher probability of “connection” with the seed point. Probabilistic tractography algorithms are 

subject to similar errors and limitations of deterministic tractography [148] and they were not the 

main focus of this thesis so they will not be further discussed. 

Fiber assignment by continuous tracking (FACT) deterministic tractography, relies on the 

assumption that in each voxel, the principal eigenvector e1, which is associated with the largest 

eigenvalue λ1 of the diffusion ellipsoid, is parallel to the dominant fiber orientation [123]. It forms 

a tangent to the space curve outlined by the WM tract (Figure 1.14A, B) [149]. This axonal 

projection curve can be tracked only if nearby 3D continuous vector fields are strongly aligned 

[146]. It propagates parallel to e1, from a single voxel, several voxels belonging to an ROI or from 

a whole brain ‘seed point’. By combining Boolean ROIs (AND, OR and NOT) in specific 

anatomical locations, WM tracts can be depicted and further refined (Figure 1.14C), although the 

process demands anatomical knowledge and it is conditional on inter-operator variability [148]. 

Different conditions can be set to define when to stop the tracking process, which are frequently 

the local FA and the angle of curvature between voxels. These conditions help eliminate spurious 

tracts caused by noise or tensor model artifacts. A streamline stops when the FA falls below a 

certain threshold value or surpasses a certain maximum angle of curvature within a voxel. Other 

conditions that are also useful to discard short spurious tracks is setting a minimal fiber length. 

FACT deterministic fiber tracking has been applied in Chapter 2 and Chapter 3 of this thesis. 

Comparisons of the tractography results when applying different threshold conditions for a specific 

WM bundle (the fornix) are shown in Appendix A. 
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Figure 1.14: First eigenvector FA (FEFA) map, diffusion ellipsoids and 3D fiber pathway 

depiction with deterministic tractography. (A) An axial FA map in a 27-year female control 

displaying the genu of the corpus callosum enclosed in a white box. (B) The box area in (A) is zoomed 

to show the diffusion ellipsoids which follow a coherent directional pattern and a strong left-right 

orientation (red ellipsoids with white arrows following the main diffusion direction) in the genu of the 

corpus callosum. (C) FACT deterministic tractography with proper ROIs allows the reconstruction of 

the genu of the corpus callosum. 
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1.2.5.7.  DTI Limitations 

The main limitations of the DTI model is the assumption of its Gaussian diffusion, which preclude 

modeling more than one fiber population within a voxel [128], [129], as well as the information 

reduction due to the six-parameter tensor approach [99]. This is a major disadvantage when 

imaging voxels that have multiple fiber populations ‘crossing’, ‘fanning’ or even ‘brushing’ past 

each other, which constitute a significant fraction of the brain WM [130]. This drawback worsens 

with typical DTI resolution (~8 mm3 voxels) in clinical studies and it can be partially improved by 

increasing image resolution [99] which reduces partial volume effects. An important part of this 

thesis focuses mainly on the fornix, which is an isolated WM tract devoid of crossing fibers, hence 

DTI and deterministic tractography are suitable for the fornix analyses performed here. 

1.2.5.8.  Higher Order Models 

Currently, many alternatives to overcome the tensor model have been established, which are 

mainly called q-space approaches that use higher order models to capture more diffusion 

information. These methods provide an estimate of the angular dependence of the spin propagator 

from its Fourier relationship with the diffusion signal measured as a function of the q-vector 

(related to the direction and intensity of the diffusion gradient pulse). They are usually acquired 

with high angular resolution diffusion imaging (HARDI) [150]. HARDI is frequently sampled 

with a spherical scheme and a large number of diffusion directions with a constant b- or q-value 

(single-shell) or multiple b-values (multi-shell), although the optimal b-value and diffusion 

directions are still a topic of research. From all HARDI based approaches, the constrained spherical 
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deconvolution (CSD) technique [151] stands out as it can provide a reliable estimate of the fiber 

orientation distribution (FOD) by assuming the diffusion signal measured from any fiber bundle 

is adequately described by a single response function. Other approaches such as diffusion kurtosis 

imaging (DKI) has been utilized to characterize the non-Gaussian behavior in diffusion MRI [152], 

by extending the linear relationship between the logarithm of the diffusion-weighted signal and 

the b-value to a higher order with the introduction of a quadratic term. DKI requires higher b-

values of at least 2000 s/mm2 and a modified image postprocessing strategy and it provides an 

estimate for the excess kurtosis of the diffusion displacement probability distribution. One of the 

metrics that can be estimated with DKI is the mean kurtosis (MK), which is defined as the average 

of directional kurtosis coefficients across all spatial directions [153]. As DKI, HARDI based 

approaches such as CSD are recommended to be employed in diffusion datasets with relatively 

high b-values (2000-3000 s/mm2) and a minimum of 45 different diffusion encoding directions 

[154]. In three of the Research Chapters in this thesis, the maximum b-values were limited to 1000 

s/mm2 (Chapter 2 with 30 diffusion directions and Chapter 3 with 20 diffusion directions) or 500 

s/mm2 (Chapter 4 with 10 diffusion directions), thus necessitating the DTI model previously 

discussed in Section 1.2.5.4. 

A popular two-shell HARDI based model is the Neurite Orientation Dispersion and Density 

Imaging (NODDI) [155], which adapts the orientation-dispersed cylinder model in [156] to 

describe brain tissue as a simplified combination of three compartments: (1) a Watson distribution 

assumption of sticks models the first compartment, known as the intracellular compartment (axons 

and dendrites); (2) a Gaussian anisotropic diffusion, as seen in DTI for the extracellular 
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compartment; (3) a free water compartment which is isotropic Gaussian diffusion such as CSF. 

NODDI estimates the neurite density and orientation dispersion indexes (NDI, ODI), which are 

two main factors contributing to FA in DTI, as well as the isotropic signal fraction (isoVF) [157]. 

Nevertheless, even when assuming simplistic approximations such as modeling the axons as sticks 

rather than cylinders and standard 2 mm isotropic voxels, long scanning times (~25 minutes) are 

needed in order to achieve good accuracy in estimating the dominant fiber orientation [155]. This 

scan time can be shortened to about 10 minutes with negligible effects on neurite morphology 

parameter’ estimates [155]. Although not extensively applied, NODDI has been proven helpful in 

MS by providing in vivo measurements of tissue microstructural changes, such as decreased NDI 

and increased ODI, which are often complementary to DTI measurements such as decreased FA 

and increased MD in lesions [158], [159] and in NAWM [157]–[159] when compared to controls. 

Although NODDI qualitatively provides better contrast between NAWM and lesions in MS 

patients and a more precise characterization of WM microstructures [155] than DTI, most of the 

group differences in the aforementioned NODDI MS studies were also significant with standard 

DTI metrics. 

1.2.5.9.  Multidimensional/b-tensor Diffusion MRI 

Previously mentioned diffusion MRI methods are acquired with single diffusion encoding (SDE) 

acquisition. However, other family of higher order methods based on multidimensional b‐tensor 

diffusion encoding approaches, such as double (DDE), triple (TDE), and isotropic time-varying 

diffusion encoding gradient waveforms have also been developed to discriminate tissue 
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microstructure from macrostructure by modifying the shape of the b-tensor with diffusion 

encoding gradients in more than one direction before the image readout [160]–[162].  

A framework for the quantification of a set of microstructural diffusion metrics beyond DTI, such 

as microscopic diffusion anisotropy and orientation dispersion (similar to NODDI concepts 

discussed in Section 1.2.5.8) using b-tensor encoding was formulated in previous work [163]. The 

contrast between the NMR signals acquired with conventional diffusion encoding (e.g., Stejskal 

and Tanner PGSE discussed in Section 1.2.5.2) and isotropic encoding based on magic angle 

spinning of the q-vector (qMAS) [164], both acquired with several b-values as high as b=2000 

s/mm2 (e.g., b=100, 500, 1000, 1500 and 2000 s/mm2 in Chapter 5), is utilized to fit diffusion 

tensor distribution (DTD) models and obtain a variety of microstructural diffusion metrics. Magic 

angle spinning is a known NMR spectroscopy method where a sample is rotated around its own 

axis at a specific angle relative to B0 to minimize the influence of chemical shift anisotropy on the 

observed NMR signal spectrum. In qMAS, a time efficient harmonic gradient modulation is used 

to create a q-vector that performs a precession at the magic angle in order to exert equal diffusion 

encoding in all spatial directions while the sample remains stationary [165].  

In Chapter 5 of this thesis b-tensor diffusion encoding MRI was successfully implemented in a 

high-performance gradient MRI system (3 T with 80 mT/m gradients) capable to facilitate 

sufficient data quality in tolerable acquisition times [166]. A schematic diagram of the pulse 

sequence utilized is showed in Figure 1.15A. The isotropic (qMAS) and the conventional (PGSE) 

encoding in Figure 1.15A will be respectfully denoted as ‘spherical’ and ‘linear’ tensor encoding 
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(STE and LTE) for the rest of this dissertation. The actual STE and LTE waveforms implemented 

in our MRI system and utilized in Chapter 5 are respectively shown in Figure 1.15B and Figure 

1.15C.  

Conventional SDE acquisitions, which conflate the effects of microscopic anisotropy and isotropic 

heterogeneity, cannot separate the anisotropic and isotropic sources of diffusional variance that 

originate from markedly different microstructural features [168]. DTD models mentioned above 

rely on the assumption that tissue heterogeneity can be captured by describing the diffusion in each 

coherent tissue segment on short length scales, each called microenvironment, with a microscopic 

diffusion tensor [160]. The microenvironments within a voxel can be described by a collection of 

diffusion tensors, which is referred to as the DTD. From the DTD, it is possible to estimate standard 

voxel scale diffusion metrics, metrics associated with the diffusional variance, as well as the 

diffusion anisotropy on the voxel and microscopic scales. 
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Figure 1.15: (A) Schematic diagram of the b-tensor encoding with its timing variables. Note that 

the Stejskal-Tanner and q-space trajectory encoding gradients are shown together for visual 

reference although they are not executed simultaneously in practice, but sequentially. The gradient 

waveforms are executed between the excitation pulse, the refocusing 180° RF pulse, and the EPI 

readout. The timing variables show the maximal time available for encoding (Tpre and Tpost), the 

duration of each gradient waveform (δ1 and δ2), the gradient waveform separation (Δ), the 

duration of the refocusing block including the crushers (T180), the total encoding time (Tenc), and 

TE. The balance gradient (red) is executed at the same time as the first crusher. Image and caption 

in (A) modified and reprinted from [167] under the BSD 3-Clause License, Filip Szczepankiewicz 

Copyright (c) 2019. (B) Spherical (STE) and (C) Linear (LTE) Tensor Encoding sequences 

implemented for Chapter 5. The goal was to match the diffusion times of the STE and LTE 

sequences; thus LTE use the gradient shape from one of the orthogonal STE directions (x-gradient 

direction in red here).   
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A DTD method that aims at separating the two sources of variance, referred to as ‘diffusional 

variance decomposition’ (DIVIDE) [161] was utilized in Chapter 5 to assess the presence of 

microscopic anisotropy and isotropic heterogeneity. DIVIDE estimates diffusion metrics such as 

the isotropic (MKi) and anisotropic (MKa) components of the total diffusional variance (MKt), 

which is equivalent to the mean kurtosis (MK) from the DKI model [152], the microscopic 

fractional anisotropy (µFA) from the diffusion tensor microenvironments, as well as standard 

diffusion metrics derived form the DTI model. Equations for MKi, MKa, MKt and µFA are 

provided below [161], [167]: 

(Equation 1.13)          𝑀𝐾𝑖 = 𝑉[𝐷𝑖] = 𝑉[𝐸𝜆[𝑫]],  

where V[Di] is the variance of the distribution of isotropic diffusivities Di=𝐸𝜆[𝑫]. 

(Equation 1.14)          𝑀𝐾𝑎 =
2

5
〈𝑉𝜆[𝑫]〉,  

where the factor 2/5 relates the eigenvalue population variance 𝑉𝜆[⋅] to the variance of the 

distribution of diffusivities [D] in the powder sample.  

(Equation 1.15)          𝑀𝐾𝑡 = 𝑀𝐾𝑖 + 𝑀𝐾𝑎,  

(Equation 1.16)          μFA2 =
3

2
∙

 〈𝑉𝜆[𝑫]〉

〈𝐸𝜆[𝑫]2〉+〈𝑉𝜆[𝑫]〉
  

The difference between µFA and FA is that FA is calculated from the diffusion anisotropy that is 

observed on the voxel-scale whereas the µFA is calculated from the anisotropic diffusional 

variance. Mathematically, the difference is determined by the stage at which the averaging 
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operation is applied, with averaging over tensors first probing FA while averaging over variance 

and expectancy first probes μFA [160], [161], [167]. µFA is indicative of the microscopic diffusion 

anisotropy, independent from the orientation coherence [163], while MKi and MKa parameters 

appear to be respectively related with cell density variance and cell eccentricity [161]. Schematic 

representations of how these metrics relate to different diffusion tensor distributions are shown in 

Figure 1.16. 

Similar b-tensor protocols and DTD analyses have been applied to the study of healthy subjects 

and brain tumor discrimination (meningioma versus glioma) [161], [169], where μFA has been 

reported as relatively homogeneous in large portions of the WM in the healthy brain in agreement 

with other studies that have aimed to remove effects of orientation dispersion from the 

quantification of local anisotropy (note differences between the FA and μFA maps in Figure 1.17D, 

E) [170], [171]. Moreover, in these analyses μFA [169], MKa and MKt [161] metrics (Figure 1.17) 

allowed to reliably differentiate between two types of brain tumors by indicating that microscopic 

diffusion anisotropy was more pronounced and the main cause of diffusion variance in the 

meningioma, while isotropic heterogeneity was evident in the glioma in agreement with histology. 

In MS, although the isotropic MKi and anisotropic MKa contributions of the diffusional variance 

have not yet been studied, μFA maps calculated from DDE acquisitions [162] and b-tensor 

encoding [172] have shown improved delineation of lesions and higher correlations with T1 and 

T2 lesion intensities compared with conventional FA maps, and lesions have displayed lower 

values when compared to NAWM, complementary to FA values. Examples of LTE, STE, μFA, 
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MKa, MKi and MKt maps are shown in Figure 1.17 in comparison with MPRAGE and FA maps 

from the same slice (for reference) in a healthy subject. 

Figure 1.16: Schematic representation of DIVIDE parameters in eight different diffusion tensor 

distributions (DTD). The parameters show the isotropic and anisotropic diffusional variance (MKi 

and MKa), and the fractional anisotropy on the microscopic and voxel scale (µFA and FA). For 

example, in a perfectly homogeneous tissue, all four parameters are zero (top left), and for 

randomly oriented anisotropic structures the µFA is high whereas the FA is zero (bottom right). 

MKa seems particularly sensitive to the anisotropic shape (eccentricity) of the microscopic 

diffusion tensors irrespective of their orientation (bottom right), while MKi seems sensitive to the 

variable densities of the microscopic diffusion tensors (bottom left). Image and caption modified 

and reprinted from [167] under the BSD 3-Clause License, Filip Szczepankiewicz Copyright (c) 

2019. 
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Figure 1.17: DIVIDE maps in a 29-year-old healthy female. (A) MPRAGE, DWIs from (B) Linear 

(LTE) and (C) Spherical (STE) tensor encoding at b=1000 s/mm2, and (D) FA, (E) µFA, (F) MKa, 

(G) MKi and (H) MKt maps. Similar to FA, μFA and MKa maps highlight the brain WM. However, 

μFA (and to a lesser extent MKa) does it regardless of the local orientation dispersion as it exhibits 

high values in areas where FA values are low due to crossing and fanning fibers. The μFA and 

MKa maps exhibit strong similarity to the WM morphology in MPRAGE, with GM showing lower 

intensity, which indicates that the microscopic anisotropy and the anisotropic variance are lower 

in GM as compared to WM. In contrast, MKi highlights areas where the isotropic variance 

dominates, and it is generally low in brain tissue and high in areas with CSF interfaces due to 

partial volume effects. 
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1.3. Multiple Sclerosis (MS) 

MS is a demyelinating, inflammatory, and neurodegenerative disease of the brain and spinal cord. 

The following section succinctly outlines clinical and pathologic aspects of the disease, the MS 

diagnosis criteria, and the clinical value of MRI for MS diagnosis and follow-up. In addition, 

previous diffusion MRI MS studies will be briefly discussed. 

1.3.1.  Epidemiology and Causal Factors 

According to the MS International Federation report in 2020 [173], there are 2.8 million people 

worldwide who have MS. In Canada only, there are 90,000 people living with MS, which translates 

to a prevalence of 250 in every 100,000 inhabitants, one of the highest in the world (Figure 1.18). 

Even though MS can occur at any age, the average age of diagnosis is 32 years worldwide, and 43 

years in Canada. Females are at least twice as likely to be diagnosed with MS, however this ratio 

is at least three times in Canada where 75% of people with MS are women. Around the globe, 85% 

of people with MS are at first diagnosed with the relapsing-remitting form with 12% diagnosed 

with more progressive forms, whereas in Canada these are 90% and 10%, respectively.  

Although the underlying cause of this disease is not known, both environmental factors (e.g., 

colder climates with low exposure to sunlight, vitamin D deficiency) and involvement of genetic 

factors (e.g., family history of MS, previous autoimmune diseases and virus infections) have been 

proposed to play a role in triggering MS. However, very recent research [174] suggested a strong 

connection between the Epstein-Barr virus and MS, wherein subjects previously infected with this 

virus were 32 times as likely to develop MS as uninfected people.  
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Figure 1.18: 3rd Edition of the MS International Federation Atlas of MS in 2020. The atlas shows 

the worldwide MS prevalence per country, expressed as the number of people with MS per 100,000 

people. Among the countries classified with the highest prevalence (dark red), Germany has the 

highest world prevalence, which is 303, followed by the United States with 288 and Canada with 

250. Cuba, for example, has a low prevalence of 15, however the most commonly used MS 

diagnostic criteria is “unknown” for the country, according to MS International Federation.  

 

1.3.2.  Clinical Phenotypes 

The different MS clinical phenotypes, as described in the 2013 MS clinical course revisions 

[175], are: 

• Radiologically Isolated Syndrome (RIS): It refers to subjects in which brain or spine MRI 

(or both) demonstrate incidental lesions that are characteristic of a demyelinating disease, 

fulfilling the revised 2017 McDonald Criteria for dissemination in space but without a 
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clinical history of demyelinating attacks, ongoing neurologic deterioration or other 

alternative causes [176].  

• Clinically Isolated Syndrome (CIS): It is the first clinical presentation of MS showing 

characteristics of inflammatory demyelination but has not yet fulfilled the criteria of time 

and space dissemination [177]. 

• Relapsing-remitting MS (RRMS): It features clearly defined relapses or periods of clinical 

decline that are followed by full recovery or some partial or residual deficit after recovery. 

Remission periods between the relapses are characterized by a lack of disease progression. 

Around 80% of all RRMS will develop secondary progressive MS later in the disease 

course [178]. 

• Secondary Progressive MS (SPMS): It progresses after an initial RRMS disease course, 

with or without intermittent relapses, and only minor remissions sometimes. The 

inflammatory component of the disease becomes less important with more emphasis on 

neurodegeneration and potential axonal loss [179].  

• Primary progressive MS (PPMS): It follows a progressive disease course from onset, with 

intermittent plateaus and occasionally temporary minor improvements. PPMS is present in 

approximately 10% of the MS patients, and no PPMS palliative treatment has been 

identified as opposed to RRMS, where inflammation can be targeted to modify the disease 

course [180]. 
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1.3.3.  Pathology 

Pathological mechanisms behind MS are not fully elucidated yet [181]. The most important 

pathological hallmark of MS is focal inflammatory demyelination lesions or plaques in the WM 

with varying degrees of inflammation, gliosis, and axonal degeneration [182]. The BBB separates 

the circulating blood in the brain from the extracellular fluid in the central nervous system. It 

selectively allows passage of some substances but blocks the passage of neurotoxins and immune 

white blood cells that may disrupt the function of the brain. In MS, BBB disruption occurs at the 

time of a relapse or attack caused by autoreactive lymphocytes (CD4 and CD8 T-cells) entering 

the CNS where they cause local inflammation that results in demyelination, gliotic scarring, and 

axonal loss [183]. BBB breakdown can be detected using Gd-enhanced T1-weighted MRI (Figure 

1.6) [60]. This initial autoimmune response leads to an inflammatory response from dendritic cells, 

microglia, astrocytes, and B-cells and to a release of cytokines that cause damage to glial cells, 

axons, and promotes BBB dysfunction [184]. Cellular damage is initially mainly towards myelin 

surrounding the axons in WM [185] around postcapillary venules and veins which fuse into 

confluent demyelinated lesions or plaques and expand into the surrounding NAWM [186]. GM 

lesions with less inflammation, edema, microglia activation, and macrophage recruitment than in 

WM lesions have also been documented in MS and they are more frequent in long-standing MS 

patients [187], [188]. These lesions can be seen in deep GM [189]–[191], cortex [191]–[193] and 

spinal cord [194]–[196][188], mainly in the inner layers closest to the ventricles and in the subpial 

layer [188], [197].  
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Diffuse changes such as moderate brain edema, microglia activation, axonal injury and gliosis 

secondary to focal lesions also occurs in MS and are more pronounced with disease progression 

[186]. These changes partially develop because of anterograde (Wallerian) and retrograde 

degeneration from focal lesions but also independent of lesions [198]. Pathological analyses on 

large cohorts of patients at several disease stages have show that chronic active and slowly 

expanding (smoldering) lesions are common in progressive MS patients [199]–[201] and 

compartmentalized within the CNS [202]. The compartmentalized inflammation within the 

leptomeninges and the parenchyma due to T-cells and B-cells inflammatory infiltrates appears to 

be a critical driver [203]. Although this compartmentalized mediated inflammation prospectively 

remains as the fundamental driver of clinical progression in MS, recent perspectives have also 

highlighted the role of the CNS tissue response to this lifetime inflammatory damage as an 

important actor for both pathological and clinical outcomes [202], [204]. 

1.3.4.  Clinical Symptoms and Cognitive Impairment 

Symptoms vary widely between different MS patients, depending on their disease course, the 

location of nerve fibers directly affected by lesions, and even retrograde or anterograde 

degeneration (‘Wallerian’ degeneration) [205]. A very common example of this location 

specificity and an early MS symptom is the unilateral loss of vision (optic neuritis) due to 

inflammatory demyelination of the optic nerve. Other frequent symptoms are motor impairment, 

imbalance, sensory and cognitive impairment, depression, fatigue, and bladder and bowel 

dysfunction [206], [207].  
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Cognitive impairment is frequently present in MS patients, affecting 40% to 65% of them at some 

point during their disease course [208]. Cognitive symptoms can vary from minor to severe 

impairments with memory, attention, and information processing speed as frequently affected 

cognitive domains in MS.  These cognitive and clinical symptoms can be detected using a variety 

of neuropsychological/clinical tests and questionaries, some of them specific for MS pathology. 

Forms and questionnaires utilized as part of the battery of clinical and cognitive tests performed 

by the MS cohorts in this dissertation are listed in Appendix B. The pathological substrates behind 

cognitive impairment in MS are still largely unknown, but the atrophy and abnormal 

microstructure of specific WM matter structures such as the limbic tracts (e.g., the fornix) [26], 

[209], [210], and deep GM structures in the medial temporal lobe (e.g., the hippocampus) and the 

basal ganglia (e.g., the thalamus) [211]–[213] are related to cognitive decline in MS.  

1.3.5.  Type of Lesions  

Lesions are frequently classified as either active, chronic active, or chronic without providing an 

exact definition, and several classification systems [214]–[218] have been established mainly to 

assess lesion activity (e.g., Bö/Trapp system, De Groot/van der Valk modification, 

Lucchinetti/Lassmann/Brück system, Vienna consensus system). Activity can be inflammatory, 

demyelinating, or neurodegenerative, and chronic is used to define an inactive or chronic active 

lesion. When combined, these earlier histological classification systems aid classifying lesions 

based on macrophages/microglia inflammatory activity and ongoing demyelinating activity, and 

they can differentiate between active, mixed active/inactive, and inactive lesions with or without 

ongoing demyelination [219]. Active lesions are characterized by macrophages/microglia 
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throughout the lesion area, and mixed active/inactive lesions have a hypocellular lesion center with 

macrophages/microglia limited to the lesion border. Active and mixed active/inactive lesions can 

be further subdivided into lesions with ongoing demyelination and post-demyelinating lesions, 

where demyelination has stopped but macrophages are still present. Inactive lesions almost 

completely lack macrophages/microglia. 

1.3.6.  Diagnosis: McDonald Criteria 

The McDonald Criteria, first introduced in 2001 [220], and its most updated revisions contain the 

MS diagnosis guidelines created by the International Panel on Diagnosis of Multiple Sclerosis. 

These criteria have been designed and updated by combining available clinical, imaging, and 

laboratory evidence of CNS damage with the most recent revisions in 2017 [221]. Clinical 

evidence of MS damage can be demonstrated by two or more attacks with at least one lesion with 

objective clinical evidence and dissemination in space evident on MRI. An attack, also known as 

a relapse or an exacerbation, are defined as “patient-reported symptoms and objective findings 

reflecting a focal or multifocal inflammatory demyelinating event in the CNS, developing acutely 

or subacutely, with a duration of at least 24 h, with or without recovery, and in the absence of fever 

or infection”. When there is only one clinical attack in a typical CIS patient and fulfilment of 

clinical or MRI criteria for dissemination in space together with the presence of CSF-specific 

oligoclonal bands, an MS diagnosis is also probable, and this recommendation was an addition to 

the 2010 McDonald criteria. The diagnosis flowchart describing the 2017 McDonald criteria for 

MS diagnosis in patients with an attack at onset is shown in Figure 1.19.  
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Figure 1.19: 2017 McDonald criteria diagnosis flowchart for MS diagnosis in patients with an 

attack at onset. 

 

Dissemination in space and time can be demonstrated by MRI. Dissemination in space can be 

demonstrated by symptomatic and asymptomatic T2-hyperintense lesions (Figure 1.20B) [221] 

that are characteristic of MS in at least two of four areas of the CNS (periventricular, cortical or 

juxtacortical, infratentorial, spinal cord) (Figure 1.20). Dissemination in time can be shown by the 

concurrent presence of Gd-enhancing and non-enhancing lesions at any time, or by Gd-enhancing 
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and new T2-hyperintense lesions on follow-up MRI, when compared to a baseline MRI scan 

disregarding when it was taken.  

 

Figure 1.20: Typical periventricular lesions characteristic of MS. MS lesions in a 50-year-old 

female SPMS as (A) hypointense ‘black holes’ on 3D T1-weighted MPRAGE, and hyperintense 

on (B) T2-weighted 3D FLAIR and on (C) MD maps reflecting faster water diffusion in the lesions. 

 

 

In addition to the previously discussed diagnosis flowchart in Figure 1.19, the McDonald criteria 

also define the diagnosis of PPMS. To detect PPMS in patients with a disease course characterised 

by progression from onset, one year of disability progression could be determined in a 

retrospective or a prospective fashion, and independent of clinical relapse. Additionally, two of 

the following criteria should be fulfilled: (i) one or more T2-hyperintense MS characteristic lesions 

in one or more brain regions (periventricular, cortical or juxtacortical, infratentorial), (ii) two or 

more T2-hyperintense lesions in the spinal cord, (iii) CSF-specific oligoclonal bands. 
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1.3.7.  Treatment 

Although there is no cure for MS yet, an increasing range of treatment options have become 

available during the last three decades. First line treatments for MS are injectable disease 

modifying therapies focused on RRMS, such as beta-interferons and glatiramer acetate, which 

target the inflammatory component of the disease, therefore effectively decreasing the 

inflammatory response and the relapses [222]. Regrettably, most treated RRMS patients keep 

progressing into SPMS suggesting that the MS pathological substrates are not substantially 

delayed by most of these treatments. More recent, alternative treatment options such as monoclonal 

antibodies (e.g., natalizumab, fingolimod, ocrelizumab) are usually employed when first line 

disease modifying therapies are not working, or when the disease course is progressing 

aggressively. These second line treatments [223]–[225] although also very effective in reducing 

inflammation and relapses, could have more severe side effects and the long-term effects in the 

disease outcome are either still undetermined or have shown no changes.  

1.3.8.  MRI as a Diagnosing and Monitoring Tool 

Several consensus papers authored by the MAGNIMS and the CMSC have highlighted the 

importance and clinical value of MRI for MS diagnosis and follow-up [59], [226]. These 

guidelines on the use of MRI for MS have helped with the standardization of MRI acquisition 

protocols and have incorporated the perspectives of the North American Imaging in Multiple 

Sclerosis (NAIMS) Cooperative. The most updated international consensus guidelines were 

published in 2021 [66] and instructed the use of axial and sagittal T2-weighted and FLAIR 

sequences, and contrast enhanced axial T1-weighted sequences for initial brain protocols. 
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However, they endorsed 3D acquisition techniques over 2D acquisitions as the former improve 

MS lesion detection and the alignment of anatomic orientation/structures when comparing MRI 

scans (Figure 1.10A, B) [66]. They also advised MRI field strength of at least 1.5T (preferable 3 

T), anatomical in-plane resolution of 1 × 1 mm2, with slice thickness not greater than 1.5 mm for 

3D imaging and equal or less than 3 mm for 2D imaging, except for DWI, which if performed, 

should be equal or less than 5 mm with a 10–30% gap. These MRI acquisitions should have 

identical slice positioning, pulse sequences, magnetic field strengths, and spatial resolution 

between baseline and follow-up scans [66].  

On baseline scans, the use of Gd-based contrast agents is recommended to show dissemination in 

time and to predict future disease activity and progression, and only when needed for assessing 

disease activity or treatment during follow-up scans. Other additional advanced MRI protocols not 

needed in typical clinical routine but often incorporated for MS monitoring and research to gain a 

better understanding of the pathogenesis of the disease and to quantify damage beyond lesions are 

DWI (Figure 1.10C) [227], FLAIR* [228], susceptibility-weighted sequences [229], 

magnetization transfer imaging [230] and multi-exponential T2 relaxation [231], although 

insufficient evidence exists to support their use in standard clinical practice. 

1.3.9.  DTI Studies in Human MS 

Numerous diffusion MRI research studies, particularly DTI, have shown brain diffusion 

abnormalities in MS patients when compared to healthy subjects. T2-hyperintense WM lesions 

have consistently displayed lower FA [120], [232] and higher MD [232]–[235]. In some previous 
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work, MD values were even higher in T1 hypointense lesions with a more advanced disruption, 

gliosis, and axonal loss [236], [237]. Nevertheless, these values are highly heterogeneous as they 

reflect several stages of tissue damage occurring within a diversity of lesions which could be 

permanent neurodegeneration or could be related to edema, demyelination and remyelination 

[122], [238].  

In MS, tissue abnormalities in NAWM throughout the brain, which are unseen or ‘occult’ with 

several conventional MRI techniques, have been detected with DTI. Again, these DTI tissue 

anomalies in MS patients usually encompass lower FA [239]–[242] and higher MD [240], [242]–

[245], while higher directional diffusivities AD and RD have also been reported [242], [246], [247] 

as potentially related to increased extra-cellular space and demyelination, respectively. 

Additionally, DTI studies have shown that NAWM damage correlated with longer disease duration 

and greater clinical disability [120], [240], [248], [249] suggesting that metrics like FA are 

sensitive to several pathological processes that could be happening in MS, although unspecific in 

many cases [250]. Numerous diffusion works have further focused on mainly large WM tracts 

with preferential MS lesion incidence or known to be involved in particular brain functions, such 

as the corpus callosum, and the optic radiation, among others, and their abnormal diffusion metrics 

have been related to greater lesion burden, longer disease times, disability, and memory functions 

[251]–[255].  

A number of previous DTI studies have focused on other WM bundles, such as the limbic tracts 

[125], [256]–[260], which although small, connect many cortical and subcortical brain areas and 

appear to be located near the epicentre of periventricular regions with high lesion incidence. 
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Specifically, one of these tracts, the fornix, interconnects important structures (Figure 1.2) that 

together are deeply implicated in cognitive functions (memory, information processing speed) and 

mood shifts (fatigue, depression) [261], which are affected in MS [26]. However, accurately 

imaging and depicting the fornix with DTI comes with technical challenges due to its size and 

location [28], [30], such as high resolution, CSF suppression, anatomical knowledge of the 

structure and careful selection of the post-processing analysis.  

NAGM diffusion abnormalities in MS have also been studied to a lesser degree, although results 

are not always consistent, probably due to several factors such as different image quality and 

resolution, analysis methods, the heterogeneity of the sample size, which could conceivably highly 

influence small GM structures with microarchitecture not as anisotropic as WM. Several studies 

have detected FA and MD abnormalities, such as lower MD, higher or lower FA, or no diffusion 

changes, in both cortical and deep NAGM [248], [262]–[268]. Some DTI studies applied to deep 

GM regions like the thalamus and the hippocampus have encountered abnormalities in these 

structures beyond atrophy and correlated them with cognitive deficits in MS [267], [269]–[271]. 

A full list of up-to-date DTI studies focusing on limbic WM or deep GM structures in MS is shown 

in Appendix C. 

1.4. Thesis Objectives  

Clinical MRI has provided many valuable insights and confirmatory information of pathological 

brain damage in MS, including lesion classification and lesion load calculation, and reductions in 

total and regional WM and GM volume. More unconventional quantitative techniques such as 
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diffusion MRI have shown widespread MS abnormalities in the so called NAWM, in specific WM 

tract bundles and even in NAGM. However, several important limitations of previous findings 

should be noted, and the need of continued research by either pushing into higher resolution DTI 

studies or through the application of more advanced diffusion MRI methods in MS should be 

emphasized. The following describes the rationale that motivated much of the content of this 

thesis. 

At the onset of my graduate program, there were few MS DTI studies directly assessing the limbic 

WM tracts as opposed to neurodegenerative dementias like Alzheimer’s disease. Most of them 

were region of interest/atlas based [256]–[259], [272], [273]. Only four diffusion studies [125], 

[260], [274], [275] employed tractography analysis, which is a more suitable method for depicting 

small, partially isolated and curved tracts like the fornix [28], [276], [277] versus other whole brain 

voxel-analyses such as TBSS [143]. Furthermore, they were largely acquired at typical low spatial 

resolutions (e.g.,>2 mm isotropic, voxel size>8 mm3) and treated MS patients as a single cohort. 

This led to the results presented in research Chapter 2 where WM damage in the fornix, the 

cingulum and the uncinate fasciculus bundles was shown in an MS cohort comprised of all 

phenotypes.  

Chapter 3 improved the technical DTI acquisition of Chapter 2 by applying a higher resolution 

DTI protocol at 3 T, coupled to a CSF suppression FLAIR pulse, which successfully minimized 

partial volume effects with CSF and rendered superior fornix tracts. This DTI research in Chapter 

3 applied FLAIR-DTI in MS for the first time in a bigger cohort when compared to Chapter 2 (28 

MS patients in Chapter 2 and 43 MS patients in Chapter 3). In Chapter 3, volumetric analyses were 
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also performed, and analyses were extended to the thalamus and the hippocampus, as deep GM 

structures interconnected by the fornix. These three structures have proven to be involved in MS 

cognitive impairment [255], [278] and are shown here to be more severely affected in terms of 

volume and DTI metrics in cognitively impaired MS patients versus not impaired MS patients and 

controls, with strong correlations to poorer memory, slower information processing speed and 

fatigue. Here, fornix volume and diffusion metrics were found as the most abnormal within these 

limbic structures in MS and mainly linked with cognitive impairment, while thalamus volume and 

hippocampus FA were also lower in cognitively impaired MS patients. 

Chapter 4 focused on the application of a novel 1 mm isotropic DTI protocol with axial-oblique 

slab coverage of the hippocampus acquired in less than 6 min at 3 T [136] in a cohort of MS 

patients for the first time. Whole and regional hippocampal DTI analyses were performed through 

manual segmentation and areas with abnormally high MD were identified to calculate the relative 

area of abnormal MD relative to the total hippocampal volume. In addition, 1.1x1.1x1 mm3 high 

resolution T2 relaxometry and T2-weighted signal were evaluated in the whole and regions of the 

hippocampus. DTI and T2 mapping showed whole hippocampus diffusion and T2 abnormalities 

with regional elevations of MD/T2 in MS, likely indicators of demyelination, which overall were 

more extensive in patients with larger total brain lesion volumes and cognitive impairment and 

was consistent with what has been reported with previous post-mortem hippocampus histology. 

Chapter 5 reports the use of a novel b-tensor diffusion encoding protocol in the same MS cohort 

of Chapters 3 and 4 providing new diffusion metrics that can help disentangle contributions from 

microscopic environments within a voxel. Most of these new metrics, mainly µFA, MKa, and MKt 



 

69 

 

 

 

were complementary to standard diffusion metrics in lesions, NAWM and highly coherent WM in 

MS and controls. In crossing WM fiber areas where FA did not differ between groups, these three 

microstructural metrics (µFA, MKt and MKa) were lower and deemed as abnormal in MS patients 

compared to controls, providing more sensitive indicators of microstructure when compared to 

FA.  

All research chapters here (except Chapter 2 where only FLAIR was acquired), also utilized 

different anatomical sequences, such as MPRAGE, FLAIR, T2-weighted, which were acquired 

with high in-plane resolution, in order to aid with the interpretation of the results, provide robust 

quantitative analyses and a more complete characterization of the MS cohorts under study here. 

These scans allowed the calculation of lesion volumes, total WM, GM, CSF volumes and deep 

GM volumes. In Chapter 4, hippocampus T2 relaxometry values calculated from high resolution 

T2 multi-echo spin echo sequences were analyzed in MS for the first time and supplemented by 

T2-weighted signal analyses. Advanced brain imaging, including the work presented in this thesis, 

will help to provide a more complete understanding of the pathological mechanisms behind MS 

with a focus on the limbic system microstructural changes and its associations with cognition 

including memory, clinical symptoms such as fatigue and depression, and disability. 
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2. Diffusion Tensor Imaging Tractography Reveals Altered Fornix in All Diagnostic 

Subtypes of Multiple Sclerosis1 

Abstract 

Diffusion tensor imaging (DTI) has shown abnormalities of the fornix and other limbic white 

matter tracts in multiple sclerosis (MS), mainly focusing on relapsing-remitting MS. The goal here 

was to evaluate the fornix, cingulum, and uncinate fasciculus with DTI tractography at 1.7 mm 

isotropic resolution in three MS subgroups (11 relapsing-remitting (RRMS), 9 secondary 

progressive (SPMS), 8 primary progressive (PPMS)) versus 11 controls and assess correlations 

with cognitive and clinical scores. The MS group overall showed extensive diffusion abnormalities 

of the fornix with less volume, lower fractional anisotropy (FA), and higher mean and radial 

diffusivities, which were similarly affected in all three MS subgroups. The uncinate fasciculus had 

lower FA only in the secondary progressive subgroup and the cingulum had no DTI differences in 

any MS subgroup. The FA and/or volumes of these tracts correlated negatively with larger total 

lesion volume. The only DTI-cognitive correlation was lower right cingulum FA and greater 

depression over the entire MS cohort. Diffusion tractography identified abnormalities in the fornix 

that appears to be affected early and consistently across all three primary MS phenotypes of 

RRMS, SPMS, and PPMS regardless of Expanded Disability Status Scale, time since diagnosis, 

or cognitive scores. 

 

1 Published as: Valdés Cabrera, D, Stobbe, R, Smyth, P, Giuliani, F, Emery, D, Beaulieu, C. Diffusion tensor 

imaging tractography reveals altered fornix in all diagnostic subtypes of multiple sclerosis. Brain Behav. 2020; 

10:e01514. https://doi.org/10.1002/brb3.1514. 
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2.1. Introduction  

Inflammation, demyelination and axonal degeneration of white matter (WM) pathways are 

hallmarks of multiple sclerosis (MS) [279]. The progressive deterioration of specific WM tracts 

may cause disconnections between cortical/subcortical regions that are associated with particular 

cognitive impairments [258]. Diffusion tensor imaging (DTI) is well suited to the virtual 

identification of WM pathways and can yield quantitative metrics that are sensitive to 

microstructural damage of WM, not just limited to the clinical-MRI visible lesions in MS. A whole 

brain meta-analysis of the WM ‘skeleton’ using tract based spatial statistics (TBSS) has shown 

lower fractional anisotropy (FA) in the corpus callosum, which has been a major focus of prior 

work due to its preferential location for MS lesions and its large size, – but also in smaller tracts 

such as the fornix and cingulum  where lower FA has been associated with greater physical 

disability and impaired cognition [280]. Separate whole brain analyses of mostly relapsing-

remitting MS (RRMS) participants have reported lower FA throughout much of the WM with FA 

in some specific WM regions (e.g., again including cingulum and fornix) correlating to deficits 

such as processing speed and working memory [255], [281]–[283].  

Tracts of the limbic system, like the fornix, play crucial roles in aspects of cognition, memory, 

behavior and reasoning [284], and they have been implicated in the above whole brain analyses of 

MS. Given this relevance, limbic system tracts have been the focus in MS diffusion MRI studies 

assessed with either region of interest/atlas [256]–[259], [285] or tractography [125], [209], [260], 

[274], [275], both targeted analyses that can have distinct advantages over whole brain voxel-based 

methods (e.g., far fewer multiple comparisons, do not need inter-subject registration for native 
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space tractography). The majority of these DTI studies have been in patients with RRMS, but FA 

abnormalities in the limbic WM tracts, including the fornix, have also been demonstrated in 

primary progressive (PPMS) [273] and secondary progressive MS (SPMS) [272]. One such voxel-

wise whole brain DTI study showed that PPMS had widespread diffusion abnormalities in WM 

and that SPMS had more extensive WM diffusion changes than either RRMS or PPMS [286].  

Three key limitations can be identified from these limbic white matter DTI studies of MS. First, 

with the exception of the latter three studies above [272], [273], [286], analyses were based on 

mainly RRMS participants or analyses that treated all MS patients as a single cohort. Second, the 

fornix is a very small tract (~3, 3.5, and 6.5 mm mean cross-sectional diameters in the posterior 

and anterior columns and body respectively, even in healthy participants) [28] that passes through 

cerebrospinal fluid (CSF) and hence is not ideal for analysis when DTI data is acquired at typical 

low spatial resolutions (e.g.>2 mm isotropic, voxel size>8 mm3). Third, the typically used TBSS 

voxel-wise analysis of the WM has been shown to have particular difficulty with the FA skeleton 

of the fornix [143]. 

The purpose of this study was to (i) use DTI deterministic tractography at high field strength (4.7 

T) and spatial resolution of 1.7 mm isotropic to investigate whether microstructural damage to 

specifically the small limbic tracts (fornix, cingulum and uncinate fasciculus) is similar in all three 

diagnostic subgroups of MS (RRMS, SPMS and PPMS), and (ii) correlate the DTI-derived tract 

diffusion metrics and volumes of the entire MS cohort with both lesion numbers/volumes and 

cognitive impairments (visuospatial memory speed, depression and fatigue), disability (EDSS) and 

time since diagnosis. 
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2.2. Materials and Methods  

2.2.1. Participants  

This study was approved by the University of Alberta Human Research Ethics Board. All 39 

participants gave written informed consent including 28 diagnosed with MS (11 RRMS, 9 SPMS, 

and 8 PPMS) that were recruited from the University of Alberta MS Clinic, as well as 11 typical 

controls with no history of neurological/psychiatric disease or brain injury that covered the same 

age range and had similar sex distribution. MS participants were not targeted for their subtype, but 

a goal was to have similar proportions from RRMS, SPMS and PPMS with a target MS sample of 

30 total (28 actual) given other constraints. There were no patients with relapses or taking steroids 

at the time of the MRI scan. However, there was no available information regarding whether they 

had recent prior relapses or not. Therefore, none of the MS participants were excluded from the 

study. The SPMS and PPMS participants were not receiving medications or treatments specific for 

MS at the time of the MRI study, except one SPMS participant on IV infused natalizumab. Three 

RRMS participants were not taking any medications, but the other 8 RRMS were on different 

disease modifying therapies (dimethyl fumarate, glatiramer acetate, fingolimod, natalizumab). 

Three participants (RRMS, SPMS, PPMS) were on antidepressant medications (escitalopram, 

duloxetine, bupropion). The demographic and clinical data are summarized in Table 2.1 in the 

Results. 
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2.2.2. Cognitive Assessment  

Cognitive and clinical tests were performed by experienced MS research nurses from the 

University of Alberta MS Clinic in order to characterize the MS population and to correlate with 

quantitative MRI metrics. The tests consisted of: Kurtzke Expanded Disability Status Scale 

(EDSS) for overall disability in MS, Brief Visual Memory Test Revised (BVMT-R) for 

visuospatial learning and memory (Total Recall score only), Symbol Digit Modalities Test 

(SDMT) for visual scanning/tracking memory and decision making, Paced Auditory Serial 

Addition Test (PASAT) for auditory information processing speed, Fatigue Severity Scale (FSS) 

for degree of fatigue, Modified Fatigue Impact Scale (MFIS) for effects of fatigue in terms of 

physical, cognitive, and psychosocial functioning, Beck Depression Inventory-II (BDI-II) for 

depression, Timed 25-Foot Walk (T25-FW) for mobility and leg function, and 9-Hole Peg Test (9-

HPT) for upper extremity function (dominant/non-dominant hand raw scores averaged). 

2.2.3. MRI Protocol and Analysis  

MRI was acquired on a Varian Inova 4.7 T MRI with a birdcage transmit and 4-channel receive 

array coil. Fast Spin-Echo Fluid-Attenuated Inversion Recovery (FSE FLAIR) was acquired with 

FOV 256×192 mm2, 1×1 mm2 in-plane resolution, 38 4 mm slices (no gap), TR=34 s, TE=204 

ms, TI=3000 ms and scan time 3:24 min. DTI was acquired with single-shot spin-echo Echo-Planar 

Imaging (EPI), GRAPPA R=2, 80 1.7 mm slices (no gap) and coverage of 136 mm, FOV  218×238 

mm2, matrix 128×140, 1.7×1.7×1.7=4.9 mm3 voxel resolution, zero-filled to 0.85×0.85 mm2 in-

plane, TR=9500 ms, TE=54 ms, 30 directions, b=1000 s/mm2, 5 b0 and scan time 6:13 min.  
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MS lesions were segmented on FLAIR by a probabilistic lesion prediction algorithm in the Lesion 

Segmentation Tool (LST) MatLab toolbox (v2.0.15) for SPM to yield total lesion number (TLN) 

and volume (TLV) and all the lesion maps results were visually checked. DTI was corrected for 

subject motion and eddy current distortions with the Artefact Correction in Diffusion MRI (ACID) 

toolbox (SPM12) and none of the datasets were discarded for excessive movement (all were less 

than 2˚ rotations and 2 mm translations). The ACID rotation and translation corrections for the 

axial, sagittal and coronal planes for each subgroup were not significantly different between the 

subgroups (data not shown).  

The brain was extracted with BET (Brain Extraction Tool) in FSL. Gibbs ringing, EPI distortion 

corrections and tensor fitting using RESTORE were performed in ExploreDTI (v4.8.6) [287]. 

Deterministic tractography was performed with an FA threshold of 0.2, a turning angle of 30˚, step 

size of 1 mm and minimum fiber length of 10 mm. These tracking parameters, primarily FA and 

angle thresholds, range from 0.13-0.3 and 30-70˚ respectively in previous healthy and MS cohorts 

[104], [125], [209], [260], [282], [288]  

Tractography analysis was performed by the first author (DVC), who was blinded to group 

classification, based on published protocols for the limbic system tracts [104], [288] which 

reported excellent inter-rater/intra-rater intraclass correlations (ICC≥0.8) and percent coefficients 

of variation (CV≤2.5%) for FA and MD. Fornix: “SEED” ROIs were placed on an axial slice 

around the fornix column above the anterior commissure and in two coronal slices, one between 

the crus and fimbria, and one in the fornix body. These ROIs were placed on three distinct portions 

for the left and right hemispheres separately at first, and then the two fornices were concatenated 
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into one. “NOT” ROIs were placed on axial and coronal slices above, anterior and posterior to the 

fornix to avoid spurious fibers when necessary. Cingulum: “SEED” ROIs were placed in three 

coronal slices at the axial location of the genu, mid-body and splenium of the corpus callosum in 

order to track the superior/dorsal portion of the cingulum, including short u-fibers, and a “NOT” 

ROI in a midbrain sagittal slice to avoid fibers of corpus callosum. The ventral portion projecting 

to the entorhinal cortex was not tracked. Uncinate fasciculus (UF): Two “AND” ROIs were placed 

in the coronal slice where the frontal and temporal lobes are still separated and one ROI in an axial 

slice in the anterior temporal lobe, just lateral to the amygdala. “NOT” ROIs were placed posterior 

to the UF. The left and right cingulum and UF were reconstructed separately. Volume, FA, mean 

(MD), axial (AD), and radial (RD) diffusivities were calculated in ExploreDTI over the entire 

tracts. 

Along the tracts analysis also was performed in ExploreDTI bilaterally in the body of the fornix, 

which was the fornix tract area consistently identified across the whole MS cohort. The body was 

segmented by using two “AND” ROIs placed on the columns and the commissural area of the 

fornix just at the start of the left and right crus to guarantee streamlines connecting both ROIs. FA 

was calculated along 35 tract location points from anterior to posterior.  

2.2.3. Statistical Analysis  

Statistical analysis was performed using Minitab 19. Multivariate normality was confirmed for all 

diffusion and volume parameters for each of the three WM tracts under study with a matrix of 

bivariate scatter plots (data not shown) and outliers were visually inspected by plotting Q-Q plots 
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of the Mahalanobis distances with Chi-Square test distribution and 5 degrees of freedom (Volume, 

FA, MD, AD, RD). Demographics for controls and MS were compared via two-sample t-test for 

the whole MS cohort, while MS subgroups were compared with ANOVA for numerical data and 

Chi-Square t-test for categorical data (p≤0.05). FLAIR-derived total lesion number and volume, 

and DTI-derived diffusion parameters (average of right and left) and volumes (total right and left) 

of the three WM tracts were compared between the MS subgroups and healthy controls with a 

One-Way ANOVA and a post-hoc Tukey's HSD test to control the family-wise error rate and to 

check for differences amongst diagnostic subgroups. The significance levels were corrected for 

multiple comparisons by using the Benjamini-Hochberg False Discovery Rate (FDR-BH) method 

in MatLab R2017a (p≤0.011). The FA values along 35 tract points in the left and right fornix body 

were compared with a General Linear Model (Two-Way ANOVA) to assess along the tract FA 

differences per group (FDR-BH corrected p≤0.032 for the left fornix body, p≤0.029 for the right 

fornix body).   

For the combined MS group (n=28), Partial Pearson correlation coefficients corrected for age and 

sex assessed the relationship between FA and volume for each tract (right and left kept separate), 

total lesion number and volume, cognitive/clinical scores related with the limbic system functions 

(EDSS, BVMT-R, SDMT, MFIS, BDI-II), and time since diagnosis. Correlation coefficients were 

controlled for multiple comparisons with the FDR-BH method (p≤0.0086). 
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2.3. Results 

2.3.1.  MS Subgroup Characteristics, Lesion Numbers and Volumetric Load  

The control group and full MS cohort did not differ in sex (p=0.74) and age (p=0.38). There were 

differences between the three MS subgroups; namely, RRMS were younger, had lower EDSS and 

scored higher in PASAT, SPMS had longer time since diagnosis, and PPMS had more males than 

females and lower scores in PASAT. Lesion number and volumetric load were quite variable 

between MS participants and were not different between MS subgroups (Table 2.1), although 

SPMS and PPMS had some individuals with larger lesion volumes than the RRMS group.  

Lesion location patterns were similar across all MS subgroups (Figure 2.1A, B, C) mainly around 

and perpendicular to the body of the lateral ventricles and/or callosal junction areas (Dawson’s 

fingers), consistent with the common lesion locations and shapes associated with the pathology. 

Within these groups, lesion numbers and volume did not correlate with age and sex although the 

lesion number showed a correlation trend toward statistical significance with age for the entire MS 

cohort (r=0.36, p=0.058). No significant associations were found between number of lesions or 

total lesion volumes with EDSS, time since diagnosis or cognitive scores (Table 2.2). 
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Table 2.1: Demographics for controls and the MS subgroups with range and mean +/- SD where 

appropriate (* p≤0.05 for differences between MS subgroups). 

 Controls 

(n=11) 

MS Cohort 

(n=28) 

RRMS 

(n=11) 

SPMS 

(n=9) 

PPMS 

(n=8) 

Sex (M/F) 4/7 10/18 2/9 2/7 6/2* 

Age (years) 21-75 

44 ± 16 

21-66 

48 ± 12 

21-58 

40 ± 12* 

45-66 

55 ± 7 

41-65 

54 ± 7 

Time Since Diagnosis (years) - 1-34 

13 ± 10 

1-28 

9 ± 8 

2-34  

22 ± 9 * 

3-17 

8 ± 6 

Expanded Disability Status Scale, 

EDSS†  

- 1.5-8.5 

4.8 ± 1.7  

1.5-6 

3.5 ± 1.5 * 

4-8.5 

5.6 ± 1.5 

4-7 

5.8 ± 1 

Brief Visuospatial Memory Test-

Revised, BVMT-R‡  

- 5-34 

21 ± 9 

10-34 

23 ± 8 

11-34 

21 ± 9 

5-28 

17 ± 9 

Symbol Digit Modalities Test, SDMT - 23-89 

52 ± 14 

36-71 

52 ± 9  

34-89 

57 ± 17 

23-62 

46 ± 13 

Paced Auditory Serial Addition Test, 

PASAT 

- 19-59 

42 ± 9 

37-54 

44 ± 7* 

19-59 

43 ± 12 

30-45 

36 ± 6* 

Fatigue Severity Scale, FSS  - 1.1-7 

5.0 ± 1.5 

2.9-7 

5.0 ± 1.3 

1.1-6.9 

4.7 ± 1.7 

3.5-7 

5.4 ± 1.3 

Modified Fatigue Impact Scale, MFIS  - 2-73 

42 ± 19 

2-73 

38 ± 23 

21-73 

39 ± 19 

34-64 

50 ± 11 

Beck Depression Inventory-II, BDI-II  - 0-31 

13 ± 9 

0-31 

12 ± 10 

0-29 

14 ± 10 

5-21 

13 ± 7 

Timed 25-Foot Walk, T25-FW 

(seconds)  

- 3.6-20.6 

8.5 ± 4.8 

3.6-12.0 

6.5 ± 2.4 

5.3-19.5 

10.8 ± 6.0 

5.8-20.6 

9.7 ± 6.3 

9-Hole Peg Test, 9-HPT (seconds) - 18.7-65.2 

29.4 ± 10.8 

18.7-39.8 

24.9 ±5.6 

19.2-54.1 

28.9 ± 11.0 

20.7-65.2 

36.2 ± 14.0 

Total Lesion Volume (cm3) - 0.19-37.2 

7.1 ± 8.8 

0.23-8.82 

3.0 ± 3.1 

0.19-27.9 

9.3 ± 9.1 

0.83-37.2 

10.2 ± 12 

Total Lesion Number (range, mean ± 

SD) 

- 3-32 

15.9 ± 7.4 

4-24 

13.1 ± 7.3 

3-32 

18.3 ± 8.4 

7-24 

16.9 ± 5 

† EDSS was not obtained in two PPMS and BVMT-R, PASAT, T25-FW, and 9-HPT were not acquired all 

in a SPMS and a PPMS participant for PASAT, T25-FW, and FSS. In total, two SPMS and three PPMS 

participants were not able to complete the T25-FW. 

‡ Only the Total Recall score of the BVMT-R was reported. 
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Figure 2.1: Axial FLAIR images showing periventricular lesions, and axial, sagittal and coronal 

views of the 1.7 mm isotropic first eigenvector fractional anisotropy (FEFA) maps in a RRMS (A, 

D, G, J, 51 years old, male, lesion number=24, total lesion volume=8.8 cm3, time since 

diagnosis=14 years, EDSS=6.0), a SPMS (B, E, H, K, 52 years old, female, lesion number=17, 

total lesion volume=19.1 cm3, time since diagnosis=24 years, EDSS=6.5), and a PPMS patient (C, 

F, I, L, 54 years old, male, lesion number=21, total lesion volume=15.5 cm3, time since 

diagnosis=3 years, EDSS=6.5). Red – left/right, green – anterior/posterior, blue – inferior/superior. 
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2.3.2. Qualitative Assessment of the Tracts  

When using the spatial resolution of 1.7 mm isotropic at high magnetic field of 4.7 T (Figure 2.1D-

L), the full extent of the fornix, with high FA, was achievable by DTI tractography in 10/11 healthy 

controls over ages of 21 to 62 years. The only exception was a 75-year-old female control whose 

fornix tractography was “transected” at the bilateral crus, but she is 9 years older than the oldest 

MS volunteer. In the case of the MS cohort only 36% of the participants (3/11 in RRMS, 27%; 3/9 

in SPMS, 33%; and 4/8 in PPMS, 50%) had the full extent of the fornix and in the remaining cases 

there were different degrees of tractography “transections” in all three MS subgroups (RRMS - 1 

left side, 2 right side, 5 bilateral; SPMS - 2 right side, 4 bilateral; PPMS - 1 right side, 3 bilateral) 

with lower FA and fewer streamline projections (Figure 2.2 B-D) relative to controls (Figure 

2.2A).  

This current finding of incomplete fornix tracts is in spite of an ~40% voxel volume reduction 

compared to previous 8 mm3 voxel size typical in MS DTI studies at lower fields. These 

“transections”, even in one control, are caused by not reaching the FA threshold for tractography 

(0.2) due to partial volume with CSF leading to lower FA in the curvy and thin crus relative to the 

body (Figure 2.2B-D), when it passes through the lateral ventricles. These errors give partially 

reconstructed tracts and ‘artificial disconnections’ that could be worse for MS if the fornix is 

thinner and smaller, increasing partial volume with adjacent CSF and stopping tracking. 
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Figure 2.2: DTI tractography of the fornix (view from top), left cingulum and left uncinate 

fasciculus (views from left side) with an FA color encoding scale for one example per group: (A) 

control, 50 years old, female; (B) RRMS, 48 years old, female, EDSS=2.5; (C) SPMS, 59 years 

old, male, EDSS=6.0; (D) PPMS, 54 years old, male, EDSS=5.0. The fornix shows streamline 

disruptions and low FA in the three MS subtypes relative to controls. The cingulum tractography 

appears unaffected while the uncinate fasciculus is quite variable in the extent of streamline 

projections to the anterior portion. 

 

In these same participants, the superior portion of the cingulum tracked well in all cases with no 

apparent qualitative differences in FA (Figure 2.2A-D). Tracking of the uncinate fasciculus was 

more variable (Figure 2.2A-D) and some MS participants showed shorter fibers than controls with 

fewer projections from the temporal lobe to the frontal lobe (4/28 MS patients – 1 RRMS, left side; 

2 SPMS, left side; 1 PPMS, right side). 
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Two more examples per group are shown to highlight non-disrupted (Figure 2.3A, B, C, E, G) and 

varying degrees of disrupted fornix (Figure 2.3D, F, H) on DTI tractography for the three MS 

subgroups. Transected fornices with apparently lower FA and volume appeared to be related with 

greater total lesion volumes and enlarged ventricles regardless of subgroup classification (Figure 

2.3D, F, H; Figure 2.4B, C, D). Overall, for the entire MS cohort (Figure 2.4B, C, D), 4/13 

participants with less than 3 cm3 total lesion volume (TLV) and 14/15 participants with more than 

3 cm3 total lesion volume showed transected fornices. There is a progressive deterioration of the 

tracts in the MS cohort for all the phenotypes, which is coupled with FA decrease and it could be 

associated with greater total lesion volume in the whole brain. In the case of the controls, tracts 

are not deteriorated at the same degree but slightly lower volumes and FA could be qualitatively 

appreciated as the controls get older showing bilateral discontinuities in the oldest control due to 

aging (Figure 2.4A). 

If the FA threshold for tracking is modified from 0.2 to 0.13, qualitative tract differences could be 

appreciated in the MS cohort primarily, due to a greater number of streamlines arising from the 

lower FA threshold. In some participants, this lower FA threshold enables streamlines to connect 

across the previously “transected” crura and there are fewer disconnections compared to the tracts 

previously presented here (FA threshold 0.13 vs FA threshold 0.2): Controls - no transections vs 

1 bilateral transection; RRMS – 4/11 transections (2 left side, 2 right side)  vs 8/11 transections (1 

left side, 2 right side, 5 bilateral); SPMS – 5/9 transections (2 left side, 1 right side, 2 bilateral) vs 

6/9 transections (2 right side, 4 bilateral); PPMS – 2/8 transections (1 left side, 1 bilateral) vs 4/8 

transections (1 right side, 3 bilateral) (Figure A.1 in Appendix A). 
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Figure 2.3: Two more examples of each subgroup including an axial FLAIR slice and the fornix 

for controls (A - 21 years old, female; B - 62 years old, female), RRMS (C - 41 years old, female, 

EDSS=2.5, time since diagnosis 1 year, TLV= 0.23 cm3; D - 38 years old, female, EDSS=1.5, time 

since diagnosis 10 years, TLV= 4.3 cm3), SPMS (E - 45 years old, female, EDSS=4.5, time since 

diagnosis 18 years, TLV= 0.19 cm3; F - 66 years old, female, EDSS=6.5, time since diagnosis 34 

years, TLV= 27.9 cm3), and PPMS (G - 65 years old, female, EDSS=6.0, time since diagnosis 17 

years, TLV= 0.83 cm3; H - 59 years old, male, EDSS=4.0, time since diagnosis 4 years, TLV= 7.5 

cm3). MS participants with greater total lesion volume (F, H) have more disrupted fornix with 

lower volume and lower FA. The MS participants with a less disrupted fornix (C, E, G) have very 

low TLV (less than 1 cm3) and their age range and EDSS scores are quite variable.  
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Figure 2.4: Tractography of the fornix for the entire cohort: (A) controls – ordered by age, (B) 

RRMS, (C) SPMS, (D) PPMS participants – ordered by total lesion volume (TLV) for each 

phenotype. The progressive nature of the fornix degradation and FA decrease is associated with 

global brain lesion progression in each of the RRMS, SPMS, and PPMS subgroups as shown by 

tractography here. 
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2.3.3. Tract Diffusion Metrics and Volumes  

The whole 28 MS cohort versus the 11 controls showed significant lower FA in the fornix (-16%, 

p<0.001), the cingulum (-5%, p<0.05) and the uncinate fasciculus (-7%, p=0.001). The fornix and 

the uncinate fasciculus also showed smaller volume (-53%, p<0.001; -25%, p=0.023), greater MD 

(18%, p<0.001; 5%, p=0.006) and RD (24%, p<0.001; 8%, p=0.004) respectively, and higher AD 

(11%, p=0.002) in the case of the fornix. Regarding the MS subgroups individually, the fornix 

showed significant group differences that were similar across all of them, including smaller fornix 

volume (RRMS -49%, SPMS -60%, PPMS -53%), lower FA (RRMS -18%, SPMS -15%, PPMS 

-15%), greater MD (RRMS 17%, SPMS 18%, PPMS 19%) and higher RD (RRMS 24%, SPMS 

25%, PPMS 26%) relative to controls (Figure 2.5). The cingulum did not show any differences in 

any of the three MS subgroups versus controls. The uncinate fasciculus showed significantly 

smaller FA (10%) in the SPMS group only. The along the tract analysis of the left and right fornix 

body, which is the superior region that is consistently tracked in all participants, showed 

significantly lower FA in the posterior portion of the left fornix and in the middle-posterior portion 

of the right fornix for all three MS subgroups compared to controls (Figure 2.6). 
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Figure 2.5: (A) Bilateral tract volumes, (B) FA, (C) MD, (D) AD and (E) RD mean values are 

shown for controls, RRMS, SPMS and PPMS subgroups for the fornix, cingulum and uncinate 

fasciculus tracts. The central boxes show the median and interquartile range while the whiskers 

above and below the boxes show the minimum and maximum values. The fornix shows significant 

differences between the controls and each MS subgroup for the volumes and all the diffusion 

metrics except AD. The cingulum did not show any differences. The uncinate fasciculus shows 

FA differences between the SPMS subgroup and the controls. *p≤0.011 (FDR corrected for 

multiple comparisons). 
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Figure 2.6: Between-groups along the tract analysis in the left and right fornix body, a region 

which is identified in all 11 controls and 28 MS participants. The corresponding resampled-

averaged fornix body fibers are shown along 35 points (0 anterior to 1 posterior) in a healthy 

control (A, 40 years old, male), a RRMS (B, 41 years old, female), a SPMS (C, 47 years old, 

female) and a PPMS participant (D, 41 years old, male). (E, F) The along the tract FA profiles 

averaged over all participants in each group (mean +/- SD shown) are significantly lower than the 

controls from 0.6-0.83 tract location area in the left fornix (E) and from 0.29-0.86 in the right 

fornix (F) for all three MS subgroups. All the statistically significant tract points are encircled with 

a dark black line for each MS subgroup compared to the controls (p≤0.032 for the left fornix body, 

p≤0.029 for the right fornix body, FDR corrected for multiple comparisons). Note that along the 

tract analysis was not possible in the bilateral crus of the fornix given so many ‘disconnections’ in 

the tractography. 

 

Even if a lower FA threshold of 0.13 is applied in the entire healthy and MS cohort, which yields 

fewer “disconnections”, larger volumes, higher MD, and lower FA due to the inclusion of more 

voxels with low FA contributing to the tractography metrics, the main observations regarding 
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group comparisons are similar to the previously reported comparisons for the FA=0.2 threshold. 

The fornix volume/FA are still consistently abnormal in all three MS phenotypes compared with 

the controls; whereas MD/RD values were only significantly higher after the FDR correction for 

the SPMS subgroup (p≤0.008) (Figure 2.7). 

Figure 2.7: (A) Fornix tract derived volumes, (B) FA, (C) MD, (D) AD and (E) RD mean values 

calculated with an FA threshold of 0.13 are shown for controls, RRMS, SPMS and PPMS 

subgroups. The fornix volume/FA metrics (A,B) were significantly smaller in each MS subgroup 

compared to the controls. MD/RD values (C, E) were higher only in the SPMS subgroup versus 

the controls and AD values did not show any group differences (*p≤0.008, FDR corrected for 

multiple comparisons). 

 

2.3.4. Fractional Anisotropy and Tract Volumes versus Clinical/Cognitive Scores  

FA correlated positively with tract volume for the left and right fornix as well as the left uncinate 

fasciculus (Table 2.2). Notably, total lesion volume throughout the brain correlated negatively with 

several measures of FA and tract volume primarily for the fornix and uncinate fasciculus; namely, 

left FA and left/right volume of the fornix, left volume of the cingulum, and left/right FA and left 

volume of the uncinate fasciculus (Fig. 2.8, Table 2.2). There are 4 participants (2 SPMS, 2 PPMS) 

with total lesion volumes each greater than 15 cm3 that appear to be driving the negative 

correlations. Lower FA values in the right cingulum correlated with more severe depression in the 

entire MS cohort (Fig. 2.9, Table 2.2). There are 7 participants (1 RRMS, 3 SPMS, 3 PPMS) that 
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appear to be driving the correlations with depression. They all similarly showed high fatigue scores 

and 5 of them (2 SPMS, 3 PPMS) also showed lesion volumes greater than 7 cm3. 

Table 2.2: Partial Pearson correlation coefficients between right and left FA and volumes in the 

fornix (Fx), cingulum (Cg) and uncinate fasciculus (UF), total lesion volume (TLV), total lesion 

number (TLN), time since diagnosis and clinical/cognitive scores over the entire MS cohort. 

Tract Metric Right/Left Tract Volume TLV TLN Time 

since 

diagnosis 

Clinical/Cognitive Tests 

R L EDSS BVMT-R MFIS FSS BDI-II 

Fx FA R 0.50 

(0.0064) 

_ -0.44 

(0.01) 

-0.57 

(0.0015) 

-0.22 

(0.25) 

-0.06 

(0.73) 

0.18 

(0.35) 

-0.01 

(0.92) 

-0.06 

(0.74) 

-0.24 

(0.2) 

L _ 0.61 

(0.0004) 

-0.49 

(0.0068) 

-0.48 

(0.0094) 

-0.46 

(0.01) 

-0.08 

(0.66) 

0.08 

(0.67) 

-0.01 

(0.94) 

-0.09 

(0.63) 

-0.27 

(0.15) 

Vol R _ _ -0.60 

(0.0006) 

-0.48 

(0.0095) 

-0.17 

(0.37) 

0.02 

(0.92) 

0.36 

(0.06) 

0.08 

(0.68) 

0.04 

(0.80) 

-0.21 

(0.27) 

L _ _ -0.59 

(0.0007) 

-0.51 

(0.0055) 

-0.41 

(0.02) 

0.01 

(0.92) 

0.34 

(0.07) 

-0.10 

(0.58) 

-0.19 

(0.32) 

-0.45 

(0.01) 

Cg FA R 0.26 

(0.17) 

_ -0.36 

(0.06) 

-0.48 

(0.0095) 

-0.18 

(0.34) 

0.30 

(0.12) 

0.39 

(0.04) 

-0.45 

(0.01) 

-0.35 

(0.06) 

-0.49 

(0.0069) 

L _ 0.46 

(0.01) 

-0.43 

(0.01) 

-0.49 

(0.008) 

-0.25 

(0.19) 

0.46 

(0.01) 

0.32 

(0.09) 

-0.26 

(0.17) 

-0.27 

(0.16) 

-0.30 

(0.11) 

Vol R _ _ -0.44 

(0.01) 

-0.42 

(0.026) 

-0.43 

(0.01) 

-0.04 

(0.83) 

0.23 

(0.23) 

0.03 

(0.87) 

-0.09 

(0.62) 

0.17 

(0.37) 

L _ _ -0.55 

(0.0019) 

-0.18 

(0.35) 

-0.18 

(0.34) 

-0.02 

(0.9) 

0.12 

(0.51) 

-0.04 

(0.82) 

-0.06 

(0.74) 

0.09 

(0.63) 

UF FA R 0.29 

(0.12) 

_ -0.67 

(0.0001) 

-0.45 

(0.016) 

-0.44 

(0.01) 

0.02 

(0.92) 

0.28 

(0.14) 

-0.04 

(0.83) 

-0.15 

(0.44) 

-0.37 

(0.04) 

L _ 0.52 

(0.0039) 

-0.53 

(0.0038) 

-0.21 

(0.29) 

-0.32 

(0.09) 

-0.06 

(0.73) 

0.18 

(0.36) 

0.11 

(0.55) 

0.18 

(0.34) 

-0.15 

(0.44) 

Vol R _ _ -0.41 

(0.02) 

-0.01 

(0.94) 

-0.28 

(0.14) 

-0.45 

(0.02) 

-0.10 

(0.62) 

0.24 

(0.21) 

-0.04 

(0.82) 

-0.04 

(0.82) 

L _ _ -0.58 

(0.0012) 

-0.41 

(0.032) 

-0.33 

(0.07) 

-0.28 

(0.16) 

-0.13 

(0.51) 

0.44 

(0.01) 

0.28 

(0.14) 

0.00 

(0.99) 

_ TLV _ _ _ _ 0.39 

(0.04) 

0.41 

(0.02) 

0.26 

(0.19) 

-0.33 

(0.08) 

-0.10 

(0.59) 

0.08 

(0.67) 

0.14 

(0.46) 

_ TLN _ _ _ _ _ 0.38 

(0.047) 

-0.01 

(0.97) 

-0.24 

(0.22) 

0.14 

(0.48) 

0.16 

(0.42) 

0.26 

(0.17) 

Correlation coefficients are controlled for age and sex in the 28 MS participants.  

Bold values are False Discovery Rate (FDR) corrected (p≤0.0073). 
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Figure 2.8: Correlations with total lesion volumes (TLV). Greater TLV were correlated to smaller 

tract volumes for left/right fornix (A, C), left cingulum (D), and left uncinate fasciculus (E), as 

well as with lower FA values of the left fornix (B), and left/right uncinate fasciculus (F,G) 

(p≤0.0086) for all three subgroups of MS (color legend) combined. The mean and the standard 

deviation of the healthy controls group are shown as reference. 
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Figure 2.9: Lower FA of the right cingulum correlated with more depression (i.e., higher BDI-II) 

scores, both corrected for age and sex, over all 28 MS participants. 

 

 

2.4. Discussion  

In agreement with previous MS DTI studies primarily focused on RRMS that have implicated 

fornix injury [125], [209], [255], [256], [260], [281]–[283], tractography of the fornix acquired 

with 1.7 mm isotropic resolution showed markedly lower volume (by ~54%) and FA (by ~16%), 

as well as higher MD (by ~ 18%) and RD (by ~25%) to a similar extent in RRMS, SPMS and 

PPMS relative to controls. The fornix DTI abnormalities were present in all three MS cohorts 

despite the disparate ranges of 21-66 years of age, 1-34 years since diagnosis, or 1.5-8.5 EDSS, 

implying its widespread occurrence early on in the disease course. The three following DTI studies 

on SPMS and/or PPMS have implicated the fornix, but this tract was not their focus nor was its 

3D trajectory identified and measured using tractography [272], [273], [286]. Whole-brain TBSS 
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analysis yielded lower FA and higher RD of the fornix in SPMS with and without cognitive 

impairment, with the former showing greater changes [272]. Fornix FA was reduced in PPMS, but 

data was not specific for  this region [273]. One of the few studies to report DTI changes in all 

three MS diagnostic subpopulations published voxel-based statistical significance figures that 

suggest fornix anomalies in SPMS and PPMS as well, and the fornix appeared to have reduced FA 

in PPMS versus healthy controls and in SPMS versus benign MS [286]. 

It is unclear why all three MS subtypes would yield similar changes to the fornix. Histopathologic 

studies have reported comparable axon damage across the different subtypes, such as in the 

corticospinal tract in SPMS and PPMS [289] or in demyelinating and active lesions [290]. The 

clinical presentation does not always allow an accurate differentiation between relapsing and 

progressive phases in the disease spectrum [291]. Over the entire MS group, however, the left/right 

fornix volume and left fornix FA were negatively correlated with total lesion volume suggesting a 

link between the degree of visible whole brain lesion pathology and fornix integrity. 

Periventricular lesions are common in MS and are suggestive that inflammatory factors in the CSF 

may be involved [292]. The fornix would be greatly exposed to such factors since it is bathed in 

CSF as it passes through the lateral ventricles which could explain the abnormal fornix 

tractography findings even in those with brief time since MS diagnosis. WM fornix integrity has 

been linked to Alzheimer’s Disease-related CSF factors in normal adults [293]. Active and chronic 

inactive lesions of the fornix have been observed on histology in 9/16 and 7/16 mostly RRMS 

participants, respectively [294]. One MRI study only reported 2.6% of 156 RRMS participants 

with fornix lesions on FLAIR [295], but it was limited by low resolution of the co-registered FA 
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color maps used to confirm lesion location and potential linear registration algorithm errors. 

Demyelination of the hippocampus has been reported in brain tissue histological sections of 12/22 

progressive MS participants (9 SPMS, 3 PPMS) [296] and this could be reflected in Wallerian 

degeneration to axons in its major primary efferent fiber bundle, the fornix, although the 

relationship is still unclear and needs further investigation. The fornix diffusion MRI metrics did 

not correlate with any of the clinical or cognitive measures, unlike earlier studies [125], [255]–

[257], [260], [282], [283].  

TBSS mentioned above in many MS DTI studies is a commonly used voxel-based analysis method 

that involves skeletonization of the white matter and projection of maximal FA values nearby to 

the skeleton, but it has been shown to have difficulties in the assessment of a small, curvy tract 

such as the fornix [143]. Tractography has its advantages since it is performed in native space 

which allows anatomical variations in shape and location and does not require spatial 

normalization of the images to a common template. However, a limitation of tractography is that 

it can lead to discontinuities of tract streamlines when the voxel FA or eigenvector angle thresholds 

are not met, thereby not identifying voxels that are the most severely affected. For the fornix, 

which is an isolated bundle without other crossing fibers, this tracking stoppage usually occurs 

when a voxel falls below the set threshold due to partial volume effects with isotropic CSF in the 

bilateral crus and leads to these apparent discontinuities even in healthy controls [104]. None of 

the previous fornix DTI papers of MS used any CSF suppression methods – acquisition or post-

processing. Furthermore, the implementation of FLAIR-DTI, was not possible at 4.7 T and the 

single shell DTI data used here is not suitable for post-processing “free water elimination (FWE)” 
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CSF correction algorithms that require two shells [297]. These FWE algorithms are not still the 

optimal approach, compared to FLAIR-DTI, to further reduce the standard deviation of diffusion 

metrics for tracts with high partial volume effects with CSF, such as the fornix [298].  

Certainly, fornix tractography is susceptible to stopping its tracking for the above-mentioned 

reasons but this is not necessarily detrimental. Even if one assumes that the fewer tracts are just 

due to CSF contamination, then this would imply smaller actual fornix that would increase CSF 

partial volume and stop tracking. If the fornix volumes were the same, then the error ought to 

remain consistent in MS as in controls; but it is not the same. Thus, there will be a link between 

the actual volume and that which is underestimated with tractography. The lower tracking FA 

threshold of 0.13 yields larger fornix tracts, smaller FA, and higher MD/AD/RD for all four 

subgroups (controls, RRMS, SPMS, PPMS). The group differences of the fornix hold for all three 

MS subgroups relative to controls for FA and volume with this lower FA threshold, but only the 

SPMS group remains significantly different for MD and RD relative to controls. Since the same 

DTI acquisition and post-processing algorithms with the exact same tracking ROIs and thresholds 

were applied in all MS participants and controls, these discontinuities indicate markedly reduced 

FA in these areas of the fornix within the MS patients and any tractography differences are still 

indicative of group differences of the underlying fornix. This could be due either to actual 

microstructural differences of the residual fornix in the crus, small demyelinating lesions going 

undetected due low FLAIR resolution, Wallerian degeneration from potentially damaged 

hippocampal areas, or simply greater partial volume effect with adjacent CSF if the fornix has 

undergone greater atrophy (“normal” microstructure but smaller volume). Table 2.2 shows a 
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positive correlation of left and right fornix FA with tractography-derived fornix volume. Studies 

are currently underway here to evaluate the fornix in MS using FLAIR-DTI to suppress the CSF, 

minimize partial volume effects, and yield more complete tracking of the fornix even in the case 

of atrophy [104]. However, the “along the tracts” analysis of the consistently tracked superior body 

of the fornix in all controls and MS participants suggests that there are microstructural fornix 

differences, since the body is not as susceptible as the crus to partial volume errors with CSF. 

The uncinate fasciculus had lower FA only for SPMS when compared to controls, consistent with 

a previous study focused on that phenotype [272]. Others have reported lower FA of the uncinate 

fasciculus in RRMS [259], [274], [283] or mixed MS cohorts [125], [209], [258], [286]. The 

uncinate fasciculus tractography was quite variable in our MS participants; for example, in 1 

RRMS, 2 SPMS and 1 PPMS participant, it did not show frontal lobe projections, unlike all the 

healthy controls. These variations may be related either to lesions in frontal cortex areas that this 

tract connects [273] or to other parts of its pathway that could affect the tracking. The uncinate 

fasciculus volume and FA also showed significant correlations with total lesion volume.  

The cingulum did not show any group diffusion differences relative to controls in agreement with 

prior work [281], [282] although several other MS studies have reported cingulum differences, 

mainly FA [209], [255], [258], [260], [274], [283], [285], [286]. In our study, lower FA in the right 

cingulum correlated with higher depression scores, possibly due to interactions between the 

anterior cingulate and the amygdala [299]. This finding is consistent with lower cingulum FA in 

young women at risk of depression [300], and lower FA in the right parahippocampal cingulum in 

those with catechol-O-methyltransferase gene polymorphisms in major depressive disorder [301]. 
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Lower FA in cingulum has correlated with deficits of episodic and working memory [255], [258], 

[260], [283] and subjective fatigue [259] in MS, but these studies did not measure depression. A 

TBSS study showed lower FA of the left cingulum in depressed MS patients [285] and DTI metrics 

in NAWM have been related to depression in MS [302]. 

The main technical limitation of our study is the lack of a CSF suppressed DTI sequence; therefore, 

the fornix tractography may have been altered by partial volume effects from CSF in the ventricles 

making the DTI metrics and tractography prone to errors and harder to interpret. The authors are 

currently utilizing high resolution FLAIR-DTI at lower magnetic field strength (3 T) in new MS 

cohorts in order to diminish the CSF confounding effects in the DTI metrics. While FLAIR-DTI 

works fine at these lower magnetic field strengths, there are specific absorption rate (SAR) 

constraints at higher fields such as 4.7 T used here which have resulted in the development of 

alternative strategies to minimize the influence of CSF in DTI [303], but this was not used in the 

present study. Furthermore, the small sample size of this study, particularly when looking at each 

RRMS, SPMS, and PPMS subgroup separately, is another limitation to consider when making 

inferences about differences between these clinical groups and it should be addressed in future 

studies. The heterogeneity of the MS subgroups, the high participant variability of the cognitive, 

depression and fatigue test scores, and the burden of cognitive impairment altogether with the 

small sample size of the MS cohort may have contributed to the inability to find more cognitive 

and clinical associations with the DTI findings. 
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2.5. Conclusions 

In summary, high resolution diffusion MRI tractography identified abnormalities in the fornix that 

were similar across all three primary MS phenotypes of RRMS, SPMS, and PPMS regardless of 

EDSS, time since diagnosis, or cognitive scores. The fornix FA and tract volumes were more 

affected with greater total whole brain lesion volumes suggesting a link to other brain pathology 

that needs further investigation. 
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3. Diffusion Imaging of Fornix and Interconnected Limbic Deep Grey Matter is 

Linked to Cognitive Impairment in Multiple Sclerosis2 

Abstract 

Diffusion tensor imaging (DTI) and volumetric magnetic resonance imaging (MRI) have shown 

white matter (WM) and deep grey matter (GM) abnormalities in the limbic system of multiple 

sclerosis (MS) participants. Structures like the fornix have been associated with cognitive 

impairment (CI) in MS, but the diffusion metrics are often biased by partial volume effects from 

cerebrospinal fluid (CSF) due to its small bundle size and intraventricular location. These errors 

in DTI parameter estimation worsen with atrophy in MS. The goal here was to evaluate DTI 

parameters and volumes of the fornix, as well as associated deep GM structures like the thalamus 

and hippocampus, with high resolution fluid-attenuated inversion recovery (FLAIR)-DTI at 3 T in 

43 MS patients, with and without CI, versus 43 controls. The fornix, thalamus and hippocampus 

displayed atrophy and/or abnormal diffusion metrics, with the fornix showing the most extensive 

changes within the structures studied here, mainly in CI MS. The affected fornix volumes and 

diffusion metrics were associated with thalamic atrophy and atypical diffusion metrics in 

interconnected limbic GM, larger total lesion volume and global brain atrophy. Lower fractional 

anisotropy (FA) and higher mean and radial diffusivity in the fornix, lower hippocampus FA and 

lower thalamus volume were strongly correlated with CI in MS. Hippocampus FA and thalamus 

 

2 Published as: Valdés Cabrera, D., Smyth, P., Blevins, G., Emery, D., & Beaulieu, C. Diffusion imaging of fornix 

and interconnected limbic deep grey matter is linked to cognitive impairment in multiple sclerosis. European Journal 

of Neuroscience 2022, 55( 1), 277– 294. https://doi.org/10.1111/ejn.15539. 
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atrophy were negatively correlated with fatigue and longer time since MS symptoms onset, 

respectively. FLAIR-DTI and volumetric analyses provided methodologically superior evidence 

for microstructural abnormalities and extensive atrophy of the fornix and interconnected deep GM 

in MS that were associated with cognitive deficits. 

3.1. Introduction 

Cognitive impairment (CI) is prevalent in multiple sclerosis (MS), predominantly presenting as 

deficits in episodic memory, executive functions, attention and information processing speed. This 

occurs in 40% to 65% of MS patients across all phenotypic classifications [208] and frequently 

overlaps with other clinical variables such as fatigue [304], [305] and depression [305], [306]. As 

MS progresses, multifocal white matter (WM) damage ranging from demyelination to axonal loss 

may result in disconnection between cortical and subcortical grey matter (GM) areas, involving 

key structures for cognitive and memory processes even early in the disease course [255], [278]. 

The limbic system includes crucial WM and GM regions that are involved in aspects of emotions 

and cognition [26], [261], such as the fornix, which is the major efferent WM pathway from the 

hippocampus with indirect connections to the thalamic nuclei [26], [30]. The fornix as a part of 

this extended hippocampal–diencephalic system (i.e., hippocampus, fornix, mamillary bodies and 

anterior thalamus) [23], [261] is crucial for effective encoding, and therefore, new episodic 

information recalling [26], [261] and its damage as well as any other components of this system 

can cause anterograde amnesia or related memory impairments [307]. 
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Conventional magnetic resonance imaging (MRI) volumetric studies focusing on limbic structures 

have consistently reported thalamus and hippocampus atrophy in all MS phenotypes [233], [308]–

[311] being associated with deficits in memory encoding and retrieval [211], [233], [308], [309], 

[311]. Diffusion tensor imaging (DTI) of the limbic WM has been used to further differentiate 

microstructural tissue changes in relapsing-remitting (RRMS) and progressive (primary [PPMS] 

and secondary [SPMS]) MS phenotypes, reporting mainly fornix [125], [209], [255], [260], [274], 

[312] and cingulum [258] diffusion changes including lower fractional anisotropy (FA) and/or 

higher mean (MD) and radial diffusivity (RD). These altered WM DTI metrics have shown 

associations with visuospatial memory [255], [257], [272] and processing speed deficits [209], 

[258]. Moreover, the fornix, as the main isolated WM output of the hippocampus, has been 

considered essential for multimodal cognitive functions [26], [30], [210], and previous MS DTI 

studies showed relationships between lower FA and poorer performance in visuospatial memory 

[256] and between higher RD and worse delayed recall in verbal learning and memory [125]. DTI 

metrics in the thalamus and the hippocampus have also been studied to explore additional 

relationships with MS cognitive deficits [267], [269]–[271] reporting either higher MD/RD and/or 

lower FA in the thalamus [269], [313] and the hippocampus [313], [314], higher thalamic FA 

[267], [271] or no diffusion changes in these two structures [270] between MS and healthy 

controls. A full list of all limbic WM and deep GM studies in MS (sorted chronologically to the 

date) is in Appendix C. 

However, most previous limbic MS studies have used low spatial resolution DTI protocols (voxel 

volume > 8 mm3) which could contribute to the aforementioned diffusion metric inconsistencies 
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across studies. Errors can occur from either misregistration between the structures typically 

identified on higher resolution, undistorted T1-weighted scans that are transferred to coregistered 

diffusion images, as well as from deleterious partial volume effects with adjacent structures, such 

as isotropic, rapidly diffusing cerebrospinal fluid (CSF). The study of small WM tracts like the 

fornix and deep GM near the ventricles by using fluid-attenuated inversion recovery (FLAIR) DTI 

techniques at higher resolution than previously applied in MS would improve tractography of the 

fornix [104] and diffusion parameter quantification by minimizing CSF partial volume effects 

[277]. To our knowledge, this technique has never been applied to the study of MS before. The 

purpose of this MS study was to (a) use high resolution (1.2 × 1.2 × 2 = 2.9 mm3) CSF-suppressed 

FLAIR-DTI to probe microstructural damage in fornix WM and interconnecting 

thalamus/hippocampus GM, (b) evaluate the relation of these fornix diffusion values with 

global/regional brain volumes and lesion load and (c) assess their correlations to the main cognitive 

functions affected in MS (information processing speed and visual working memory) as well as 

probe links to depression, fatigue, disability and time since MS symptom onset. 

3.2. Methods 

3.2.1.  Participants 

All 86 participants provided written informed consent including 43 diagnosed with MS (35 RRMS, 

8 SPMS), as well as 43 HCs with no self-reported history of neurological/psychiatric disorders or 

brain injury and similar age and sex distribution as the MS cohort. MS participants were recruited 

from the University of Alberta Neurosciences Clinic, and controls were recruited by advertising 
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on campus and in local community venues. The MS participants were recruited consecutively if 

they fulfilled the inclusion/exclusion criteria, and there was no bias in how they were enlisted in 

the study (e.g., all phenotypes, EDSS scores, cognitive status and ages were included). This study 

was approved by the University of Alberta Health Research Ethics Board and all research protocols 

were conducted according to the World Medical Association Declaration of Helsinki. 

Regarding the MS cohort, the only inclusion criteria for eligibility to participate in the study was 

a clinically definite RRMS, SPMS or PPMS diagnosis not accounting for age or disease duration; 

and the exclusion criteria was no history of clinically documented relapse or a high dose steroid 

treatment in a year prior to MRI scan. There were no patients excluded from the study due to these 

criteria. Two RRMS and six SPMS participants were not receiving MS medications or treatments, 

but the remaining cohort was on different disease-modifying therapies (dimethyl fumarate, 

fingolimod, teriflunomide, interferon beta-1a, glatiramer acetate, natalizumab, ocrelizumab and 

alemtuzumab). Twelve participants (nine RRMS, three SPMS) were on antidepressant medications 

(escitalopram, duloxetine, amitriptyline, nortriptyline, fluoxetine, desvenlaflaxine, venlafaxine 

and quetiapine). The demographic and clinical data are summarized in Table 3.1 in the Results. 

3.2.2.  Cognitive assessment 

Cognitive and clinical tests were administered to the MS participants by MS neurologists (Kurtzke 

Expanded Disability Status Scale, EDSS, only) and a trained user (DVC) to evaluate different 

aspects of memory, fatigue, depression and disability, as features that could also be related to 

cognition, and to establish the degree of CI within the MS group. The tests consisted of EDSS for 
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overall disability in MS, Brief Visual Memory Test—Revised (BVMT-R) for visuospatial learning 

and memory (age corrected, total recall scores only), Symbol Digit Modalities Test (SDMT) for 

information processing speed and visual scanning/learning (corrected for age and education level, 

z scores), Modified Fatigue Impact Scale (MFIS) for effects of fatigue in terms of physical and 

cognitive functioning and Beck Depression Inventory-II (BDI-II) for depression. The combination 

of BVMT-R and SDMT was selected as a shortened version of the Brief International Cognitive 

Assessment for MS (BICAMS), which has been shown to be as reliable as the whole BICAMS 

battery for detecting CI in MS patients [315], [316]. Cut-off scores for CI classification were set 

as z scores of SDMT lower than −1.67 standard deviations (SD) [315] and percentage scores of 

BVMT-R lower than 12% (~1.17 SD) [317]. Patients were classified as CI when at least one out 

of the two test scores was below clinical cut-off (Table 3.1). 

3.2.3.  MRI protocol 

Brain MRI was acquired on a 3 T Siemens Prisma with a 64-channel head/neck radio frequency 

(RF) coil. Whole brain 3D T1-weighted magnetization-prepared rapid acquisition with gradient 

echo (MPRAGE) used a field of view (FOV) 250×250 mm2, 0.85-mm isotropic voxels, 

TR = 1800 ms, TE = 2.37 ms and scan time of 3:39 minutes. Whole brain 3D sampling perfection 

with application-optimized contrasts using different flip angle evolution (SPACE) FLAIR was 

performed with FOV 230×230 mm2, 1.2 mm isotropic voxels, TR = 5000 ms, TE = 385 ms, 

TI = 1800 ms and scan time of 3:07 minutes (SPACE FLAIR was not acquired in one RRMS 

participant; thus, lesion volume was calculated from a supplementary echo-planar imaging (EPI) 

FLAIR scan and was not included in the lesion probability maps qualitative analysis). FLAIR-DTI 
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was acquired over 35 slices from the top of the corpus callosum oriented along the bicommissural 

line (anterior commissure–posterior commissure [AC-PC]) to allow full coverage of the fornix, 5 

b0, 20 diffusion directions with b=1000 s/mm2, 1.2×1.2×2 mm3 voxel resolution 2× zero-fill 

interpolated to 0.64×0.64 mm2 in-plane resolution, TR = 9000 ms, TE = 69 ms, TI = 2300 ms (to 

null CSF) and scan time of 4:11 minutes. Prescan normalize filter was applied to minimize B1 

inhomogeneity through the slice and to improve ventricular visualization/registration between 

scans with no detrimental effects on DTI parameters. 

3.2.4.  MPRAGE brain volume and FLAIR lesion volume analysis 

Total and regional brain volumes and total MS lesion volumes were calculated as supplementary 

information to the main fornix diffusion metrics analysis. For the volumetric analyses and 

segmentation of brain structures and MS lesions, T1-weighted and FLAIR images were processed 

by using the VolBrain and LesionBrain pipelines of the volBrain software [318], respectively. For 

both pipelines, images were denoised with an adaptive non-local mean filter, affine registered to 

the Montreal Neurological Institute (MNI) space, corrected for image inhomogeneities, intensity 

normalized and then yielded brain tissue maps (i.e., WM, GM and CSF). The T1-weighted images 

utilized by VolBrain to segment the brain tissue maps in the MS cohort were lesion filled in FSL 

with their respective lesion binary masks calculated with LesionBrain pipeline before entering the 

VolBrain pipeline. Both pipelines are described in detail below. 
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3.2.4.1.  VolBrain pipeline (T1-weighted) 

T1-weighted images were used to segment several anatomical structures. First, the intracranial 

cavity (ICC), brainstem and cerebellum were extracted, and lateral ventricles and subcortical 

structures were segmented (lateral ventricles definition did not include choroid plexuses), and 

hippocampi were segmented following the European Alzheimer's Disease Consortium—

Alzheimer's Disease Neuroimaging Initiative (EADC-ADNI) Harmonized Hippocampal Protocol 

(HarP). The following brain tissue and deep GM volumes were calculated: WM, GM, CSF, lateral 

ventricles, total right and left hippocampus, thalamus, putamen and caudate. All volumes were 

reported in cm3 for the group analyses. 

3.2.4.2.  LesionBrain pipeline (T1-weighted + FLAIR) 

Lesion segmentation was only performed on brain areas marked as lesion candidates because either 

they were above a threshold value calculated from GM FLAIR intensities or included voxels at 

locations with probability higher than 20% to contain a lesion on the MNI atlas of lesions from 

this pipeline dataset. Lesions were first segmented using an extension of the Rotation-invariant 

multi-contrast non-local means (RI-NLM) and patch-wise NLM regularization methods, followed 

by a systematic error correction step using the Patch-based Ensemble Corrector (PEC) to obtain 

the final segmentation [319]. The total lesion volume (TLV) was reported in cm3.  



 

108 

 

 

 

3.2.5.  FLAIR-DTI Diffusion Metric Analysis  

Gibbs ringing removal, masking, eddy current, subject motion, EPI correction and tensor fitting 

using Robust estimation of tensors by outlier rejection (RESTORE) were performed in 

ExploreDTI (v4.8.6) [287].  

3.2.5.1.  Fornix Tractography 

Deterministic tractography was performed in ExploreDTI with an FA threshold of 0.15, a turning 

angle of 35˚, step size of 0.64 mm, minimum fiber length of 10 mm, and seed point resolution 

matching the voxel size (0.64×0.64×2 mm³) [104], [209], [260], [312]. Tractography was 

performed by the first author (DVC), who was blinded to group classification only for the fornix 

tracking. Regions of interest (ROIs) were placed similarly to previous lab published protocols for 

the limbic system tracts [104], [288], [312]: SEED ROIs in fornix columns (axial) and body 

(coronal, ~5 mm before crura), AND ROI in fornix body (coronal, ~12 mm anterior to SEED ROI) 

to assure that fornix streamlines are passing through ventricles as expected, and NOT ROIs as 

needed to remove anterior commissure, callosal and thalamic radiation streamlines. Left and right 

portions of the fornix were kept together here to reduce multiple comparisons. Volume, FA, MD, 

AD, and RD were calculated over the entire fornix tract. 

3.2.5.2.  Thalamus and Hippocampus DTI  

Averaged right and left thalamus and hippocampus DTI analyses were performed in ITK-SNAP 

(v3.8.0) [320]. The mean diffusion weighted image (DWI) was registered to MPRAGE with an 
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affine transformation model by using mutual information as the image similarity metric, and 

resliced to MPRAGE resolution with trilinear interpolation. The same transformation matrix was 

applied to the diffusion parameter maps. FA, MD, axial diffusivity (AD), and RD mean values 

from the 3D volume for the right and left combined hippocampus and thalamus were calculated 

from the previously segmented VolBrain Pipeline corresponding labels. 

3.2.6.  Statistical Analysis 

Statistical analyses were performed in Minitab v20 and MatLab R2020b. Total lesion volume was 

assessed with two-sample t-tests between MS patients sub classified according to their cognitive 

status as either not cognitively impaired (not CI) or CI. Fornix, thalamus and hippocampus volume, 

FA, MD, AD and RD were evaluated with One‐way Analysis of variance (ANOVA) between MS 

participants and controls. WM, GM, CSF, lateral ventricle, caudate and putamen volumes were 

also supplementary assessed with corresponding ANOVA tests. Age was added as a covariate 

when significant. T1-weighted derived volumes were additionally adjusted for intracranial size by 

adding the intracranial volume as a covariate. Post-hoc Dunnett's test to control the family‐wise 

error rate was used to calculate differences between not CI and CI MS patients in each one of these 

brain structures/areas versus healthy controls. The population corrected Hedges's effect size gs 

[321] and statistical power derived from our sample size (1-β) were calculated and reported for the 

fornix, thalamus and hippocampus volume and diffusion metrics between all MS groups and 

controls.  
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Pearson correlations between fornix volume and diffusion metrics with age were calculated 

separately for the MS and healthy cohorts. If correlations were significant for any cohort, stepwise 

linear regression analyses were performed with age as a continuous predictor, group type as a 

categorical predictor and an interaction effect between age and group type to test whether these 

metrics differed between controls and MS or if there were interaction effects versus age in these 

cohorts.  

As the fornix (and other total brain areas, i.e., GM, CSF) metrics show age correlations in the MS 

cohort, Partial Pearson correlation coefficients, corrected for age, were calculated for the fornix, 

hippocampus and thalamus volume/diffusion metrics, total brain volumes, total lesion volume, and 

clinical/cognitive variables (EDSS, BVMT-R, SDMT, MFIS – physical and cognitive, BDI-II, and 

time since MS symptoms onset (years)). 

Ordinal logistic regression models were conducted to investigate the relationships between the 

volume and diffusion limbic metrics that were significantly different between the MS subgroups 

and healthy controls while controlling for age as a potential confounder, if significant. The model 

with the best discriminating power was used to generate receiver operating characteristic (ROC) 

curves in MatLab R2020b. These curves and their prognostic capabilities were compared by 

assessing the area under the curve (AUC), accuracy, sensitivity, and specificity metrics. 

Previous statistical tests were corrected for multiple comparisons by using the Benjamini–

Hochberg false discovery rate (FDR‐BH) method using a MatLab R2020b in-house written script 
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to provide a q-value≤0.05. FDR adjusted p-values were set up as follow: One-way ANOVAs, 

p≤0.021; full Pearson correlations with age, p≤0.025; and partial Pearson correlations, p≤0.017. 

3.3. Results 

3.3.1.  MS Subgroup Characteristics and Lesions  

The control group and the entire MS cohort were similar in sex (p=0.21) with 

70%(controls)/81%(MS) females and age (p=0.93) covering 32-71 years both with a mean/SD of 

48 +/- 10 years (see Table 3.1 for all demographics). There were 23/43 MS patients classified with 

cognitive impairment (CI), but both CI and not CI groups had similar sex (p=0.83), age (p=0.41), 

and time since MS symptom onset (p=0.65). When compared to not CI MS, the CI MS subgroup 

had higher EDSS scores and higher fatigue levels on both the physical and cognitive subscales and 

greater depression scores. Compared to RRMS, the SPMS patients were older (SPMS 58 ± 7 years, 

RRMS 46 ± 9 years), had longer times since MS symptom onset (SPMS 27 ± 10 years, RRMS 13 

± 8 years), had higher EDSS scores (SPMS 5 ± 1, RRMS 3 ± 1.5) and higher fatigue on the physical 

subscale of the modified fatigue test (SPMS 24 ± 4, RRMS 19 ± 9) (not reported in Table 3.1).  
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Table 3.1: Demographics and global brain metrics for controls, full MS cohort, not cognitively 

impaired (not CI) and CI MS subgroups with range and mean ± standard deviation where 

appropriate (*p<0.05 for differences between the MS cohort and MS subgroups or controls). 

Abbreviation: EDSS, Expanded Disability Status Scale; BVMT-R, Brief Visual Memory Test-Revised; 

SDMT, Symbol Digit Modalities Test; MFIS, Modified Fatigue Impact Scale; BDI-II, Beck Depression 

Inventory-II; RRMS, relapsing-remitting MS; SPMS, secondary progressive MS. 
 † Education level was not obtained in three healthy participants and one RRMS (CI) participant. 

⸶ Total Lesion Volume was not calculated in a RRMS (CI) participant (no FLAIR). 
‡ EDSS was not obtained in two cognitively impaired (RRMS) participants. 

 
Controls 

(n=43) 

MS cohort 

(n=43) 

Not CI MS 

(n=20) 

CI MS 

(n=23) 

Sex (M/F) 13/30 8/35 4/16 4/19 

Age (years) 32-70 

48 ± 10 

32-71 

48 ± 10 

32-71 

47 ± 10 

34-70 

49 ± 10 

Education level (> 12 

years education) † 

38/40 16/42 8/20 8/22 

WM+GM (cm3) 1249 ± 125 1143 ± 127* 1184 ± 129* 1106 ± 115* 

Lateral Ventricles  

(cm3) 

13.9 ± 7.2 21.8 ± 11.3* 17.9 ± 10.6* 25.2 ± 11.1* 

Total Lesion Volume 

(cm3)⸶ 

- 0.03-44.2 

7.9 ± 11.4 

0.14-16.3 

2.8 ± 4.6 

0.03-44.2 

12.4 ± 13.5* 

Time since MS  

symptom onset (years) 

- 1-41 

16 ± 10 

2-41 

15 ± 11 

1-34 

16 ± 10 

EDSS ‡ - 0-6.5 

3.5 ± 2 

0-6.5 

3.0 ± 2.0 

2-6 

4.5 ± 1.0* 

BVMT-R (total recall) - 8-35 

21 ± 7 

19-35 

27 ± 5 

8-27 

16 ± 5* 

SDMT (z-scores) - (-3.33)-2.22 

-0.80 ± 1.4 

(-1.18)-2.22 

0.06 ± 0.9 

(-3.33)-0.77 

-1.55 ± 1.3* 

MFIS (physical) - 3-33 

20 ± 8 

5-29 

16 ± 7 

3-33 

24 ± 7* 

MFIS (cognitive) - 1-40 

19 ± 9 

1-29 

16 ± 8 

4-40 

22 ± 9* 

BDI-II - 1-41 

13 ± 9 

1-21 

9 ± 6 

4-41 

16 ± 10* 

RRMS - 35/43 17/20 18/23 

SPMS - 8/43 3/20 5/23 
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Lesion probability maps of the entire MS cohort showed the typical periventricular regions (Figure 

3.1A). The lesion probability spatial patterns were similar between not CI and CI groups, but with 

higher proportions of overlapping lesions in the CI group (Figure 3.1B, C). Total lesion volume 

(Table 3.1) was significantly higher (mean by ~4.5x) in CI MS relative to not CI MS participants 

(t(27)=3.21, p=0.003). 

Figure 3.1: Heat color-coded lesion probability maps derived from FLAIR in the (A) entire MS 

group (n=42), (B) not cognitively impaired – not CI (n=20) and (C) cognitively impaired – CI 

(n=22; one person was missing FLAIR) overlaid on the MNI152 T1 standard brain. The maximum 

local probability for lesions were in the classic periventricular regions and was higher in CI patients 

(~59% peak) compared to the not CI MS subgroup (~30% peak).  
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3.3.2.  Diffusion Tractography Qualitative Analysis of the Fornix  

High resolution (1.2x1.2x2=2.9 mm3) CSF suppressed FLAIR-DTI tractography yielded mostly 

full fornix tracts for all 43 healthy controls (Figure D.1 in Appendix D displays all fornix tracts 

color coded by FA and healthy participants ordered by age) and ~91% (39/43) of the MS cohort 

(Figure D.2 in Appendix D displays all fornix tracts color coded by FA and MS participants 

ordered by total lesion volume). Most of these MS participants also showed equivalent well 

delineated fornix tracts although there were examples (at least 6) with thin streamlines uni- or 

bilaterally, more evident in MS patients with higher total lesion volume (TLV), despite using the 

exact same tractography pipeline/parameters as the controls. Fornix tracts (classic “W” shape as 

viewed from above) with FA, MD, AD and RD color encoding from representative examples per 

group are shown in Figure 3.2 (A- healthy control, B- RRMS not CI, C- SPMS not CI, D- RRMS 

CI, and E- SPMS CI). Relative to the illustrative healthy control, these four MS examples show 

smaller fornix volume in three of four cases (23-55%), and all four show lower FA (4-22%) and 

higher diffusivities of MD (6-17%), AD (4-10%), and RD (9-31%). 
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Figure 3.2: Fornix DTI tractography (neurological view from top) with FA, MD, AD and RD 

color encoding scale in five representative participants: (A) 55 year old female healthy participant, 

(B) 52 year old not cognitively impaired RRMS female (EDSS 2.0, onset 14 years), (C) 53 year 

old not cognitively impaired SPMS male (EDSS 6.5, onset 16 years), (D) 51 year old cognitively 

impaired RRMS female (EDSS 3.5, onset 25 years), and (E) 61 year old cognitively impaired 

SPMS female (EDSS 6.0, onset 32 years). Three of four MS patients have a much smaller fornix 

tract volume. All four MS patients showed lower FA and higher MD, AD and RD. 
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3.3.3.  Diffusion Quantitative Analysis of the Fornix  

Fornix tractography-derived volumes were 26% lower in the full MS cohort when compared to the 

healthy controls (F(1, 83)=12.47, p≤0.0001, 1-β=0.99) (Figure 3.3A). This appears to be driven by 

the CI MS subgroup whose fornix volume was 36% smaller than controls (t(64)=-4.93, p≤0.0001, 

1-β=0.97) although the not CI MS subgroup also showed 16% smaller fornices (t(61)=-2.35, 

p=0.021, 1-β=0.94). The fornix displayed 7% lower FA (F(1, 83)=13.3, p≤0.0001, 1-β=0.99) 

(Figure 3.3B), 9% higher MD (F(1, 83)=22.87, p≤0.0001, 1-β=0.99) (Figure 3.3C), 6% higher AD 

(F(1, 83)=10.88, p≤0.0001, 1-β=0.97) (Figure 3.3D), and 12% higher RD (F(1, 83)=27.72, 

p≤0.0001, 1-β=0.99) (Figure 3.3E) in the MS group versus controls. As with volume, this was 

driven by the CI MS participants (-8% FA — t(64)=-5.15, p≤0.0001, 1-β=0.99; 12% MD — 

t(64)=6.72, p≤0.0001, 1-β=0.99; 7% AD — t(64)=4.63, p≤0.0001, 1-β=0.94; 17% RD — 

t(64)=7.40, p≤0.0001, 1-β=0.99; Figure 3.3B-E and Figure 3.4). It is interesting to note that the 

fornix DTI parameter most affected was RD,  mainly in the CI MS subgroup (Figure 3.4), and MD 

and RD were the only DTI parameters to differ in the not CI MS  subgroup (5% MD — t(61)=2.57, 

p=0.024, 1-β=0.99; 7% RD — t(61)=2.83, p=0.011, 1-β=0.99);  albeit to a lesser extent compared 

to controls (Figure 3.3C, E and Figure 3.4). All fornix volume and diffusion analyses, apart from 

FA, were adjusted for age. 
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Figure 3.3: Tractography-derived parameters of the fornix (A) volume, (B) FA, (C) MD, (D) AD, 

and (E) RD for controls (HC), all MS combined, not cognitively impaired (not CI), and cognitively 

impaired (CI) MS groups. The interval plots show the mean and a 95% confidence interval for the 

mean of each group with the population corrected Hedges's effect size gs and statistical differences 

in the MS groups versus healthy controls (FDR corrected *p<0.021). Volume and FA in the full 

MS cohort and CI MS were lower than in healthy participants. All diffusivities in the full MS 

cohort and CI MS were higher than in healthy subjects. Not CI MS showed lower volume and 

higher MD and RD when compared to healthy controls. In all volume and diffusion metrics, the 

largest effect sizes were reported in CI MS (gs=1.17-1.81) when compared to medium effect sizes 

in not CI MS (gs=0.48-0.76). 
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Figure 3.4:  Percentage MRI metrics changes in fornix and deep GM in not CI and CI MS versus 

healthy controls. Neurological view from top of 3D rendered fornix, thalamus, hippocampus, 

putamen, caudate, and total WM and CSF segmentations in not CI and CI MS subgroups that show 

significant percentage changes when compared to healthy controls. Volumes were reported for all 

brain structures/areas and diffusion metrics only for the fornix, thalamus and hippocampus. The 

color changes in terms of percentage reduction (blue) / increases (red) from all the brain 

structures/areas analyzed here showed the greatest % volume reductions in the fornix for the CI 

MS subgroup and the greatest diffusion metrics % differences also in the fornix, mainly MD and 

RD for both not CI and CI MS subgroups versus controls. Fornix FA and AD were also different 

when compared to controls only in the CI MS subgroup. (FDR corrected p<0.021). 
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3.3.4.  Deep Grey Matter Volume/Diffusion Analyses  

Volume and diffusion metrics for the thalamus and the hippocampus are reported in Table 3.2. 

After the fornix, the thalamus was the limbic structure reported here that showed the greatest MS 

atrophy with both the not CI (t(61)=-3.19, p=0.002, 1-β=0.99, gs=0.85) and CI (t(64)=-6.63, 

p≤0.0001, 1-β=0.99, gs=1.69) MS subgroups showing 11% and 23% lower volumes than the 

healthy controls, respectively. The thalamus FA was 4% higher in the not CI (t(61)=3.65, p=0.001, 

1-β=0.78, gs=0.98) and 3% higher in the CI (t(64)=2.66, p=0.018, 1-β=0.84, gs=0.68) MS 

subgroups relative to the controls. As opposed to the thalamus, the hippocampus volume showed 

no differences between MS and control groups. However, it did show 6% lower FA (t(64)=-3.2, 

p=0.004, 1-β=0.68, gs=0.82) and 3-5% higher MD (t(64)=3.34, p=0.002, 1-β=0.74, gs=0.85) and 

RD (t(64)=4.01, p≤0.0001, 1-β=0.87, gs=1.02) in CI MS versus controls.  

Fornix, thalamus and hippocampus volume and diffusion metrics and other brain tissue (total WM, 

CSF) and structure (putamen and caudate) volumes showing significant changes in the not CI or 

the CI MS subgroup when compared to healthy controls are pictorially described in Figure 3.4 

(FDR corrected p<0.021). From all the limbic structures under study here, the fornix showed the 

greatest volume reductions and diffusion metrics differences for the CI MS subgroup versus 

healthy controls. Putamen and caudate volumes are additionally shown in Table 3.2 (DTI metrics 

not shown). Putamen volume was significantly lower (9-15%) in both not CI and CI MS and the 

caudate volume was 14% lower only in CI MS compared to healthy participants. Combined total 

WM+GM volume was 5-11% lower in not CI and CI MS versus controls; and it was driven by 

lower WM volume (8-16%, Figure 3.4) in both MS subgroups as GM did not show any significant 
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volume changes in MS. Lateral ventricle volume (29-82%) and CSF volume (12-23%, Figure 4) 

were greater again in both not CI and CI MS when compared to healthy participants. Total 

WM+GM and lateral ventricle volumes for every group are reported in Table 3.1.  

 

Table 3.2: Deep GM MRI group metrics. Right and left combined thalamus and hippocampus 

volumes (cm3, right and left added) and diffusion metrics (average of mean ± standard deviation 

for FA – no units, MD, AD, RD – 10-3 mm2/s) and caudate and putamen volumes for controls 

versus the full MS cohort, not cognitively impaired (CI) and CI MS subgroups (FDR corrected 

*p<0.021). 

 Abbreviation: MD, mean diffusivity; AD, axial diffusivity; RD, radial diffusivity; FA, fractional 

anisotropy; Vol, volume. 

Right and Left Combined 

Deep GM Structure 

Controls 

(n=43) 

MS cohort 

(n=43) 

Not CI MS 

(n=20) 

CI MS 

(n=23) 

Thalamus Vol 12.0 ± 1.5   9.9 ± 1.7*   10.7 ± 1.6*   9.2 ± 1.5* 

FA 0.34 ± 0.02 0.36 ± 0.02* 0.36 ± 0.02* 0.35 ± 0.02* 

MD 0.76 ± 0.02 0.76 ± 0.02 0.76 ± 0.02 0.77 ± 0.02 

AD 1.03 ± 0.03 1.04 ± 0.04 1.04 ± 0.04 1.04 ± 0.04 

RD 0.63 ± 0.02 0.63 ± 0.02 0.62 ± 0.02 0.63 ± 0.02 

Hippocampus 

 

Vol  8.2 ± 0.9 7.6 ± 0.8 7.8 ± 0.8 7.5 ± 0.8 

FA 0.27 ± 0.02 0.26 ± 0.02* 0.28 ± 0.02 0.26 ± 0.02* 

MD 0.85 ± 0.03 0.87 ± 0.03* 0.86 ± 0.03 0.88 ± 0.04* 

AD 1.08 ± 0.05 1.10 ± 0.04 1.10 ± 0.03 1.10 ± 0.05 

RD 0.73 ± 0.03 0.75 ± 0.04* 0.74 ± 0.03 0.76 ± 0.04* 

Putamen Vol 8.4 ± 1.0   7.4 ± 1.0*   7.6 ± 1.0*   7.2 ± 1.0*  

Caudate Vol 7.1 ± 0.8   6.4 ± 1.0*  6.8 ± 1.0   6.1 ± 0.9*   
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3.3.5.  Linear Relationships between Fornix Metrics and Age in MS and Healthy 

Controls 

For the fornix, volume (Figure 3.5A) and diffusivities (Figure 3.5C-E), but not FA (Figure 3.5B), 

showed significant correlations with age in either MS and/or healthy controls (FDR corrected 

p<0.033). The fornix volume correlated negatively (r=-0.46, p=0.002), and AD correlated 

positively (r=0.38, p=0.013) with age only in the MS cohort. Fornix MD (MS – r=0.37, p=0.014; 

HC – r=0.43, p=0.004) and RD (MS – r=0.34, p=0.025; HC – r=0.47, p=0.001) displayed 

significantly positive correlations over the age span under study here (32 to 71 years) for both MS 

and controls. The fornix MD and RD showed similar slopes between MS and controls, but the Y 

intercepts were significantly different for the two diffusion metrics (MD — F(1, 83)= 32.87, 

p≤0.0001; RD — F(1, 83)= 38.87, p≤0.0001) demonstrating that mean and radial diffusivities 

within the fornix were higher with age in both cohorts but were consistently higher in MS 

compared to healthy controls over the age span studied here. 
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Figure 3.5:  The fornix (A) volume, (B) FA, (C) MD, (D) AD, and (E) RD scatterplots versus age 

for the entire MS cohort (red filled circles) and controls (open blue circles) with linear regression 

fits if significant (FDR corrected p<0.025). Fornix volume inversely correlated with age and AD 

positively correlated with age only in the MS cohort. Fornix MD and RD also showed positive 

correlations with age in MS and healthy participants. The MD and RD had similar positive slopes 

with age in both cohorts although both diffusion metrics are consistently higher in MS versus 

controls over the age span.   

 

3.3.6.  Fornix Volume and DTI Metric Correlations with Thalamus/Hippocampus 

Volume and DTI Metrics, Total WM/GM/CSF/Lateral Ventricles Volumes and 

TLV in MS 

Partial Pearson correlations corrected for age between all the fornix volume and diffusion metrics 

versus thalamus and hippocampus volume and diffusion metrics, total WM/GM/CSF/lateral 

ventricles volumes and total lesion volume are shown in Table 3.3. For the thalamus, the fornix 

volume and diffusion parameters were all correlated to the thalamus volume but not to FA. 
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Thalamus MD and RD correlated with all fornix metrics but FA, and thalamus AD correlated with 

fornix MD and RD. In contrast, for the hippocampus, there were no fornix correlations with 

hippocampal volume, but all fornix metrics correlated with hippocampus FA and RD. 

Hippocampus MD and AD both showed correlations with all fornix diffusivities and with fornix 

volume for hippocampus MD only. Total WM volume correlated with fornix MD and RD and 

total GM volume did not show any fornix correlations. Total CSF and lateral ventricles volumes 

correlated with fornix volume and all diffusivities but not with fornix FA. Total lesion volume 

correlated with fornix volume and all diffusion metrics. 
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Table 3.3: Partial Pearson correlation coefficients of fornix volume / diffusion metrics versus 

SDMT – information processing speed, thalamus and hippocampus volume / diffusion metrics, 

and volumes of WM, GM, CSF, lateral ventricles, and total lesions over the entire MS cohort (p-

values in brackets, FDR corrected *p<0.017).  

Abbreviation: SDMT, Symbol Digit Modalities Test; FA, fractional anisotropy; MD, mean 

diffusivity; AD, axial diffusivity; RD, radial diffusivity. 

Cognitive/Brain 

Metric  

Fornix 

Volume 

Fornix FA Fornix MD Fornix AD Fornix RD 

SDMT z-scores 0.24 

(0.110) 

0.40* 

(0.008) 

-0.37* 

(0.013) 

-0.25 

(0.103) 

-0.42* 

(0.005) 

Thalamus Volume 0.48* 

(0.001) 

0.61* 

(<0.001) 

-0.68* 

(<0.001) 

-0.53* 

(<0.001) 

-0.73* 

(<0.001) 

Thalamus FA  -0.02 

(0.89) 

0.01 

(0.95) 

0.08 

(0.60) 

0.08 

(0.62) 

0.08 

(0.62) 

Thalamus MD  -0.42* 

(0.005) 

-0.31 

(0.044) 

0.55* 

(<0.001) 

0.49* 

(<0.001) 

0.54* 

(<0.001) 

Thalamus AD  -0.27 

(0.08) 

-0.24 

(0.12) 

0.42* 

(0.005) 

0.36 

(0.02) 

0.42* 

(0.005) 

Thalamus RD  -0.47* 

(0.002) 

-0.31 

(0.045) 

0.55* 

(<0.001) 

0.50* 

(<0.001) 

0.53* 

(<0.001) 

Hippocampus 

Volume 

0.11 

(0.501) 

0.20 

(0.19) 

-0.18 

(0.24) 

-0.13 

(0.40) 

-0.20 

(0.20) 

Hippocampus FA 

 

0.40* 

(0.009) 

0.54* 

(<0.001) 

-0.58* 

(<0.001) 

-0.44* 

(0.003) 

-0.62* 

(<0.001) 

Hippocampus MD -0.41* 

(0.006) 

-0.32 

(0.038) 

0.66* 

(<0.001) 

0.62* 

(<0.001) 

0.63* 

(<0.001) 

Hippocampus AD 

 

-0.18 

(0.25) 

-0.03 

(0.83) 

0.36* 

(0.017) 

0.39* 

(0.010) 

0.32 

(0.040) 

Hippocampus RD -0.48* 

(0.001) 

-0.42* 

(0.005) 

0.72* 

(<0.001) 

0.65* 

(<0.001) 

0.71* 

(<0.001) 

Total WM Volume 0.32 

(0.037) 

0.34 

(0.028) 

-0.41* 

(0.006) 

-0.33 

(0.03) 

-0.43* 

(0.004) 

Total GM Volume -0.03 

(0.86) 

0.21 

(0.18) 

0.01 

(0.96) 

0.09 

(0.55) 

-0.05 

(0.76) 

Total CSF Volume -0.52* 

(<0.001) 

-0.13 

(0.42) 

0.62* 

(<0.001) 

0.66* 

(<0.001) 

0.54* 

(<0.001) 

Lateral Ventricles 

Volume 

-0.40* 

(0.008) 

-0.16 

(0.31) 

0.64* 

(<0.001) 

0.66* 

(<0.001) 

0.57* 

(<0.001) 

Total Lesion 

Volume 

-0.43* 

(0.004) 

-0.57* 

(<0.001) 

0.66* 

(<0.001) 

0.50* 

(<0.001) 

0.71* 

(<0.001) 
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3.3.7.  Cognitive and Clinical MS Correlations  

Information processing speed given by SDMT, as one of the memory traits severely affected in 

MS and used here for cognitive impairment classifications, showed linear relationships mainly 

with the fornix but also with its interconnecting deep GM. Slower information processing speed 

given by lower SDMT scores correlated with lower FA and higher MD and RD in the fornix (Table 

3.3, Figure 3.6A-C). Lower thalamus volume and lower hippocampus FA additionally correlated 

with slower information processing speed (Figure 3.6D, E). There were no significant correlations 

of EDSS or visual working memory (BVMT-R) with fornix, thalamus or hippocampus 

volume/diffusion metrics, global brain volumes, or total lesion volume. Lower thalamus volume 

correlated with longer MS symptom onset times (Figure 3.7A) with no apparent differences 

between CI and not CI groups. Higher FA values in the hippocampus correlated with lower 

physical fatigue (Figure 3.7B), with most of the CI MS participants (83% of total CI MS) 

displaying the highest fatigue scores with low hippocampus FA. 
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Figure 3.6: MRI correlations with information processing speed. Lower SDMT (z-scores) 

reflecting slower information processing speed were correlated with (A) lower FA, (B) higher MD 

and (C) higher RD in the fornix over the entire MS cohort. (D) Lower volume in the thalamus and 

(E) lower FA in the hippocampus were also related with slower information processing speed 

(FDR corrected p≤0.017). For visualization, MS participant symbols reflect not cognitively 

impaired (Not CI – green triangles) or cognitively impaired (CI – orange flipped triangles). 

 

Figure 3.7: Other clinical correlations. (A) Longer times since MS symptom onset correlated with 

lower thalamus volume for the entire MS cohort and (B) lower physical fatigue (MFIS) was 

correlated with higher FA in the hippocampus (FDR corrected p≤0.017). For visualization, MS 

participant symbols reflect not cognitively impaired (Not CI) or cognitively impaired (CI). 
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3.3.8.  Performance of Fornix and Limbic Deep GM Diffusion/Volume Metrics in 

Discriminating CI in MS 

The volume and diffusion metrics considered as prospective predictors to discriminate between 

the controls and MS groups were the fornix volume, MD and RD, and the thalamus and putamen 

volumes as these were the limbic metrics/structures that previously differed between all MS groups 

and healthy participants. The fornix MD and RD were assessed as predictors in separate models 

to avoid multicollinearity. The ordinal logistic regression model that best fitted the data and 

showed the greatest measures of association included high fornix RD and low thalamus volume, 

controlled for age, as predictors of CI in MS. ROC curves (Figure 3.8, Table 3.4) showed a good 

diagnostic capability (AUC=87.8%, accuracy=81.4%) in differentiating between all MS patients 

and healthy individuals with high sensitivity and specificity (Table 3.4). The highest predictive 

statistics were obtained for the CI MS patients (AUC=89.1%, accuracy=87.2%) when compared 

to not CI MS participants and controls. The lowest predictive performance was achieved for the 

not CI MS group (AUC=69.2%, accuracy=80.2%). All ROC curves statistics are reported in Table 

3.4. 
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Figure 3.8: Receiver operating characteristic (ROC) curves that best discriminate between CI 

status in MS and healthy controls. ROC was generated for the ordinal logistic regression model 

that best discriminated between the MS cohort, not CI MS, CI MS groups and healthy controls. 

Fornix radial diffusivity, thalamus volume, and age were the main parameters that contributed 

significantly to the predicting capability of the model. The ROC curves showed the relationship 

between sensitivity (true positives; y axis) and 1−specificity (false positives; x axis) of these limbic 

brain metrics to identify each of these MS groups versus the others. The dashed diagonal line 

represents ROC curves with area under the curve (AUC)=0.5. The CI MS group (orange) followed 

by the full MS cohort (blue) curves displayed the highest AUC when compared to the not CI MS 

group (green).  
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Table 3.4: Receiver operating characteristic (ROC) statistics. ROC Area under the curve (AUC), 

accuracy (calculated from the optimal operating cut-off point of the receiver operating 

characteristic, ROC, curve), sensitivity and specificity statistics computed from the ROC curves 

showing the logistic regression model capability to discriminate between the MS cohort, not CI 

MS, CI MS groups and healthy controls (HC). The 95% confidence intervals for each ROC metric 

are shown in brackets. 

 

 

3.4. Discussion 

This MS study is the first to use high resolution FLAIR-DTI as a more accurate method to 

investigate volume and diffusion metrics of the fornix in MS. The CSF suppression and higher 

spatial resolution suggest that prior lower resolution, non-CSF suppressed findings of diffusion 

abnormalities of the fornix in MS are reflective of changes in axonal/myelin microstructure and 

not driven simply by partial volume effects from atrophy of the fornix [125], [209], [210], [256], 

[260], [274], [312]. Furthermore, robust tractography of the fornix demonstrates that this tract’s 

volume is the most affected percentagewise in cognitively impaired MS (36% reduction), more 

than any other volume/diffusion measurement, including deep grey matter, in our study. Likewise, 

the fornix showed the greatest diffusion differences in the MS cohort relative to the thalamus and 

the hippocampus. These DTI alterations were also all more abnormal in CI MS than in not CI MS 

compared to the controls suggesting a critical role for the fornix (the major efferent tract of the 

ROC Curves AUC 

(95% CI) 

Accuracy 

(95% CI) 

Sensitivity 

(95% CI) 

Specificity 

(95% CI) 

HC vs. Not CI, CI MS 87.8% 

(78.3-93.4) 

81.4% 

(67.9-91.4) 

83.7% 

(69.3-92.9) 

79.1% 

(66.4-90.0) 

Not CI MS vs. HC, CI 

MS 

69.2% 

(54.0-80.8) 

80.2% 

(69.0-89.3) 

60.0% 

(38.1-81.8) 

63.6% 

(49.6-74.6) 

CI MS vs. HC, Not CI 

MS 

89.1% 

(80.2-95.0) 

87.2% 

(76.4-95.3) 

87.0% 

(63.3-96.2) 

76.2% 

(65.5-85.7) 
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hippocampus) and highlighting its early and selective degradation in relation to cognitive 

impairment that may precede hippocampal atrophy as previously reported in mild cognitive 

impairment and early stages of Alzheimer’s disease [322], [323]. Also, fornix RD displayed higher 

values in MS regardless of CI classifications which could be interpreted as demyelination [121], 

[324] and seemed to specifically increase with cognitive deterioration.  

Relative to healthy controls, the thalamus volume and the hippocampus DTI metrics were also 

more altered in CI than not CI MS, extending upon previous DTI findings in these regions in MS 

[210], [267], [271], [313], [314]. Following the fornix, the thalamus showed the greatest degree of 

atrophy [233], [270], [309], [313] mostly in CI MS (23%), but also displayed higher FA in the MS 

cohort, which agreed with previous DTI studies [240], [267], [271]. Thalamic atrophy could be 

explained by neuronal losses due to various pathological processes such as CSF excitotoxic 

elements [292], [325], [326], activated microglia [271], [327], or antero- or Wallerian degeneration 

from thalamic radiations or WM pathways like the mammillary bodies and the fornix. Elevated 

FA in the thalamus could be partially explained directly from structural reorganization of fiber 

tracts [267], [328] and cell swelling [271] within the thalamic nuclei, or indirectly from increased 

coherence due to adjacent/interconnecting crossing fiber loss [240]. However, neither the thalamic 

radiations nor WM tracts other than the fornix were measured here. In agreement with a previous 

MS DTI study [329], the hippocampus showed significant although moderate diffusion differences 

(lower FA, higher MD/RD) in CI MS versus controls suggesting that microstructural changes 

precede atrophy. It is possible that the hippocampus microstructural injury (e.g. demyelination) is 
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driven by periventricular WM [330], likely the fornix, given the more extensive changes in that 

connected tract. 

The main fornix cognitive finding was a linear relationship of lower FA or greater MD/RD with 

slower information processing speed, measured by the SDMT in MS. The thalamus volume and 

hippocampus FA also correlated with SDMT, being worse in the CI MS patients. These findings 

were equally supported by the good accuracy of high fornix RD values and thalamus atrophy to 

correctly classify MS patients, particularly CI participants, and they suggest a link between limbic 

brain structures such as the fornix and cognitive decline in MS [210], [256], [260], [329]. Slow 

processing speed appears to be a core cognitive process underlying memory acquisition deficits in 

MS [331]. The SDMT has been recognized as a highly sensitive test for cognitive change in MS, 

and it is not only specific to deficits in processing speed, but is also affected by deficits in other 

cognitive domains, including visual memory, attention, recall and consolidation [331]–[333]. The 

thalamus atrophy additionally showed a negative relationship with longer MS duration. This 

cumulative thalamic atrophy over time agrees with a volumetric longitudinal study which focused 

on thalamus volume in MS [334]. Lower hippocampus FA was associated with greater physical 

fatigue, which is consistent with a recent volumetric study reporting a link between sustained 

fatigue and hippocampus/striatal/deep GM atrophy in MS [335]. Fatigue review studies primarily 

in MS [336], but also in other related neurological disorders [337], have suggested that imbalance 

in dopamine levels and cognitive dysfunction in hippocampal, striatal and prefrontal cortex areas 

with reduced functional connectivity between them could lead to effort–reward imbalance, causing 

fatigue and vice versa. 
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There were several limitations in our study. The relatively small size of the SPMS group and lack 

of PPMS compared to the RRMS patients in our MS cohort should be addressed in the future to 

make inferences regarding relapsing and progressive clinical phenotypes. The application of an 

automatic segmentation procedure/labels identified on 3D T1-weighted MPRAGE for the DTI 

metrics calculation in the thalamus and hippocampus, instead of manual segmentation, could cause 

errors, but the accuracy of the coregistered ROIs were checked in each individual and the same 

procedure was applied to all. The added inversion pulse for FLAIR-DTI made the scan length 

longer (relative to regular DTI) which limited the number of slices and brain coverage to keep the 

scan time to a reasonable 4 minutes, thereby limiting the study of other potentially relevant WM 

tracts. The cross-sectional design of our study limited conclusions regarding the temporal 

relationships of the mechanisms involved with fornix damage in MS, necessitating future 

longitudinal studies. 
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4. High Resolution Diffusion Tensor Imaging and T2 Mapping Detect Regional 

Changes within the Hippocampus with Links to Cognitive Impairment in Multiple 

Sclerosis3  

Abstract  

Hippocampus atrophy as measured by volumetric magnetic resonance imaging (MRI) is well 

documented in multiple sclerosis (MS). Pathological studies report regional microstructural 

changes (e.g., demyelination) across the hippocampus that are heterogeneous over MS patients.   

Diffusion tensor imaging (DTI) and T2 mapping could potentially detect such regional changes in 

vivo if acquired with sufficient spatial resolution. The goal here was to evaluate the hippocampus 

in 43 MS patients (35 relapsing-remitting, 8 secondary progressive) with and without cognitive 

impairment (CI) versus 43 controls using high resolution 1 mm isotropic DTI, as well as 

complementary methods of T2-weighted and T2 mapping at 3 T. When compared to controls, 

averaged left/right whole‐hippocampus mean diffusivity (MD) was higher in both MS groups, 

while lower fractional anisotropy (FA) and volumes, and higher T2 relaxometry and T2-weighted 

signal values were only significant in CI MS. The hippocampal MD and T2 images/maps were not 

uniformly affected and regions of elevated MD/T2 were more frequent and extensive in MS 

patients. These were often located along the lateral/medial borders of the hippocampus, 

specifically in the dentate gyrus and the Cornu Ammonis 1 regions, extending mainly from 

 

3 Submitted to NeuroImage as: Valdés Cabrera, D., Blevins, G., Smyth, P., Emery, D., & Beaulieu, C. High 

Resolution Diffusion Tensor Imaging and T2 Mapping Detect Regional Changes within the Hippocampus with 

Links to Cognitive Impairment in Multiple Sclerosis. 
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periventricular lesions and perihippocampal/cerebrospinal fluid adjacent areas. Both CI and not CI 

MS groups showed greater proportional areas of the hippocampus with elevated MD, whereas only 

the CI group showed greater proportional area of elevated T2 relaxation times or T2-weighted 

signal. Higher T2 relaxometry and T2-weighted signal values of elevated regions correlated with 

greater disability (EDSS) and whole-hippocampus FA negatively correlated with physical fatigue. 

High resolution hippocampus DTI and T2 mapping showed whole hippocampus abnormalities 

with regional elevations of MD/T2 in MS, likely indicators of demyelination, which overall were 

more extensive in patients with larger total brain lesion volumes and cognitive impairment.  

4.1. Introduction 

There is a high incidence of cognitive impairment (CI) in multiple sclerosis (MS) [338], [339]. 

These deficits are predominantly in episodic and working memory, but also information processing 

speed [208], [340], all of which often overlap with fatigue and depression that are also prevalent 

in MS [304], [341]. The anatomical and pathological substrates of cognitive impairment are not 

fully understood in MS. However, there is a growing body of evidence pointing to the involvement 

of the hippocampus either directly or as a part of networks with interconnected structures such as 

the thalamus [342], [343]. The hippocampus is a temporal lobe structure that plays a crucial role 

in memory, regulation of mood and emotional response [344], [345]. The importance of further 

quantitative imaging studies of deep grey matter (GM) (including hippocampus) injury in MS has 

been recently highlighted in a consensus statement by the North American Imaging in MS 

Cooperative [278]. 
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Demyelinating lesions have been observed in histopathological studies of the hippocampus in 

about 60% of MS patients postmortem, mostly secondary (SPMS) and primary progressive 

(PPMS) with disease durations on average ~25-28 years with mean ages of 58-66 years [190], 

[296], [346]–[348]. For example, in a study of 45 progressive MS patients, demyelinating lesions 

were observed in 24 of them with 1-4 lesions per case; the demyelination covered on average 30% 

of the hippocampus albeit with a large range of 2-95% [347]. Demyelinated areas often displayed 

preserved axons with reductions in synaptic density [190], [296] although significant neuronal loss 

has also been reported [347]. Most of this damage appeared to be located within the dentate gyrus 

(DG) [190], [346] and the Cornu Ammonis 1 (CA1) [190], [347], in addition to all the remaining 

CA subfields (CA2-4) in one study [347]. Other work mentioned CA2 and DG hilus sparing in 

isolated intra-hippocampal lesions [190]. The residual hippocampus on a coronal slice of 

pathology has also been reported to have 22% smaller area in MS [347]. 

GM lesions in MS often cannot be visualized with T2-weighted images due to poor contrast with 

the surrounding normal appearing GM and CSF [349]. Lesions in the hippocampus have been 

observed using 3D double inversion recovery (DIR) sequences (T1 based contrast) in 14 out of 16 

MS patients (11 relapsing remitting MS - RRMS, 5 SPMS) with an average of 2.6 such lesions per 

patient which was related to visuospatial memory score [350]. Numerous conventional magnetic 

resonance imaging (MRI) volumetric studies have reported marked atrophy of the whole 

hippocampus [211], [213], [274], [311], [351]–[359] by ~8% (range 4-24%) in different MS 

populations with some of these showing links to cognitive impairment [211], [353], [355], [356], 

[358]. In these previous studies, atrophy of the hippocampus was often greater than reductions in 
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overall GM [211], [353], white matter (WM) [211], [213] or total brain volume [311], [353], [357], 

[359]. Subfield volumetric studies on high resolution T2-weighted coronal images of MS report 

smaller DG, CA1, and subiculum [311], [355]–[359], and CA2-3 less frequently [311], [357], 

[358]. Other MRI sequences such as functional MRI and MR spectroscopy have detected 

hippocampal disconnections with other brain regions [213], [351] and metabolic changes [360], 

respectively, in MS.  

Diffusion tensor imaging (DTI) is sensitive, albeit not specific, to changes in neural microstructure 

(e.g. axon/cell loss, demyelination, edema) [97], but its poor spatial resolution has led to limited 

application to the study of the atrophied hippocampus in MS. Nearly all of the few DTI studies of 

the hippocampus in MS have thus evaluated diffusion metrics averaged over the entire 

hippocampus demonstrating higher mean diffusivity (MD) [213], [313], [329], [361] and lower 

fractional anisotropy (FA) [313], [329], [361] versus healthy cohorts. For example, in one study 

using better than normal 1.6 mm isotropic DTI resolution (also the only previous work actually 

displaying diffusion maps of the hippocampus) MS showed higher hippocampal MD and lower 

FA with no difference in hippocampus volume [329]. In this study, higher hippocampus MD 

correlated with worse long-term episodic verbal memory recall in clinically isolated syndrome 

(CIS) patients and with information processing speed in MS, and MD had 90% sensitivity in 

discriminating memory-impaired from memory-preserved CIS patients [329]. Higher MD of the 

hippocampus has correlated with worse visuospatial skills and slower information processing 

speed in MS [210]. A separate study using CSF-suppressed DTI showed that lower hippocampal 

FA correlated with greater fatigue in MS [361]. A recently developed high resolution, 1 mm 
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isotropic, axial-oblique DTI protocol of the hippocampus at 3 T, with slices aligned along its long 

axis and acquired under 6 minutes, has demonstrated a marked improvement in visualization and 

contrast of the hippocampal borders and internal architecture (Figure 4.1A, D) [136]. This has 

facilitated its segmentation directly in DTI native space without co-registration to anatomical scans 

while also minimizing partial volume effects and improving accuracy of diffusion metrics. This 

novel protocol has been able to detect unique patterns of focal diffusion abnormalities throughout 

the hippocampus of patients with temporal lobe epilepsy [362], but it has never been applied in 

MS before. As a complement to diffusion MRI, quantitative T2 relaxometry of the hippocampus 

has also been shown to detect T2 differences reflecting microstructural damage in epilepsy [363] 

and Alzheimer’s disease [364]; high resolution T2 relaxometry has not been applied to the 

hippocampus in MS to our knowledge. Longer T2 relaxation times have been considered an 

indicator of neuronal damage, caused by demyelination and increased water content due to 

inflammation/edema, as seen in normal appearing WM beyond lesions in MS [78]. 

The aims of this study were (a) to use high resolution (voxel volume 1 mm3) DTI of the 

hippocampus to evaluate whole and regional diffusion abnormalities in MS with and without 

cognitive impairment, (b) to evaluate the utility of high resolution (voxel volume 1.2 mm3) T2 

relaxometry from multi-echo spin echo acquisitions of the hippocampus for the same purpose as 

DTI and even higher resolution (voxel volume 0.25 mm3) T2-weighted imaging for signal 

evaluation, and (c) to assess correlations between the hippocampal MRI metrics and cognitive 

functions affected in MS (visual working memory, information processing speed), fatigue, 

depression, and disability. 
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4.2. Methods 

4.2.1.  Participants 

Study participants included 43 patients diagnosed with MS (35 RRMS, 8 SPMS), in addition to 43 

healthy controls with no self-reported neurological/psychiatric disorders or brain injuries and 

similar age and sex distribution as the MS cohort. MS participants were enrolled from the 

University of Alberta MS Clinic and controls were selected from a larger normative study on 

healthy brain development (n=32) or were recruited from advertising (n=11). This study was 

approved by the University of Alberta Health Research Ethics Board and all protocols were 

conducted according to the Declaration of Helsinki with written informed consent from all 

participants. The MS participants were consecutively recruited during the study enrollment period 

if they fulfilled the inclusion/exclusion criteria (all phenotypes, disability scores, cognitive status 

and ages were included). The only inclusion criteria for eligibility to participate in the study as a 

MS participant was a clinically definite RRMS, SPMS or PPMS diagnosis. The exclusion criteria 

were no history of clinically documented relapse or a high dose steroid treatment in a year prior to 

MRI scan. Two RRMS and six SPMS participants were not receiving MS medications or 

treatments, but the remaining cohort were on different disease-modifying therapies. Twelve 

participants (9 RRMS, 3 SPMS) were on antidepressant medications. The demographic and 

clinical data are shown in Table 4.1.   
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4.2.2.  Cognitive Assessment  

Most of the MS cognitive and clinical tests were performed by the first author (DVC) to evaluate 

disability, facets of memory (visuospatial abilities, processing speed), depression and fatigue 

which is known to be interrelated to cognition in MS. The tests consisted of the Kurtzke Expanded 

Disability Status Scale (EDSS) for overall disability in MS (provided by MS neurologists, 

coauthors GB and PS); Brief Visual Memory Test-Revised (BVMT-R) for visuospatial learning 

and memory (age corrected z-scores, total recall scores only); Symbol Digit Modalities Test 

(SDMT) for information processing speed and visual scanning/learning (corrected for age and 

education level, z-scores); Modified Fatigue Impact Scale (MFIS) for effects of fatigue in terms 

of physical and cognitive functioning; and Beck Depression Inventory-II (BDI-II) for depression. 

The combination of BVMT-R and SDMT was utilized for detecting CI in MS patients with cut-

off scores similar to what was applied in previous work [361], although only total recall BVMT-

R scores were considered here. Patients were classified as CI when at least one of the two test 

scores were below the established clinical cut-off (Table 4.1). Patients were additionally classified 

as fatigued by applying a MFIS cut-off score of 38 [365]. 

4.2.3.  MRI Protocol  

Brain MRI was acquired on a 3 T Siemens Prisma with a 64-channel head/neck RF coil. Diffusion 

MRI data of the hippocampus was acquired over 20 1 mm isotropic resolution axial-oblique slices 

with no gap, no interpolation and prescan normalization filter on, with single shot 2D echo planar  

imaging (EPI) (GRAPPA R=2; 6/8 PPF; A/P phase encode), FOV 220×216 mm2, matrix 220×216, 

TE 72 ms, TR 2800 ms, b=500 s/mm2 with 10 monopolar gradient directions, 10 averages and 10 
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non diffusion-weighted images (DWI) for a scan time of 5:18 min (Figure 1A, D) [136]. The slices 

were aligned to the long axis of the hippocampus using a whole brain high resolution 3D T1-

weighted magnetization-prepared rapid acquisition with gradient echo (MPRAGE) for reference 

(0.85 mm isotropic; 3:39 min). Whole brain 3D sampling perfection with application optimized 

contrasts using different flip angle evolution (SPACE) fluid-attenuated inversion recovery 

(FLAIR) was also performed (1.2 mm isotropic, 3:07 min) in the MS cohort to yield total WM 

lesion volumes (TLV) [361]. T2 relaxometry and higher in-plane resolution T2-weighted imaging 

were acquired for the same 20 1 mm axial oblique slices as the DTI and included: (a) T2 multi-

echo spin echo with 16 echoes (TE=10.7-171.2 ms with 10.7 ms inter-echo spacing), TR=3560 

ms, 1.1×1.1×1 mm3, 20 slices in 5:47 min, and (b) 0.5×0.5×1 mm3 T2-weighted images with 

TE=52 ms, TR=5440 ms, 20 slices in 4:39 min.  The T2 multi-echo spin echo sequence was only 

acquired in 11 of the 43 controls (51 ± 11 years) as many of the controls were part of a larger 

normative study on healthy brain development which did not have this MRI sequence, and T2 

mapping data was discarded in one RRMS not CI patient due to artifacts.  

4.2.4.  Image Processing 

Total brain volumes from MPRAGE and TLV from FLAIR (Table 4.1) were taken from a previous 

publication focused on FLAIR-DTI of the fornix in this same MS cohort [361]. All ROIs were 

segmented in ITK-SNAP (v3.8.0) [320]. 
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4.2.4.1.  Hippocampus DTI 

Denoising, Gibbs-ringing, eddy current, subject motion correction, B1 field inhomogeneity 

correction, and tensor parameter estimation were performed in MRtrix3 [366]. Hippocampus 

regions-of-interest (ROIs) [367] were manually segmented to yield whole hippocampal volumes, 

MD, and FA of right and left separately. The whole hippocampus was segmented in the axial-

oblique plane of native space mean DWIs, checking the coronal and sagittal structure boundaries, 

by a single user (author DVC), who was blinded to participant age and group classification. The 

entire hippocampus was segmented in accordance with the European Alzheimer's Disease 

Consortium (EADC) and Alzheimer's Disease Neuroimaging Initiative (ADNI) Harmonized 

Protocol (HarP) [368], including the fimbria/alveus and whole tail but excluded the subiculum 

(Figure 4.1B, E). Dice similarity and intraclass correlation coefficients for interrater reliability of 

authors DVC and KGS was 0.80 and 0.86 respectively for the whole hippocampus ROIs, as 

measured in a subsample of the healthy cohort (n=38). An MD threshold of 2.2 × 10−3 mm2/s was 

set from values calculated from ROIs placed on ventricular cerebrospinal fluid (CSF), excluding 

the choroid plexus, in 10 representative healthy controls and 10 age matched MS patients (32 to 

70 years), and it was used to exclude voxels containing primarily CSF from the whole 

hippocampus volume and diffusion measurements. To evaluate regional elevated MD areas, 

histogram analysis was performed in each subject’s segmented hippocampus ROIs. Standard 

deviations (SD) were calculated over all the individual voxels in the healthy control group (n=43), 

and a threshold set as 2 SD over the group mean value (mean MD of 0.80 ± SD 0.21 × 10−3 mm2/s 

led to 1.22 × 10−3 mm2/s) was defined as hyperintense. The ratio or percentage area relative to the 
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number of voxels of the total hippocampus that displayed MD values above the defined threshold 

and the mean MD value in this area was calculated in each subject. No regional analyses were 

performed for FA which is quite low in the hippocampus. 

4.2.4.2.  Hippocampus T2 Relaxometry 

T2 relaxometry maps were calculated from multi-echo spin echo images using extended phase 

graph (EPG)-based stimulated echo compensation [89] modified to use slice profiles approximated 

using the Shinnar-Le Roux algorithm [93]. Whole hippocampus ROIs from the diffusion scans 

were utilized as a guidance to segment similar ROIs in the T2 relaxometry maps. A threshold of 

200 ms was applied to the segmented T2 relaxometry maps to remove voxels with excessive partial 

volume effects with CSF in agreement with previous work [362], [369]. To evaluate regional 

elevated T2 relaxometry values within the hippocampus, an analysis similar to that for DTI was 

performed here. T2 relaxometry values above a threshold were calculated as 2 SD over the healthy 

control group (n=11) mean value (mean T2 of 74 ± SD 16 ms led to 106 ms threshold) and were 

defined as hyperintense. The ratio or percentage area of the total hippocampus that displayed T2 

relaxometry values above the defined threshold and the mean T2 value in this area was calculated 

in each subject. 

4.2.4.3.  Hippocampus T2-weighted Signal  

T2-weighted sequences are used for lesion detection in clinical practice and have been used as a 

comparison in a previous hippocampus DIR study in MS [350]. Whole hippocampus ROIs from 

the diffusion scans were utilized as guidance to segment similar ROIs in T2-weighted images 
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(higher 0.5 x 0.5 mm2 in-plane resolution than the T2 maps above to aid in visualizing small GM 

lesions) and voxels with pure CSF in the vicinity of the hippocampus were excluded from the 

ROIs. The T2-weighted signal intensities were calculated for the whole hippocampus and then 

normalized to ventricular CSF values within the same scan from ROIs carefully placed on 

ventricular CSF avoiding any visible pulsation artifacts. To evaluate regional hyperintense T2-

weighted signal areas within the hippocampus, similar analysis to that performed with DTI and T2 

relaxometry was performed here. CSF-normalized T2-weighted signal values above a threshold 

were calculated as 2 SD over the healthy control group (n=43) mean value (mean relative T2 signal 

hippocampus/CSF of 0.64 ± SD 0.09 led to 0.82 threshold) and were defined as hyperintense. The 

ratio or percentage area of the total hippocampus that displayed T2-weighted signal intensities 

above the defined threshold and the mean value in this area was calculated in each subject. 

4.2.5.  Statistical Analysis 

Statistical analyses were performed in Minitab v20 and MatLab R2020b. There were no 

hemispheric differences (paired t-test) for hippocampus volume, MD or T2 in the MS cohort and 

to reduce the number of multiple comparisons, all metrics were left/right averaged for further 

analyses. Group effects (healthy controls, not CI MS and CI MS) were examined with analysis of 

covariance tests (ANCOVA, with age as a covariate when significant) for whole hippocampus 

MD, FA, T2 relaxometry, and T2-weighted signal metrics and regional elevated MD, T2 

relaxometry and T2-weighted signal percentage areas and values. Post-hoc Tukey pairwise 

comparisons, controlling the family‐wise error rate, were used to test further differences between 

not CI and CI MS subgroups and healthy controls. Linear associations between all the whole and 
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regional hippocampus MRI metrics were tested with Pearson’s correlations against TLV and 

clinical/cognitive variables (EDSS, BVMT-R, SDMT, MFIS – physical and cognitive, BDI-II, MS 

symptoms onset) in the entire MS cohort. All statistical tests were corrected for multiple 

comparisons with the Benjamini–Hochberg false discovery rate (FDR‐BH) method using a 

MatLab R2020b in-house written script to provide a q-value≤0.05. FDR adjusted p-values were 

set up as follows: ANCOVAs, p≤0.027; Pearson correlations, p≤0.008. 

4.3. Results 

4.3.1.  MS Subgroup Characteristics  

The control group and the entire MS cohort were similar in sex (p=0.31) with 

72%(controls)/81%(MS) females and age (p=0.97) covering 32-71 years both with a mean/SD of 

48 +/- 10 years (see Table 4.1 for all demographics). There were 22/43 MS patients classified with 

cognitive impairment (CI), but both CI and not CI groups had similar sex (p=0.80), age (p=0.59), 

and time since MS symptom onset (p=0.99). When compared to not CI MS, the CI MS subgroup 

had higher EDSS scores (p=0.03) and higher fatigue levels on both the physical (p=0.001) and 

cognitive (p=0.007) subscales, with 16/22 CI individuals scoring as fatigued on MFIS scale. The 

CI MS group likewise displayed 2.7x higher lesion volumes on average than the not CI MS 

subgroup (p=0.003).  
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Table 4.1: Demographics and global brain metrics for controls, full MS cohort, not cognitively 

impaired (not CI) and CI MS subgroups with range and mean ± standard deviation where 

appropriate (*p<0.05 for differences between the MS cohort/subgroups and controls). 

 Abbreviation: WM, White matter; GM, Grey matter; EDSS, Expanded Disability Status Scale; BVMT-R, Brief 

Visual Memory Test-Revised; SDMT, Symbol Digit Modalities Test; MFIS, Modified Fatigue Impact Scale; BDI-II, 

Beck Depression Inventory-II; RRMS, relapsing-remitting MS; SPMS, secondary progressive MS. 

⸶ Total Lesion Volume was not calculated in a RRMS (CI) participant (no FLAIR). 
‡ EDSS was not obtained in two cognitively impaired (RRMS) participants. 

 

 

 
Controls 

(n=43) 

MS Cohort 

(n=43) 

Not CI MS 

(n=21) 

CI MS 

(n=22) 

Sex (M/F) 12/31 8/35 4/17 4/18 

Age (years) 32-70 

48 ± 10 

32-71 

48 ± 10 

32-71 

48 ± 10 

34-70 

49 ± 10 

WM+GM (cm3) 1259 ± 111 1143 ± 127* 1182 ± 126* 1105 ± 118* 

Total Lesion Volume 

(cm3)⸶ 

- 0.03-44.2 

7.9 ± 11.4 

0.14-37.1 

4.4 ± 8.7 

0.03-44.2 

11.8 ± 12.8* 

Time since MS  

Symptom Onset (years) 

- 1-41 

16 ± 10 

2-41 

16 ± 11 

1-34 

16 ± 9 

EDSS ‡ - 0-6.5 

3.5 ± 2 

0-6.5 

3.0 ± 2.0 

2-6 

4.0 ± 1.0* 

BVMT-R (total recall, 

z-scores) 

- (-3.75)-2.11 

-0.56 ± 1.5 

(-0.97)-2.11 

0.41 ± 1.0 

(-3.75)-1.75 

-1.48 ± 1.3* 

SDMT (z-scores) - (-3.33)-2.22 

-0.80 ± 1.4 

(-1.18)-2.22 

0.02 ± 0.9 

(-3.33)-0.77 

-1.59 ± 1.3* 

Fatigued MS  

(MFIS≥38) 

- 22/43 6/21 16/22* 

MFIS (physical) - 3-33 

20 ± 8 

5-29 

16 ± 7 

3-33 

24 ± 7* 

MFIS (cognitive) - 1-40 

19 ± 9 

1-29 

16 ± 8 

4-40 

22 ± 9* 

BDI-II - 1-41 

13 ± 9 

1-21 

9 ± 6 

4-41 

16 ± 11* 

RRMS/SPMS - 35/8 17/4 18/4 
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4.3.2.  Qualitative Image Assessment  

The 1 mm isotropic mean DWI in both healthy (Figure 4.1A, 4.2A, C, E, 4.3A) and MS (Figure 

4.1D, 4.2B, D, F, 4.3B-D) participants yielded excellent contrast of the exterior surface of the 

hippocampus, facilitating its segmentation, and of the internal anatomy and digitations, better than 

the even higher in-plane resolution T2-weighted images (Figure 4.1C, F, Figure 4.2). When the 

mean DWIs were visually assessed for all subjects, the participants in both cohorts displayed 

similar internal architecture such as the presence of the dark band of the stratum lacunosum 

moleculare (SLM).  

FLAIR images reoriented along the long axis of the hippocampus were used in the MS cohort, 

together with the T2-weighted images, as guidance to assess regional hyperintensities in the 

hippocampus. FLAIR was only acquired in 5 healthy controls, but hyperintensities were not 

evident (Figure 4.2A, C, E). Twenty out of 43 MS participants displayed some degree of FLAIR 

hyperintensity within the hippocampus, widespread or at least one hyperintense area, yet these 

hyperintensities were not as visible/bright as the typical WM lesions (Figure 4.2B, D, F); this leads 

to the necessity of quantitative MD/T2 assessment of the hippocampus discussed later to identify 

lesions. Furthermore, they were not limited by anatomical borders or specific hippocampus 

subfields, and many were adjacent to the ventricles or the hippocampus sulcus and the 

perihippocampal fissures (Figure 4.2B, D, F). From the 20 patients displaying hyperintensities, 19 

of them were bilateral and one of them was in the left hippocampus tail only. Notably, 15 of these 

20 patients were classified as CI MS; thus 15/22 (68%) of CI patients had hippocampal 

hyperintensities, as opposed to 5/21 (24%) of the not CI MS cohort.  
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Figure 4.1: High resolution (A, D) mean diffusion-weighted images (1 mm isotropic, b=500 

s/mm2) with the (B, E) manual hippocampus outlines and (C, F) same slice T2-weighted images 

(0.5 × 0.5 × 1 mm3) acquired axial-oblique along the long axis of the hippocampus and coronal 

reconstruction with slice position indicated by red arrows. (A-C) The top row are images from a 

53-year-old male healthy control and (D-F) the bottom row is from a 53-year-old male cognitively 

impaired RRMS participant. High resolution mean DWI provides excellent visualization of the 

hippocampus structure, shape, and internal architecture, as well as good demarcation from 

surrounding cerebrospinal fluid (CSF). The coronal DWI of the control shows the typical ‘jelly-

roll’ appearance with flat contrast whereas that appearance is not as evident in the MS patient 

where the coronal DWI has regions of hyperintensity. 
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Figure 4.2: Same single slice axial-oblique (top) and coronal (bottom) mean DWI b=500 s/mm2 

(first column), T2-weighted (second column), and FLAIR scans (third column) with visible 

hyperintense lesions of the hippocampus (red arrowheads) in (B, D, F) three representative MS 

patients versus (A, C, E) three similarly aged healthy participants. Note that lesions in the WM are 

far more apparent. (B, D, F) are images from female MS participants with (B) CI, Total lesion 

volume — TLV=11.9 cm3, EDSS=4.5, onset 29 years; (D) CI, TLV=19.5 cm3, EDSS=4.5, onset 

17 years; and (F) not CI, TLV=10.1 cm3, EDSS=6.0, onset 31 years. 
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The 1 mm image resolution appears to demonstrate more small regions of elevated MD and T2 

values on central slices of the hippocampus in three MS patients (Figure 4.3B, C, D) relative to a 

control (Figure 4.3A). In MS, areas of elevated MD and T2 corresponded to similar regions and 

they frequently extended along the A-P axis, near the lateral or medial borders (Figure 4.3) in 

proximity with the lateral ventricles and the perihippocampal fissure. Recall that the maps 

excluded voxels with high MD and T2 values for CSF. The FA maps show a low degree of 

anisotropy throughout the hippocampus, as expected, for all cases. Notably, WM lesions in 

periventricular and perihippocampal areas were extensive and visualized as hyperintense signal on 

mean DWI (b=500 s/mm2) and higher MD in several MS patients (Figure 4.3C, D), suggesting 

WM edema/inflammation as this combination implies T2 shine-through on the DWI. 
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Figure 4.3: Single slice axial-oblique mean DWI b=500 s/mm2 (first row) with mean diffusivity 

(MD, second row) and fractional anisotropy (FA, third row) maps of the areas enclosed in white 

boxes in DWI and their corresponding manually segmented hippocampus MD (fourth row) and 

T2 relaxometry (fifth row) color maps from (A) a 59-year-old female healthy control, (B) a 53-

year-old male RRMS CI patient (TLV=0.7 cm3, EDSS=3.5, onset 19 years), (C) a 56-year-old 

female RRMS CI patient (TLV=34.2 cm3, EDSS=NA, onset 11 years), and (D) a 61-year-old 

female SPMS not CI patient (TLV=37.1 cm3, EDSS=6, onset 32 years). Averaged over the entire 

hippocampus (including slices not shown), the MD and T2 values were higher and FA lower in 

the three MS patients relative to this control. There are more focal regions of higher MD/T2 values 

visible in the MS patients. Note the bi-color scales were chosen to highlight voxels above the mean 

+ 2SD thresholds derived from controls and all voxels related to CSF (defined as MD>2.2x10-3 

mm2/s or T2>200 ms) have been blacked out. 
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4.3.3.  Whole Hippocampus Quantitative Analysis 

Figure 4.3 shows three representative MS patients who had higher MD, higher T2, and lower FA 

of the whole hippocampi relative to three controls. Overall, there were significant group 

differences between the MS cohort and the healthy controls for all MRI whole-left/right averaged 

hippocampus measurements (Figure 4.4), with only FA and T2 relaxometry values displaying age 

effects for both cohorts: MD (F(2,86)=16.2,  p≤0.0001), FA (F(2,86)=3.8,  p=0.027; age  — F=6.2, 

p=0.015), volume (F(2,86)=5.8,  p=0.004), T2 relaxometry (F(2,53)=6.3,  p=0.004; age  — F=8.7, 

p=0.005), and T2-weighted signal (F(2,86)=7.1,  p=0.001). MD was 5% higher similarly in all MS 

groups despite their cognitive classifications when compared to heathy controls (Figure 4.4A). FA 

(-5%, Figure 4.4B) and DTI-derived volumes (-14%, Figure 4.4C) in MS were lower than the 

controls although only in the CI MS group, with volumes exhibiting the greatest percentage group 

difference versus controls for the whole hippocampus. T2 relaxometry (5%, Figure 4.4D) and T2-

weighted signal values (4%, Figure 4.4E) were higher than the controls, again only in the CI MS 

group.  



 

152 

 

 

 

Figure 4.4: Whole hippocampus mean and 95% confidence intervals for left/right averaged (A) 

MD, (B) FA, (C) volume, (D) T2 relaxometry, and (E) CSF-normalized T2-weighted signal values 

in healthy controls (HC, n=43), all MS patients combined (n=43), not cognitively impaired MS 

(not CI, n=21), and cognitively impaired MS (CI, n=22) groups. The entire MS cohort showed 

significantly greater MD (+5%), T2 (+3.5%), and T2-weighted signal (+3%), and lower FA (-5%) 

and volume (-9%). MD was elevated in both not CI and CI groups, but the other four whole 

hippocampal parameters were different from controls only in the CI group with the largest 

percentage difference being the 14% lower volume derived from the mean DWI scan (FDR 

corrected *p<0.027).   
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4.3.4.  Regional Hippocampus Analyses 

MD and T2 relaxometry maps displaying regions of elevated values within the hippocampus of 

three more MS patients are shown in Figures 4.5, 4.6 and 4.7 for single slices, along with their 

mean DWI (b=500 s/mm2), T2-weighted and realigned FLAIR images for reference. In several 

cases the hippocampus lesions appeared to be part of periventricular lesions involving the temporal 

horns of the lateral ventricle (e.g., see FLAIR axial and coronal planes in MS examples shown in 

Figures 4.6C and 4.7C). Preferential locations of elevated MD and T2 relaxation time values were 

mainly in the DG and the CA1 subfield. They were scattered all over the head, body and tail, 

although frequently located in the superior portion of head (Figure 4.6) or as a bright lateral/medial 

rim along the hippocampus borders (Figure 4.7). Elevated MD and T2 values were also evident 

near the hippocampus sulcus (although CSF voxels were blacked out if the voxels met MD and T2 

thresholds) and seemed to affect the SLM area (Figures 4.3B and 4.5). 
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Figure 4.5: Axial-oblique (top) and coronal (bottom) single slice images for (A) mean DWI b=500 

s/mm2, (B) T2-weighted and (C) realigned FLAIR images showing the hippocampus (average 

left/right hippocampus volume of 1.9 cm3) in a 38-year-old female RRMS CI patient (TLV=7.0 

cm3, EDSS=4.5, onset 11 years). The color-coded hippocampus (D) MD and (E) T2 relaxometry 

maps from the same slice (note ROI enclosed in red in A) displayed hyperintense areas (2 standard 

deviations higher than the mean MD and T2 relaxometry values in controls) that extended mainly 

across the SLM and near CSF pockets of the hippocampal sulcus in this slice, with good agreement 

between MD and T2 locations. (F) Voxels across all hippocampal slices (only 1 slice was shown 

in A-E) that are beyond the MD/T2 threshold are projected onto a single plane demonstrating 

widespread abnormal values in the lateral borders of the CA1 region and the DG along the entire 

hippocampus A-P axis. The abnormal MD values comprised 11% and T2 values 8% of the entire 

hippocampi. 
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Figure 4.6: Axial-oblique (top) and coronal (bottom) single slice images for (A) mean DWI b=500 

s/mm2, (B) T2-weighted and (C) realigned FLAIR images showing the hippocampus (average 

left/right hippocampus volume of 2.0 cm3) in a 51-year-old female RRMS CI patient (TLV=44.2 

cm3, EDSS=3.5, onset 25 years). The color-coded hippocampus (D) MD and (E) T2 relaxometry 

maps from the same slice displayed hyperintense areas that extended mainly across the DG 

followed by the CA1 regions in the head and tail in this slice. (F) Voxels across all hippocampal 

slices that are beyond the MD/T2 threshold are projected onto a single plane demonstrating 

widespread abnormal values in the lateral and often medial borders of the CA1 region and the DG 

along the entire hippocampus A-P axis. The abnormal MD values comprised 12% and T2 values 

10% of the entire hippocampi.   
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Figure 4.7: Axial-oblique (top) and coronal (bottom) single slice images for (A) mean DWI b=500 

s/mm2, (B) T2-weighted and (C) realigned FLAIR images showing the hippocampus (average 

left/right total hippocampus volume of 2.7 cm3) in a 60-year-old female SPMS CI patient 

(TLV=31.0 cm3, EDSS=5, onset 21 years). The color-coded hippocampus (D) MD and (E) T2 

relaxometry maps from the same slice displayed hyperintense areas that extended mainly across 

the lateral and medial borders of the CA1 and DG regions areas all over the A-P axis of the 

hippocampus in this slice. (F) Voxels across all hippocampal slices that are beyond the MD/T2 

threshold are projected onto a single plane demonstrating widespread abnormal values mainly in 

CA1/DG areas along the entire hippocampus A-P axis, which comprised 9% of the hippocampus 

for both MD and T2 values.  
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The percentage areas (first row in Figure 4.8), relative to the number of voxels of the total 

hippocampus, that displayed MD (p<0.0001), T2 relaxometry (p=0.008), or T2-weighted signal 

intensity (p<0.0001) above the defined thresholds, were greater in the MS cohort when compared 

to controls. Percentage areas of elevated MD ranged from 1.5-7.6% in the healthy controls and 

3.1-12.4% in the MS cohort, with only 2/43 controls displaying areas greater than ~7.3% (2 SD 

above the control mean group) as opposed to 20/43 MS patients. The percentage area of elevated 

MD was 1.8 to 1.9 times greater in the not CI and the CI MS groups versus controls (Figure 4.8A), 

while MD values in those areas were 3.4% higher in the not CI MS and 5% higher in the CI MS 

group when compared to heathy controls (data not shown). Percentage areas of elevated T2 

relaxation times ranged from 2.8-5.9% in the healthy controls and 2.0-12.8% in the MS patients, 

with none of the 11 controls displaying areas greater than ~6.4% (2 SD above the control mean 

group) as opposed to 14/42 MS patients. The percentage area of elevated T2 was 1.6 times greater 

than the controls only in CI MS (Figure 4.8B). Percentage areas of T2-weighted hyperintense 

signal ranged from 0.6-8.2% in the controls and 1-20% in the MS group, with only 3/43 controls 

displaying areas greater than ~5.1% (2 SD above the control mean group) versus 8/43 MS patients. 

The percentage area of elevated T2-weighted signal was 2.2 times greater than the controls only 

in CI MS (Figure 4.8C).  
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Figure 4.8: The percentage area of the hippocampus that was beyond 2 standard deviations of 

control values (but below values defined for CSF) for (A) MD, (B) T2 relaxation time, and (C) 

T2-weighted signal normalized to CSF was 1.8x, 1.4x, and 1.9x greater in the MS cohort than 

controls (mean and 95% confidence intervals). The CI MS group had on average nearly 8% (range 

3.9-12.1%) of the residual hippocampus with elevated MD. The values in these thresholded 

elevated regions for the MS cohort were MD=1.53 ± 0.05 x 10-3 mm2/s, T2=133.7 ± 2.9 ms, and 

T2W signal=0.87 ± 0.04. (D-E) The percentage hippocampal area with elevated MD was 

correlated linearly with the percentage hippocampal area with elevated T2 over all the MS cohort 

(n=42) – same data but separated into (D) with/without cognitive impairment and (E) 

RRMS/SPMS.   

 

The percentage hippocampal area with elevated MD strongly correlated with the percentage area 

with elevated T2 over all the MS cohort (r=0.77, p<0.0001; Figure 8D, E). Notably in these plots 
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(Figure 4.8D, E), the span of percentage abnormal MD or T2 area did not appear to be dominated 

by subgroup classification, either cognitive impaired or not MS, or subtype (RRMS vs SPMS). 

Twelve patients (~29% of the MS cohort) displayed the largest extent of areas of elevated values 

in both MD/T2 relaxometry analyses (ranging from 6.4-12.4%), with six of these MS subjects 

shown in Figures 4.3, 4.5, 4.6 and 4.7. Seven of these 12 patients (~58%, 6 RRMS) had cognitive 

impairment, while six of them (50%, 3 also with cognitive impairment) had high total lesion 

volume (TLV>10 cm3), as evident in periventricular areas near the hippocampus (Figures 4.2F, 

4.3C, D, 4.6, 4.7). Five of these 12 patients (3 with cognitive impairment) additionally displayed 

similar extensive areas of elevated values on the T2-weighted signal analysis (ranging from 6.2-

7.5%), and 3 of them (one with cognitive impairment) had high TLV.  

4.3.5.  Whole and Regional Hippocampus MRI Metrics versus Total Lesion Volume 

and Clinical/Cognitive Scores 

Linear correlations of total and regional hippocampus MRI metrics versus TLV, clinical and 

cognitive scores, and time since MS symptoms onset yielded 13 correlations (6 whole and 7 

regional measures) at p<0.05 with 7 of these surviving FDR correction at p≤0.008 (Figure 4.9A, 

B). Of the 13 correlations at p<0.05, 5 were with whole brain TLV, 3 with visual memory, 4 with 

EDSS and 1 with physical fatigue. It is notable that 4 correlations with TLV survived FDR 

correction with whole hippocampus MD and T2 relaxometry values and greater percentage areas 

of the hippocampus with regional elevated MD (Figure 4.9C) or T2 values (Figure 4.9D). The T2 

relaxometry and the T2-weighted values of thresholded hippocampal regions correlated positively 

with EDSS (Figure 4.9E, F). Greater levels of physical fatigue (MFIS-Phys) correlated with lower 



 

160 

 

 

 

whole hippocampus FA (Figure 4.9H).  It is interesting to note that lower whole hippocampus 

volumes (Figure 4.9G) and higher whole hippocampus T2-weighted signal (r=-0.36, p=0.018) and 

T2-weighted signal values of thresholded hippocampal regions (r=-0.38, p=0.011) correlated with 

worse visuospatial working memory, although these correlations were below the FDR correction 

threshold. 
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Figure 4.9: Linear correlations (p<0.05; X mark indicates FDR corrected at p<0.008) between (A) 

whole and (B) regional hippocampus MRI metrics (left/right averaged) in the entire MS cohort 

versus total lesion volume (TLV), disability (EDSS), memory (BVMT-R z-scores reflecting visual 

working memory), information processing speed (SDMT z-scores) and physical (MFIS-Phys) and 

cognitive fatigue (MFIS-Cog), depression (BDI-II), and time since MS symptoms onset (some 

example plots in C-H). Greater TLV was correlated with greater percentage areas of elevated (C) 

MD and (D) T2 values. (E, F) Higher regional T2 relaxometry and T2W signal values in the 

thresholded regions correlated with greater disability by EDSS. (G) Worse visual working memory 

correlated with lower whole hippocampus volumes (not FDR corrected). (H) Lower whole 

hippocampus FA correlated with higher physical fatigue.  
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4.4. Discussion 

Most quantitative MRI studies of MS are on WM, but there is a more recent focus on detecting 

relevant changes in deep GM, albeit still quite limited in the hippocampus beyond volumetric 

analyses [278]. Although histopathological studies have demonstrated demyelinating lesions in the 

hippocampus that are prevalent but quite variable across MS patient’s post-mortem [190], [296], 

[346]–[348], there has been little evidence from in vivo imaging studies. This is partly due to the 

limited spatial resolution of previous quantitative scans, such as diffusion MRI, but also the poor 

contrast and small size of GM lesions on typical FLAIR and T2-weighted images, which go 

frequently undetected [349], with low interobserver agreement for hippocampus lesion scoring, 

even when applying 3D double inversion recovery (DIR) sequences [350]. This is the first study 

to apply high resolution (1 mm isotropic) DTI and T2 mapping of the hippocampus in MS which 

confers five advantages: 1) sufficient spatial resolution to depict regional abnormalities within 

such a small, convoluted brain structure, 2) yields quantitative diffusion and T2 metrics for 

unbiased identification of voxels beyond control values (also thresholded out CSF voxels with 

high MD and T2), 3) manual outlining of the hippocampus and direct diffusion/T2 measurements 

on the quantitative maps without the need to coregister to anatomical images such as 3D T1-

weighted to delineate the hippocampal border, which is commonly done and fraught with potential 

errors, 4) limits partial volume effects thereby yielding more accurate MRI metrics less biased by 

atrophy, and 5) provides complementary measures of the underlying microstructure. These 

methods showed here that the hippocampus is markedly affected in MS, as a whole and with 

evident regional changes, notably more so in those patients with cognitive impairment (CI). 
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The core findings on whole hippocampus were that MD was elevated in both CI and not CI MS, 

but that lower volume and FA and higher T2 relaxation time and normalized T2-weighted signal 

were different from controls only in the CI MS cohort. Although these MRI metrics are sensitive 

to neurodegeneration and gliosis [238], this could maybe suggest the greater sensitivity of MD to 

reflect demyelination (see Table 6.2 in [370] that shows MD elevation in genetic animal models 

without myelin versus wild type with myelin), while atrophy, FA, and T2 values could be further 

influenced by additional pathology (e.g., neuronal/axonal loss, inflammatory activity, edema, 

gliosis), potentially present in some types of MS hippocampal lesions in histology [296], [347]. 

The 9% reduction of hippocampus volume in the entire MS cohort agrees with the mean from 

previous volumetric studies [211], [213], [274], [311], [351]–[359]. However, when the MS group 

was split into CI and not CI, only the CI group yielded a 14% smaller hippocampus, in agreement 

with earlier work showing its link to cognitive impairment in MS [211], [353], [355], [356], [358], 

even in the absence of abnormal diffusion metrics in one DTI study [270]. Despite the CI MS 

group differences above, whole hippocampal volume did not show any FDR-corrected correlations 

with clinical scores over the entire MS cohort, but there was an uncorrected positive correlation 

with visual working memory (given by BVMT-R). This aligns with studies implicating whole 

hippocampus atrophy cross-sectionally [353] and CA1 atrophy longitudinally [356] with worse 

visual memory.  

The high 1 mm spatial resolution and excellent contrast enabled the outlining of the hippocampus 

directly on the DWI. These manual segmentations on DWI here showed significant group 

differences whereas automatic segmentations on T1-weighted images previously reported in the 
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exact same MS cohort were not significant [361]. Automatic volumes always appear to 

overestimate the hippocampus size relative to manual volumes, partly due to the inclusion of the 

subiculum in the former [361], [367], [371]. MD and FA measurements were higher and lower, 

respectively, in the combined MS group compared to controls, confirming previous lower 

resolution findings where voxel sizes were ~3 to 33 times larger than what was acquired here 

[213], [313], [329], [361].  

New to the study of MS was the high resolution quantitative T2 relaxometry (1.2 mm3 voxel 

volume) and T2-weighted signal (0.25 mm3 voxel volume) measurements of whole hippocampus 

that showed T2 relaxation time and T2-weighted signal elevations in CI MS, but not in not CI MS, 

relative to controls. This is consistent with a positron emission tomography study of the 

hippocampus in MS that showed links of elevated hippocampal neuroinflammation and microglial 

activation in MS patients with depression [372]; notably depression is higher in our CI MS cohort.  

Whole hippocampus MD and T2 were positively correlated with total lesion volume (TLV) 

throughout the brain, which suggests a relationship between retrograde/anterograde degeneration 

affecting interconnected WM pathways and hippocampus microstructural injury [342], whereas 

macroscopic hippocampal volume did not correlate with TLV. The correlation between whole 

hippocampus lower FA and greater fatigue matched our earlier finding in this cohort using a 

different FLAIR-DTI protocol with lower spatial resolution but with CSF suppression [361].  This 

is also consistent with a volumetric study reporting a link between sustained fatigue and 

hippocampus/striatal/deep GM atrophy in MS [335] and supports the involvement of the basal 

ganglia and deep GM networks in the pathogenesis of fatigue in MS [373]–[375]. 
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Regional analyses revealed that on average ~4-7% of the residual hippocampus in MS had voxels 

with elevated MD, T2 relaxation time, and T2-weighted signal values (beyond 2 SD of control 

values); 4-7% translates to a mean of ~90-160 mm3 volume. These results mirrored the whole 

hippocampus findings where the mean MD was similar between CI and not CI MS whereas mean 

T2 relaxometry was only greater in CI MS. Notably, the hippocampal area with abnormal MD 

correlated highly with the abnormal area identified on T2 and had a large range of ~2-13%, but 

there was no evident relationship with MS subtype (CI vs not CI or RRMS vs SPMS). Pathology 

studies have demonstrated demyelination to various degrees from small punctate lesions to nearly 

the entire hippocampus in 63/101 or 62% of MS patients over four separate papers [190], [296], 

[347], [348].  Most studies don’t report the volumes of the demyelinated region, but one identified 

a percentage area of demyelination of ~30%, albeit with a huge range of 2-95%, of the 

hippocampus (excluding subiculum and fimbria) with 1-4 lesions per case in 45 progressive MS 

patients (note: they also reported that the gross hippocampus cross-sectional area was 22% smaller) 

[347]. DIR MRI (1.3 x 1.2 x 1.2 mm3 resolution in 10 min at 1.5T) that nulls CSF and WM is more 

sensitive to GM lesions than other contrast like T2-weighting and has also shown hippocampal 

lesions in 14/16 MS patients with ~3 lesions per patient (note: the hippocampal lesion volume was 

not reported) [350]. DIR has also identified demyelinating lesions in the hippocampus as the region 

most affected in RRMS with concurrent epileptic seizures [376]. DIR was not acquired here, but 

it should be compared in future to our high resolution DTI and T2 mapping.  

Elevated MD and T2 areas from regional analyses within the hippocampus were reported in 47% 

and 33% MS participants, respectively. These areas were greater in several patients with higher 
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TLV, such as in periventricular locations, and were more frequent in CI MS patients (60-64%).  

The percentage area of MD and T2 relaxometry elevations correlated positively with TLV 

reflecting a link between the degree of whole brain pathology and that observed in the 

hippocampus. However, pathological studies have yielded a higher incidence of demyelinated 

lesions from 53 to 80% of the MS cohorts [190], [296], [347], [348] although one of these studies 

included 14/37 lesions in close proximity to the hippocampus but not in the structure as such [190]. 

The lower incidence of MD/T2 elevations and the limited area affected in our study could be due 

to the fact that by definition histopathological studies are of deceased patients, as opposed to our 

in vivo MRI study. These histopathological studies were mainly on fully progressive MS cohorts 

with a mean age of 58-66 years and mean disease duration 18-28 years, and mean EDSS scores of 

8.5 in one study [296] and EDSS above 7 in other study [347], as opposed to mainly RRMS patients 

here (35 RRMS and 8 SPMS) that were 10 years younger, with lower mean disease duration of 16 

years, and with EDSS scores≤6.5 with a mean of 3.5. However, the DIR MRI study where 88% of 

MS patients had hippocampal lesions were composed of 11 RRMS and 5 PPMS patients with 

younger age ~40 years and shorter disease duration of 10 years [350].  

The histopathological studies in post-mortem MS brain have identified lesions all throughout the 

hippocampus but more frequently in the CA1 and DG subfields locations [190], [296], [347], 

[348], which agrees with the regions observed here with elevated MD or T2. The lesions often 

extended from the hippocampus to adjacent WM and GM or were smaller and confined within the 

hippocampus. CA1 and DG damage appears to emanate from interfaces with CSF which supports 

the CSF humoral factor hypothesis of subpial cortical demyelination [347], [377], as these areas 



 

167 

 

 

 

are respectively lined by ependyma and pia matter. While demyelination seemed to be the main 

lesion pathology in histology [190], [296], [347], [348], some mild inflammatory activity was also 

observed in the boundaries of both hippocampal-perihippocampal lesions [190] and in a number 

of lesions in the alveus/fimbria and perforant pathway in the SLM together with axonal loss [347]. 

It is probable that demyelination and increased water content due to vasogenic edema increase the 

MD and T2 relaxation times in the regions that were often seen as a bright rim or pockets extending 

from perihippocampal/periventricular lesion areas and CSF in our study here. A decrease in 

neuronal density/count by 10-30% could also increase MD/T2 [296], [347]. A reduced density of 

synaptic terminals mainly in the DG and CA1 in demyelinated versus myelinated hippocampi and 

gene expression profile changes associated with hippocampal demyelination that negatively 

impacts axonal transport, synaptic integrity, glutamate homeostasis, synaptic plasticity and 

memory/learning have also been reported with histology in progressive MS [296].  

Neuronal degeneration caused by axonal transection due to lesions in the fornix, which is the major 

efferent WM pathway from the hippocampus, could also trigger diffuse neuronal loss in the 

hippocampus. A previous CSF suppressed DTI study in the same MS cohort reported marked 

fornix atrophy (~26%) and microstructural diffusion abnormalities (6-12%) in MS which were 

greater in the CI group and correlated with hippocampus volume, diffusion and T2 relaxometry 

abnormalities reported here (not shown) [361]. As the extent of fornix atrophy and diffusion 

abnormalities are greater than hippocampus atrophy, diffusion and T2 relaxometry differences 

when compared to controls in this MS cohort, we hypothesize that fornix injury could be inducing 

hippocampus damage here.  
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There were several limitations of this study. First, our patients did not have DIR sequences, and 

thus hippocampal lesions may have been missed in the T2-weighted and FLAIR scans. Second, 

T2 multi-echo spin echo sequences were only acquired in 11/43 controls, which could decrease 

the statistical power of the T2 mapping group analysis. Third, our MS cohort was mainly RRMS 

and had only a small representation of progressive MS phenotypes (8 SPMS) which should be 

addressed in the future particularly given that all MS hippocampus pathology studies of 

demyelinated regions were nearly exclusively on progressive MS [190], [296], [347], [348]. 

Fourth, the diffusion and T2 metrics were not measured in subfields, but this could be an avenue 

of future study, although that is more suited for the hippocampal body than the head or tail (see 

Figure 7 in [136]). Fifth, it is possible that some of the MD/T2 findings are due to CSF partial 

volume as a result of greater atrophy, but this is unlikely since stringent MD/T2 thresholds were 

used to remove voxels attributed to CSF. Sixth, left and right hippocampal metrics were averaged 

together to minimize the already large number of comparisons. Separate left and right analyses 

showed similar findings (data not shown) and most previous studies have shown similar left and 

right atrophy in MS [213], [352], [355] or have analyzed left and right metrics together [211], 

[274], [311], [354], [357], including DTI studies [270], [313], [329], [361]. Seventh, our MS study 

was cross-sectional and as such there was a fair amount of inter-subject variability. Longitudinal 

studies have shown ~6-7% reductions of hippocampus whole volume over 1 year in PPMS [378] 

and CIS [356]. Eighth, the DTI model was used here since the acquisition included only one low 

b-value shell of 500 s/mm2 with 10 directions (and 10 averages), chosen to minimize signal loss 

given the high 1 mm isotropic resolution; note this protocols works well for DTI of the 



 

169 

 

 

 

hippocampus as shown in our original paper [136], as well as its application to healthy 

development [367] and temporal lobe epilepsy [362]. Future studies could attempt multi-shell, 

higher b-value acquisitions albeit challenging at 1 mm resolution while maintaining a clinically 

friendly scan time like the 5.5 min used in the current study. In summary high resolution DTI and 

T2 mapping identified hippocampal abnormalities, whole and regional, in vivo that are related to 

cognitive and clinical impairment in MS. 

 

 

 

 

 

 

 

 

 

 



 

170 

 

 

 

5. Multidimensional/b‐Tensor Diffusion MRI to Evaluate Microscopic Anisotropy and 

Diffusional Variance Heterogeneity in Multiple Sclerosis 

Abstract 

Multiple sclerosis (MS) lesions and additional microstructural damage in normal appearing white 

matter (NAWM) have been previously detected with diffusion tensor imaging (DTI). DTI metrics 

such as fractional anisotropy (FA) are sensitive to demyelination, axonal degeneration, and other 

pathologies triggering MS damage, but are also susceptible to various white matter (WM) tissue 

characteristics and fiber orientation dispersion. This lack of specificity confounds the pathological 

interpretation in complex WM fiber arrangements which have previously shown inconsistent FA 

results. Novel b-tensor encoding strategies for diffusion MRI, which utilize the signals prepared 

with directional and isotropic diffusion encoding respectively achieved with standard pulse 

sequences and with magic angle spinning of the q-vector, are capable to discriminate tissue micro- 

from macrostructure by yielding diffusion metrics unbiased by regional variations within a voxel. 

Specifically, a diffusional variance decomposition (DIVIDE) method that takes advantage of b-

tensor encoding strategies can disentangle the effects of microscopic diffusion anisotropy from the 

orientation dispersion, as well as the diffusional heterogeneity that originates from isotropic and 

anisotropic tissue structures. DIVIDE can yield novel diffusion metrics such as microscopic FA 

(µFA), analogous to FA without the confound of orientation dispersion, and the anisotropic (MKa) 

and isotropic (MKi) diffusional variances or mean kurtosis, which are tentatively linked to cell 

eccentricity and density. The goal here was to evaluate diffusion metrics (both DTI and DIVIDE) 

in a cohort of 43 MS participants and 15 healthy controls with b‐tensor diffusion MRI. Diffusion 
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metrics were calculated in regions of interests that included: MS lesions identified on FLAIR, total 

WM volume (excluding lesions for MS patients) segmented on MPRAGE, both of which were 

coregistered to diffusion scans and eroded, as well as four normal appearing WM (NAWM) areas 

with diverse fiber orientation and lesion incidence outlined in the first eigenvector FA map 

(splenium of the corpus callosum, bilateral posterior limb of the internal capsula, periventricular 

anterior crossing WM, superior corona radiata). Their correlations were assessed versus total lesion 

volume and clinical parameters. All diffusion metrics showed differences between lesion and total 

WM in MS and controls, as well as in the coherent NAWM in the splenium of the corpus callosum. 

However, DTI and b-tensor yielded different results in crossing NAWM regions, wherein FA did 

not change but MKa and µFA were lower in MS versus controls. DTI and b-tensor metrics in MS 

lesions and several brain areas displayed correlations with total lesion volume, and MKa within 

MS lesions positively correlated with better arm and hand dexterity. When compared to DTI, b-

tensor metrics overall improved the qualitative and quantitative evaluation of lesions in MS 

although their utility was limited in this study due to lower spatial resolution precluding a more 

accurate total NAWM group assessment. Furthermore, MKa and µFA seemed to have added value 

as they could depict group differences in discrete crossing fiber regions where standard FA showed 

no changes. 
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5.1. Introduction 

MS is an autoimmune neurological disorder with inflammation and demyelination as its key 

pathologic markers [206]. MS is mainly characterized by focal WM lesions, followed by further 

NAWM damage as the disease progresses [185]. Conventional MRI, due to its sensitivity to 

visualize WM lesions, has been widely used for detecting and monitoring MS evolution, however 

it lacks specificity to quantify and to understand the microstructural pathological mechanisms of 

the disease, fundamentally outside WM plaques [379]–[381]. Over the last two decades, DTI, a 

quantitative MRI method which surveys tissue microstructure by measuring the Gaussian 

approximation of water diffusion, has been regularly applied in NAWM in MS [120], [255], [258], 

[281], [286], [328], [382], [383]. DTI yields macroscopic diffusion parameters for each voxel 

under study [98], [119], such as FA (unitless) which describes the degree of anisotropy of the 

diffusion tensor, and MD (mm2/s) which depicts the average voxel diffusivity in all directions. 

These DTI parameters are determined in most previous work by applying single diffusion encoding 

(SDE) sequences [100]. High FA values result from microscopic sources of diffusion anisotropy, 

but only if there is also macroscopic coherent orientation of the structures within a voxel [99] 

because it is sensitive to other factors such as their orientation coherence [98], [124] and calculated 

under the assumption of gaussian WM diffusion [124], [276]. Like all DTI metrics, FA arises from 

macroscopic voxels, and it is not able to disentangle axon integrity/loss from changes in fiber 

coherence and crossing, both of which cause similarly lower apparent diffusion anisotropy [130], 

[170], [384].  
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In neurodegenerative diseases such as MS, FA changes can indeed come from any of these above 

mentioned sources but can also be interpreted as several pathological mechanisms [122], [276] 

which add more uncertainty when analyzing crossing or fanning fiber environments with one or 

more fiber bundles either being degenerated or displaying WM hyperintense lesions, as described 

in Figure 1 of [172]. Subsequently, DTI tractography, Tract-based spatial statistics (TBSS) or 

region of interest (ROI) DTI results are inconclusive, reporting mainly lower FA and higher MD 

throughout brain WM in different MS phenotypes [255], [258], [280], [281], [286], [312], [361] 

but also higher FA in some NAWM tracts [280], [281], or no regional FA differences versus 

controls [312], [385], [386].  

The relationship between diffusion MRI metrics and tissue microstructure has been previously 

studied with complex diffusion encoding pulse sequences and brain data modelling. Advanced 

techniques beyond DTI such as High Angular Resolution Diffusion Imaging (HARDI) [150], [387] 

and Diffusion kurtosis imaging (DKI) [152], both based on SDE acquisitions, can identify subtle 

tissue changes [388], [389] by applying biophysical models based on non-Gaussian water 

diffusion, a high number of gradient diffusion directions and higher b-values. However, they are 

still unable to fully disentangle the factors causing those changes as they cannot separate size, 

shape nor orientation variation of the diffusion microenvironments within a voxel without prior 

tissue information [390], [391]. Several b-tensor diffusion encoding approaches have been further 

developed with the aim to discriminate these tissue microenvironments by separating microscopic 

anisotropy from isotropic heterogeneity [163], [164], [170], [392], [393]. These alternative 

encoding methods reveal additional microstructural information by modifying the shape of the b-
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tensor before the image readout with, for example, multiple pairs of pulsed field gradients, where 

each pair performs a measurement in a certain direction [162], [392], [394], or by applying time-

varying gradients that are not pulsed, such as oscillating gradients [395]. There are such 

approaches based on double diffusion encoding (DDE) pulse sequences [162], [170], [392], [396] 

that enable linear (LTE) and planar tensor encoding, and on isotropic time-varying diffusion 

encoding gradient waveforms (as opposed to typical trapezoid gradients) [164], [169], [393], such 

as q-space trajectory encoding (QTI) [160]. The latter allows several b-tensor shapes such as linear 

and spherical tensor encoding (STE), as well as prolate and oblate encoding. These methods allow 

for the calculation of invariant microscopic diffusion parameters by diffusion tensor distribution 

(DTD) data models based on the previously mentioned encoding trajectories [397], [398]. One of 

these proposed DTD frameworks, namely the diffusional variance decomposition (DIVIDE) [161], 

can disentangle the isotropic (MKi) and anisotropic (MKa) components of the total diffusional 

variance (MKt), which is equivalent to the mean kurtosis (MK) from DKI [152], and estimate 

novel microscopic diffusion metrics. These include the MKi and MKa contributions of the 

diffusional variance that appear to be respectively related with cell density variance and cell 

eccentricity [161], as well as the microscopic fractional anisotropy (µFA) which is indicative of 

the microscopic diffusion anisotropy, independent from the orientation coherence [163], [169]. 

These b-tensor diffusion encoding approaches are technically demanding of the gradient system 

but are feasible on clinical MRI systems [166] and have been successfully applied to the study of 

healthy subjects [161], [169], brain tumor discrimination [161], [169], breast cancer [399], and 

WM age related lesions in elderly healthy subjects and patients with Parkinson's disease [400].  
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Additionally, two previous diffusion studies [162], [172] have also applied different b-tensor 

encoding strategies in MS, nominally DDE [162] and LTE/STE (based on QTI) [172], to assess 

microscopic diffusion anisotropy in lesions [162], NAWM, and several WM ROIs with µFA 

(corpus callosum, internal capsula, centrum semi-ovale and frontal subcortical WM in [162]; 

corticospinal tract, superior longitudinal fasciculus and cingulum in [172]) and GM (thalamus and 

putamen in [162]). When DDE was applied with 3 mm isotropic voxel resolution in a small sample 

of 6 RRMS and 8 controls [162], µFA showed group differences only for the T1-hypointense and 

T2-hyperintense lesions, but not for the NAWM, or any WM or GM ROIs; while FA calculated 

from DTI at a higher 2 mm isotropic resolution displayed NAWM group differences but only T1-

hypointense lesion group differences. The LTE/STE study [172] was acquired with 2.5 mm 

isotropic voxels in a bigger sample of 26 RRMS, 14 PPMS and 27 controls although only in a 

NAWM slab (36.3 mm) covering the corpus callosum where lesions typically are to be found. This 

latter work reported NAWM differences between MS and controls with µFA as well as correlations 

between higher total lesion load, higher disability, and slower information processing speed with 

lower µFA. However, no group µFA differences were reported for discrete WM ROIs, only FA 

for the corticospinal tract.   

The purpose of this tensor‐valued diffusion MS study was to (a) apply an optimized QTI whole 

brain protocol and corresponding DIVIDE analysis on a group of MS participants and healthy 

controls, (b) demonstrate the efficacy of this method to improve the measurement specificity of 

tissue microstructure in MS lesions, NAWM, healthy WM, and different WM fiber configurations 

in both healthy and MS cohorts, and (c) assess the relationships of the aforementioned measures 
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with total lesion volume, and overall disability, motor, dexterity and cognitive functions affected 

in MS, as well as depression, fatigue, and time since disease onset.  

5.2. Methods 

5.2.1.  Participants 

This study involved 43 participants diagnosed with MS (35 relapsing-remitting MS – RRMS, 8 

secondary progressive MS – SPMS; the same as in Chapters 3 and 4) and 15 healthy controls with 

no neurological/psychiatric disorders or brain injury. MS participants had no history of clinically 

documented relapse or a high dose steroid treatment in a year prior to MRI scan, and they were 

recruited from the University of Alberta MS Clinic. Healthy controls were recruited by online and 

on-campus advertising. All participants provided written informed consent and the study was 

approved by the University of Alberta Human Research Ethics Board. The demographic and 

clinical data are summarized in Table 5.1 in the Results. 

5.2.2.  Cognitive Assessment 

Clinical and cognitive tests were administered to the MS participants by a trained user (DVC) to 

evaluate global disability, memory, fatigue, depression, leg function/ambulation, and arm/hand 

function (Table 5.1). The tests consisted of Kurtzke Expanded Disability Status Scale (EDSS) for 

overall disability in MS; Brief Visual Memory Test Revised (BVMT-R) for visuospatial learning 

and memory (Total Recall scores only); Symbol Digit Modalities Test (SDMT) for information 

processing speed and visual scanning/learning; Modified Fatigue Impact Scale (MFIS) for 

effects of fatigue in terms of physical and cognitive functioning; Beck Depression Inventory-II 



 

177 

 

 

 

(BDI-II) for depression; Timed 25-Foot Walk (T25-FW) for quantitative mobility and leg 

function performance; 9-Hole Peg Test (9-HPT) as a quantitative measure of arm and hand 

function. 

5.2.3.  MRI Protocol 

Three different protocols with whole brain coverage were acquired on a 3 T Siemens Prisma (80 

mT/m gradient strength per axis) and a 64-channel Head/Neck RF coil:  

(i) 3D T1-weighted Magnetization-prepared rapid acquisition with gradient echo 

(MPRAGE) with field of view (FOV) 250×250 mm2, 0.85 mm isotropic voxels, 

TR=1800 ms, TE=2.37 ms, scan time of 3:39 minutes (Figure 5.1A) for total WM 

segmentation, improving lesion conspicuity and ROI selection;  

(ii) 3D Sampling Perfection with Application optimized Contrasts using different flip angle 

Evolution (SPACE) Fluid-attenuated inversion recovery (FLAIR) was performed with 

FOV 230×230 mm2, 1.2 mm isotropic voxels, TR=5000 ms, TE=385 ms, TI=1800 ms, 

scan time of 3:07 minutes (Figure 5.1B) for WM lesion segmentation (FLAIR was not 

acquired in one RRMS participant); 

(iii) Tensor-valued diffusion MRI [166] (see Figure 1.15B, C in the Introduction section):  

used a prototype echo-planar imaging sequence with 40 3 mm slices, 2×2 mm2 

resolution, GRAPPA R=2, TR=4300 ms, TE=89 ms, A-P phase encoding directions 

and total scan time of 6:36 minutes to yield the diffusion metrics. The STE (Figure 

1.15B) was acquired with custom asymmetric gradient waveforms using isotropic 

diffusion encoding based on the magic angle spinning of the q-vector (qMAS) [160], 
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[164] and 6 averages each of b=100, 500, 1000, 1500, 2000 s/mm2. The LTE (Figure 

1.15C) used the gradient shape corresponding to the x-direction of the STE, with 6 

directions at b=100 s/mm2, 12 directions at b=1000 s/mm2 and 22 directions at b=2000 

s/mm2. 

(iv)  

5.2.5.  Structural MRI Postprocessing 

Total WM volumes from MPRAGE (segmented with volBrain) and total lesion volumes (TLV) 

from FLAIR (Table 5.1) were taken from Chapter 3. For each subject, MPRAGE and its volBrain 

segmented WM regions, and FLAIR and its derived binarized WM lesions were manually aligned 

to µFA maps in ITK-SNAP (v3.8.0) [320] and then registered with an affine transformation model 

by using mutual information. For each MS participant, ROIs for NAWM were calculated by 

subtracting the WM lesion maps from the total WM. WM lesions, NAWM, and WM ROIs were 

resliced to the diffusion image space and eroded by one voxel to reduce partial volume effects with 

adjacent CSF, WM lesions and/or GM voxels. Lesions that did not survive the eroding process (at 

least one lesion voxel) were not included in the total lesion metrics to avoid inaccurate results due 

to partial volume effects. Three RRMS participants with very small lesions and low TLV (< 0.15 

cm3) were excluded from the lesion analysis 

5.2.6.  b-tensor Diffusion MRI Postprocessing and ROI Selection 

Diffusion MRI data were corrected for motion and eddy currents in Elastix [134] with reference 

volumes extrapolated from low b-value images [401] and smoothed with a Gaussian filter (1.18 
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mm FWHM, σ=0.5 voxels). The average diffusion tensor and the tensor covariance were fitted to 

the data with linear least squares fitting and corrected for heteroscedasticity [384]. A covariance 

DTD model for QTI data analysis [160] available in the Multidimensional Diffusion MRI toolbox 

(https://github.com/lubosvojtisek/markus-nilssonmd-dmri) [397] was utilized to yield standard 

diffusion parameters (MD, FA) and µFA, MKa, MKi, and MKt maps. 

All the diffusion metrics of MS patients and healthy controls were assessed in the above-mentioned 

total WM lesions and NAWM in MS patients and total WM ROIs in controls, as well as in four 

2D axial WM ROIs enclosing different complexity in brain tissue microstructure, which were 

manually delineated on the first eigenvector FA (FEFA) maps. Two of the latter ROIs were axially 

positioned at the midline on the splenium of the corpus callosum and the bilateral posterior limb 

of the internal capsula as instances of straight coherent WM with similar axon sizes [402] but 

different degrees of MS lesion incidence (the corpus callosum has the highest incidence). One 

bilateral ROI was placed on the anterior crossing WM adjacent to the lateral ventricles (at least 

one voxel from the lateral ventricles to avoid partial volume effects with CSF) where the frontal 

fibers from the genu of the corpus callosum and the anterior corona radiata intersect. Another 

bilateral ROI was located on the fanning WM enclosing the superior area of the corona radiata at 

the level of the centrum semiovale. All ROIs were placed in comparable slices for each subject, 

showing the largest portion of the selected areas. Voxels displaying FLAIR hyperintense, or T1-

weighted hypointense MS lesions were excluded from the WM ROIs outlined on the FEFA maps, 

as well as all peripheral voxels within the ROIs showing potential partial volume effects with CSF 

https://github.com/lubosvojtisek/markus-nilssonmd-dmri
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(MD threshold of 2.2 × 10-3 mm2/s). When applicable, left and right ROI metrics per structure 

were averaged bilaterally to reduce multiple comparisons.  

5.2.7.  Statistical Analysis 

MD, FA, µFA, MKa, MKi, and MKt between lesions and total NAWM of MS patients were 

compared with paired t-tests by using Minitab v20. Two-sample t-tests were performed to compare 

lesions in MS vs total WM in controls, total NAWM in MS vs total WM in controls, as well as the 

four WM regions with different fiber configurations and lesion incidence between MS and 

controls. Pearson correlations between diffusion metrics and age were calculated separately for the 

MS and healthy cohorts and scatterplots were visually assessed. If correlations were significant 

between any diffusion metric and age for both cohorts, stepwise linear regression analyses were 

performed with age as a continuous predictor, group type as a categorical predictor and an 

interaction effect between age and group type to test whether these metrics differed between 

controls and MS or if there were interaction effects versus age in these cohorts. Pearson 

correlations, age-corrected for any metric that displayed age correlations, were calculated between 

all diffusion metrics and total lesion volume, EDSS, BVMT-R, SDMT (age corrected z-scores), 

MFIS (physical, cognitive), BDI-II, T25-FW, and 9-HPT to assess microstructural relationships 

with disability, cognition, fatigue, depression, and upper/lower limb mobility in the full MS cohort. 

T-tests (p≤0.01) and Pearson correlations (p≤0.017) were corrected for multiple comparisons by 

using the Benjamini–Hochberg false discovery rate (FDR‐BH) method with an in-house written 

script (MatLab R2020b). 
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5.3. Results 

5.3.1.  MS Subgroup Demographics 

The control group and the full MS cohort did not show any sex (p=0.51) differences with 

73%(controls) and 81%(MS) females, or age (p=0.97) differences with controls covering 24-70 

years and the MS group 32-71 years. All demographics are shown in Table 5.1 below. 

Table 5.1: Demographics for controls and the full MS cohort with mean ± SD and range in 

brackets when applicable (*p≤0.05 for differences between groups).  
Controls 

(n=15) 

MS cohort 

(n=43) 

Sex (M/F) 4/11 8/35 

Age (years) 48 ± 14 (24-70) 48 ± 10 (32-71) 

WM+GM (cm3) 1230 ± 125 1143 ± 127* 

Total lesion volume (cm3) - 7.9 ± 11.4 (0.03-44.2) 

 

Time since onset (years) - 16 ± 10 (1-41) 

EDSSa - 3.5 ± 2 (0-6.5) 

BVMT-R (total recall) - 21 ± 7 (8-35) 

SDMT (z-scores) - -0.80 ± 1.4 ((-3.33)-2.22)  

MFIS (physical) - 20 ± 8 (3-33) 

MFIS (cognitive) - 19 ± 9 (1-40)  

BDI-II - 13 ± 9 (1-41) 

T25-FW (secs)b - 6.81 ± 2.94 (4.01-18.19)  

9-HPTc - 0.042 ± 0.011 (0.024-0.066) 

a EDSS was not obtained in two RRMS participants.  
b T25-FW was not obtained in four RRMS and in three SPMS participants.  
c 9-HPT was not obtained in four RRMS and in two SPMS participants.  
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5.3.2.  Qualitative Evaluation of Diffusion Metrics Changes in WM Lesions, Total 

NAWM in MS Patients and Total WM in Healthy Controls 

Example MPRAGE, FLAIR, and diffusion images/maps for a younger RRMS male participant 

and an elder SPMS female participant both displaying different loads of the typical periventricular 

MS lesion are shown in Figure 5.1 and 5.2, respectively. In our MS cohort, most of the large WM 

lesions appeared consistently hyperintense on FLAIR (Figure 5.1B, Figure 5.2B) and on the MD 

maps (Figure 5.1C, Figure 5.2C) and they corresponded to T1 “black holes” (Figure 5.1A) or 

hypointensities mainly on µFA, MKa, and MKt (Figure 5.1E, F, H; Figure 5.2E, F, H). The pattern 

and range of hypointensities in the µFA, MKa and MKt maps more accurately mirrored the lesion 

distribution on FLAIR when compared to FA (Figure 5.1D, Figure 5.2D). MKi didn’t display any 

apparently ‘high’ hyperintensities associated with greater isotropic variance, which reflects its 

specific sensitivity to interfaces between brain matter and CSF due to partial volume effects. 

However, in the SPMS subject the intensity values within the posterior periventricular lesions in 

the MKi map appeared similar in value to the CSF areas and to the hypointensities displayed in the 

MKa map within the same lesions (Figure 5.2). In regions with crossing WM fibers, FA intensity 

variations (e.g., left posterior crossing WM lesion versus contralateral ‘normal appearing’ crossing 

WM in Figure 5.1, and posterior crossing WM lesions versus anterior ‘normal appearing’ crossing 

WM partially mixed with smaller lesions in Figure 5.2) were more difficult to depict and interpret 

as FA hypointense values may be caused not only by lesions but also by contributions from 

different crossing fiber populations. 
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Figure 5.1: Axial (A) MPRAGE, (B) FLAIR, (C, D) DTI and (E-H) DIVIDE diffusion maps in a 

38-year-old RRMS male (EDSS 2.0, total lesion volume - TLV=3.3 cm3). Note the T1 

hypointense/FLAIR hyperintense lesion next to the posterior left ventricle horn (red arrowheads), 

which is hyperintense in MD and clearly hypointense in µFA, MKa and MKt maps. This lesion 

was not evident in FA, when compared to contralateral ‘normal appearing’ crossing WM, due to 

the contribution of different crossing fiber populations to the calculation of this metric.  
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Figure 5.2: Axial (A) MPRAGE, (B) FLAIR, (C, D) DTI and (E-H) DIVIDE diffusion maps in a 

60-year-old SPMS female (EDSS 5.0, TLV=31.0 cm3). Note the large T1 hypointense/FLAIR 

hyperintense bilateral lesions next to the posterior left ventricle horn (red arrowheads), which are 

hyperintense in MD and clearly hypointense in µFA, MKa and MKt maps. These lesions were not 

as evident in FA, when compared to contralateral ‘normal appearing’ crossing WM, due to the 

contribution of different crossing fiber populations to the calculation of this metric.  

 

From the LTE signal decay analysis, lesions (Figure 5.3A) appeared to have a lower normalized 

diffusional variance (MKt), when compared to NAWM (Figure 5.3B) or to WM (Figure 5.3C). By 

adding the isotropic STE, the proper microstructural features could be differentiated in terms of 

isotropic and anisotropic microenvironments. In the MS lesions, almost half of the diffusional 
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variance came from MKi, which seemed higher in lesions when assessed in NAWM and WM. The 

remaining diffusional variance within the MS lesions resulted from MKa values comparable to 

MKi, which seemed lower in lesions when compared to NAWM and WM. These two isotropic 

and anisotropic variance contributions made up for the overall apparently higher MKt in both 

NAWM and WM when compared to lesions. 

Figure 5.3: Signal vs b-value curves (first row) and FA/µFA histograms (second row) within (A) 

total healthy WM in a 50-year-old female healthy participant, and (B) total NAWM and (C) lesions 

in a 51-year-old RRMS female (EDSS 3.5, TLV=44.2 cm3). LTE and STE signals are shown as 

green and grey solid lines, respectively. Mono-exponential signal decay is shown with a blue solid 

line only for visual reference. When applying STE, the signal curvature relative to the mono-

exponential signal decay is related to the degree of isotropic diffusional variance (MKi). Adding 

the isotropic encoding STE acquisition allowed for separation of the anisotropic diffusional 

variance (MKa) from the total variance (MKt) calculated with conventional/linear diffusion 

encoding – LTE. FA and μFA histogram distributions showed differences between these two 

metrics and μFA was higher than FA for the three tissues demonstrating how μFA is still sensitive 

to the anisotropic diffusion even in MS lesions.   
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5.3.3.  Group Analysis of Diffusion Metrics in WM Lesions vs Total NAWM in MS, 

WM Lesions in MS vs Total WM in Healthy Controls, and Total NAWM in MS vs 

Total WM in Healthy Controls  

MS lesions, total NAMW, and total WM diffusion metrics in the MS and the healthy cohorts are 

displayed in Figure 5.4. There were no significant diffusion differences between the total NAWM 

in MS patients and the total WM in the healthy controls.  

Lesions versus Total NAWM in MS: Within lesions, MD (Figure 5.4A) and MKi (Figure 5.4E) 

were 64% and 35% respectively higher than in NAWM. Within lesions, FA (Figure 5.4B) and 

µFA (Figure 5.4C) were -47% and -32% respectively lower and MKa (Figure 5.4D) and MKt 

(Figure 5.4F) were -65% and -49% respectively lower than in NAWM.  

Lesions versus Total WM in Healthy Controls: Lesion MD (Figure 5.4A) and MKi (Figure 5.4E) 

were 66% and 35%, respectively, higher than in healthy WM in controls. Within lesions, FA 

(Figure 5.4B) and µFA (Figure 5.4C) were -48% and -32%, respectively, lower and MKa (Figure 

5.4D) and MKt (Figure 5.4F) were -66% and -50%, respectively, lower than in total WM in healthy 

controls. 
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Figure 5.4: Interval plots of diffusion metrics for lesions and NAWM in MS and healthy WM in 

controls. Interval plots showed the mean and its 95% confidence interval, as well as individual 

participant values of the (A) MD, (B) FA, (C) µFA, (D) MKa, (E) MKi, and (F) MKt metrics in 

lesions and NAWM for the full MS cohort, and in healthy WM for control participants (HC) with 

their corresponding symbols legend (FDR-corrected *p<0.01). 
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5.3.4.  Qualitative Evaluation of Diffusion Metrics Changes in Different WM 

Configurations in MS Patients and Healthy Controls 

T1-weighted MPRAGE, T2-weighted FLAIR images, and diffusion maps are shown for a 50-year-

old healthy control and a 50-year-old RRMS patient (Figure 5.5). The RRMS patient displayed 

slightly enlarged ventricles when compared with a similarly aged healthy control despite having 

an MS onset from only 4 years ago, a low total lesion volume and EDSS=0. MD seemed very 

homogeneous all over the WM in both examples (Figure 5.5C). FA appeared to be higher in highly 

coherent WM such as the splenium of corpus callosum and posterior limb of internal capsula and 

lower in the anterior crossing WM in controls and MS when compared to coherent WM (Figure 

5.5D); wherein µFA was more homogeneous all over the WM reflecting high anisotropy (Figure 

5.5E), in both participants. MKa and MKt maps appeared brightest in the highly anisotropic 

coherent WM within the corpus callosum and the internal capsula when compared to crossing WM 

areas (Figure 5.5F, H), while MKi displayed high intensity only in voxels with partial volume with 

CSF (Figure 5.5G). 

 

 

 

 

 



 

189 

 

 

 

Figure 5.5: (A) MPRAGE, (B) FLAIR, (C, D) DTI and (E-H) DIVIDE diffusion maps in a 50-

year-old healthy female (first column) and in a 50-year-old RRMS female (second column, EDSS 

0.0, TLV=0.7 cm3).  
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Figure 5.6 displays an SPMS example with high lesion load (shown in the first row on FLAIR) 

and the four WM ROIs enclosing regions with different WM fiber configurations under study here, 

which were depicted on the FEFA map (second row in Figure 5.6). Among the regions inspected 

within the same individual with MS, MKa (fourth row in Figure 5.6) and MKt (sixth row in Figure 

5.6) brightest areas were in the highly coherent WM (Figure 5.6A, B) and the lowest values in 

crossing WM (Figure 5.6C). MKi (fourth row in Figure 5.6) was generally low all over the brain 

showing the highest values in periventricular areas with high lesion incidence and near CSF such 

as the corpus callosum and the anterior crossing WM. The MKt values were the highest in the 

posterior limb of the internal capsula when compared to the corpus callosum, with the former also 

displaying higher anisotropic variance MKa and lower to nearly zero isotropic variance MKi when 

compared to the latter (Figure 5.6A, B). This could be reflecting the higher incidence of MS lesions 

in callosal WM versus the internal capsula, although it could also be influenced by partial volume 

effects with CSF near the lateral ventricles. In fanning WM, MKt values were higher than in 

crossing WM, with MKa being twice higher and MKi twice lower in the former than in the latter 

(Figure 5.6C, D). Both fanning and crossing WM ROIs had heavy lesion incidence, however Mki 

values were higher in the crossing WM; again they are likely more greatly influenced by partial 

volume effects with ventricular CSF and not only by inflammatory MS lesions. 
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Figure 5.6: DTI and b-tensor derived diffusion metrics in 4 different types of WM regions. 

Regions included (A, B) coherent, (C) crossing, and (D) fanning WM in a 61-year-old SPMS 

female (EDSS 6.0, TLV=37.1 cm3). µFA was high for all WM regions reflecting WM anisotropy 

while FA was heterogeneous within the enclosed crossing WM region reflecting its sensitivity to 

orientation dispersion. MKa and MKt were the highest in highly coherent WM regions while MKi 

was slightly elevated near CSF interfaces.  
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5.3.5.  Group Analysis of Diffusion Metrics in Different WM Configurations in MS 

Patients and Healthy Controls 

Diffusion metrics extracted from the ROIs enclosing different WM configurations that displayed 

significant group differences between the MS cohort and the healthy controls are shown in Table 

5.2. The splenium of the corpus callosum, coherent WM with high lesion incidence in MS 

(p≤0.001, Figure 5.6A), the anterior crossing in frontal WM (p≤0.015, Figure 5.6C) and the 

fanning WM of the corona radiata (p≤0.029, Figure 5.6D), each showed abnormally higher MD 

and lower µFA, MKa, and MKt in MS when compared with controls. FA was lower only in the 

splenium of the corpus callosum (p=0.001) and the fanning WM (p=0.019), but not in the crossing 

WM, and MKi was higher only in the corpus callosum splenium (p=0.001) in MS patients versus 

healthy participants. The posterior limb of the internal capsula showed no diffusion differences 

(Controls: FA=0.63 ± 0.03, MD=0.87 ± 0.02 x 10-3 mm2/s, µFA=0.90 ± 0.03, MKa=1.52 ± 0.15, 

MKi=0.1 ± 0.08, MKt=1.61 ± 0.09; MS: FA=0.64 ± 0.03, MD=0.86 ± 0.04 x 10-3 mm2/s, µFA=0.91 

± 0.03, MKa=1.57 ± 0.20, MKi=0.05 ± 0.11, MKt=1.61 ± 0.11). 
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Table 5.2: Diffusion metrics for controls (HC) versus the MS cohort in different WM/NAWM 

regions (FDR corrected *p≤0.01)  

 

 Mean ± SD (MD – 10-3 mm2/s, FA, µFA, 

MKa, MKi, MKt – no units) 

% Differences vs HC 

(p-value) 

HC (n=15) MS (n=43) 

Coherent 

WM 

(Corpus 

Callosum 

Splenium) 

MD 0.89 ± 0.03 0.99 ± 0.12* 11% (p<0.0001) 

FA 0.76 ± 0.05 0.68 ± 0.07* -11% (p<0.0001) 

µFA 0.92 ± 0.03 0.86 ± 0.07* -6.5% (p<0.0001) 

MKa 1.73 ± 0.21 1.36 ± 0.33* -21% (p<0.0001) 

MKi 0.16 ± 0.08 0.26 ± 0.10* 62% (p=0.001) 

MKt 1.89 ± 0.14 1.62 ± 0.26* -14% (p<0.0001) 

 

Anterior 

Crossing 

(Frontal 

WM) 

MD 0.93 ± 0.02 0.97 ± 0.06* 4% (p=0.002) 

FA 0.36 ± 0.03 0.34 ± 0.05 Not significant 

µFA 0.76 ± 0.02 0.73 ± 0.05* -4% (p=0.002) 

MKa 0.85 ± 0.07 0.75 ± 0.15* -12% (p=0.002) 

MKi 0.28 ± 0.04 0.30 ± 0.05 Not significant 

MKt 1.13 ± 0.04 1.05 ± 0.11* -7% (p<0.0001) 

  

Fanning 

WM 

(Corona 

Radiata) 

MD 0.87 ± 0.02 0.92 ± 0.10* 6% (p=0.001) 

FA 0.46 ± 0.04 0.42 ± 0.05* -9% (p=0.01) 

µFA 0.88 ± 0.02 0.84 ± 0.06* -5% (p<0.0001) 

MKa 1.31 ± 0.09 1.15 ± 0.22* -12% (p<0.0001) 

MKi 0.08 ± 0.06 0.12 ± 0.07 Not significant 

MKt 1.39 ± 0.05 1.26  0.15*        -9% (p<0.0001) 
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5.3.6.  Linear Relationships Between Diffusion Metrics and Age in MS Patients and 

Healthy Controls 

In the MS cohort, lesion MD and anterior crossing WM MKi increased with age (Figure 5.7A, E), 

while anterior crossing WM FA, µFA and WM MKa decreased with age (Figure 5.7B-D). Anterior 

crossing WM FA also decreased with age in the healthy cohort (Figure 5.7B). For anterior crossing 

WM FA there were age effects for both cohorts (F(1, 55)=13.96, p≤0.0001) which differed per 

group (F(1, 55)=5.61, p=0.02). This was evident from the different slopes between MS and 

controls in the age scatterplot, where FA decreases with age were steeper in the MS cohort (Figure 

5.7B). 

Figure 5.7: (A) Lesion MD, and anterior crossing WM (B) FA, (C) µFA, (D) MKa and (E) MKi 

scatterplots versus age for the entire MS cohort (red circles) and controls (green circles) with linear 

regression fits when significant (p<0.05). The anterior crossing WM FA showed a negative 

relationship with age in MS and healthy participants, with FA decreasing faster with age in the MS 

cohort. 
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5.3.7.  Correlations between Brain Diffusion Metrics with Total Lesion Volume, 

Clinical and Cognitive Scores in MS 

Statistically significant correlations (FDR-corrected, p<0.017) are shown in Figure 5.8. The 

strongest correlations with total lesion volume (TLV, Figure5.8A) were found in the splenium of 

the corpus callosum ((-0.73)-0.69) and in the superior corona radiata which reflects fanning WM 

((-0.80)-0.86), followed by the anterior crossing WM ((-0.64)-0.68), which is consistent with the 

high incidence of lesions in these WM areas.  Higher MKa (Figure 5.7B, n=35) within the WM 

lesions positively correlated with greater hand and arm dexterity (9-HPT - higher values). Three 

RRMS participants (all female and 45 years old or younger) were driving the correlations, 

displaying both high 9-HPT scores and high lesion MKa values. Several correlations between 

EDSS, BVMT-R, SDMT and 9-HPT with diffusion metrics in MS lesions, the splenium of the 

corpus callosum, as well as anterior crossing frontal WM and fanning WM in the superior corona 

radiata were found (not shown) although they did not reach the FDR correction threshold. 

Figure 5.8: (A) Linear correlations (pink—positive; blue—negative) between diffusion metrics in 

lesions, total NAWM, and discrete WM regions excluding lesions in the entire MS cohort versus 

total lesion volume (TLV). (B) Greater hand and arm dexterity positively correlated with higher 

MKa within the lesions. (FDR-corrected, p≤0.017). 
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5.4. Discussion 

 

This is one of the first studies to apply b-tensor diffusion MRI in MS pathology to better understand 

the underlying tissue microstructure in MS lesions and different WM fiber orientations, as well as 

to compare novel diffusion metrics obtained from the b-tensor acquisition between MS and healthy 

participants. In advantage over the two previous MS diffusion studies that only quantified the 

microscopic diffusion anisotropy in terms of µFA, here we reported several novel diffusion 

metrics, which are related to the diffusional variance that arise from different diffusion 

microenvironments within a macroscopic voxel (MKa, MKi, MKt). Furthermore, by disentangling 

the anisotropic (MKa) and isotropic (MKi) components of this diffusional variance we were able 

to quantify them in different WM fiber configurations in MS for the first time and to compare them 

with healthy volunteers.  

When comparing MS lesions with NAWM in patients and versus healthy WM in controls the 

standard diffusion metrics and the b-tensor diffusion metrics were all different between lesions 

and ‘normal appearing’ WM in both cohorts, although not within the ‘normal appearing’ WM 

regions in MS when compared to healthy WM in controls. Moreover, from the qualitative 

assessments, the µFA, MKa and MKt maps demarcated lesions within crossing/fanning fiber 

regions and periventricular regions more accurately than FA, and these maps appeared to better 

overlap with both hypointense T1- and hyperintense T2-weighted lesion anomalies in MS as 

opposed to FA which seemed to be mostly related with T1-weighted “black holes”, which are 

indicators of more severe tissue destruction and axonal loss [403], [404]. These results were in 
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agreement with one of the two previous studies which reported differences for T2- and T1-

weighted lesion areas between MS and controls but not for NAWM [162]. The other previous 

study reported µFA group differences for ‘normal appearing’ WM between MS patients and 

healthy controls although this group difference was also reported with FA [172]. More than a third 

of the MS patients in this previous study were primary progressive; this is a more severe MS 

outcome with quicker worsening when compared to RRMS patients, which were the bulk (81%) 

of our study. Moreover, ‘normal appearing’ WM in that study was only measured in a slab that 

covered the corpus callosum, which is an area known for its high incidence of extensive WM 

periventricular lesions in MS which could be the reason why they found group differences with 

both DTI and b-tensor derived metrics as opposed to our results here [172].  

We propose that perhaps the stringent voxel eroding performed here to deal with partial volume 

with CSF, that was applied twice (once for the lesion mask and once for the WM mask) could be 

the reason why no group differences were found in the ‘normal appearing’ WM. For our voxel 

size, each voxel removed in the eroding process would effectively remove 12 mm3 from the lesion 

and NAWM mask contours. This leaves the lesion masks with only the core of the bigger lesions 

and removes the adjacent voxels located in the vicinity of the WM lesions from the NAWM masks, 

which could effectively remove many areas with the greatest WM damage from the NAWM masks 

in MS as previously shown in a magnetization transfer study [405]. Additionally, this would 

dramatically change the total number of voxels that we are assessing in many patients, mainly in 

those with high TLV (note the number of voxels on the FA/µFA histograms in Figure 5.3B, C 

which were performed in the RRMS patient with the highest TLV in our cohort, compared to a 
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heathy control in Figure 5.3A) and will bias the contribution of the different WM structures to the 

total WM. Still, lower µFA values in WM lesions when compared to total NAWM values in the 

MS cohort quantitively agreed with previous tensor-valued diffusion MS studies [162], [172]. 

Global healthy WM µFA values in controls were also consistent with one of these studies 

(µFA~0.81) [162], but they were slightly lower than what reported in the other previous work 

(µFA~0.83) [172], perhaps due to their assessment of a slab positioned around the corpus callosum 

as previously mentioned. 

In our study, although all diffusion metrics differed between lesions and WM in both cohorts, in 

Figure 5.4 one can notice some degree of overlapping of the FA lesion values in individual subjects 

(~8% of lesion values – 3/40 in MS) with NAWM (~49% overlapped values – 21/43 in MS) and 

healthy WM (~33% overlapped values – 5/15 in controls). This was contrasted with no overlapping 

in µFA, MKa and MKt individual subject values from the same participant’s ROIs, and 

demonstrates their complementary value to DTI metrics if there is a loss of anisotropy in the tissue 

microstructure and/or a comparatively large water (edema) component [161] as in MS lesions. 

Regarding the total diffusional variance MKt as a probe of tissue heterogeneity and its respective 

anisotropic and isotropic contributions, MKa was the diffusion measurement from all the standard 

and the tensor-valued diffusion metrics that showed the greatest quantitative differences between 

lesions and total WM for both cohorts. MKt almost numerically doubled its values in total NAWM 

and WM when compared to lesion values. These lesion values were in good agreement with WM 

lesion values in elderly healthy subjects and patients with Parkinson's disease from a comparable 

b-valued diffusion study [400]. Other MS DKI studies [158], [406] comparing MK in MS lesions 
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versus NAWM/WM have also reported lower values in different type of lesions consistent with 

our results here, although their numerical values were expected to be different relative to ours due 

to variations in signal parameterization [169], [407]. These previous DKI studies agreed with 

results here which provided evidence that MKt is a robust indicator of lesion tissue architecture 

and heterogeneity, and that it has been associated with diffuse WM damage in terms of 

demyelination and axonal degeneration in MS patients. Still, MKt itself is sensitive to both variable 

cell eccentricity and density but lacks specificity regarding these their precise contributions to MS 

lesion microstructure characteristics.  

On the other hand, when the STE was added to the LTE in the diffusion signal acquisition stage, 

these contributions were further disentangled, indicating that low MKt values within MS lesions 

were explained by 58% MKa and 42% MKi contributions as opposed to NAWM/WM which both 

showed that 84% of MKt occurred from MKa and only 16% from MKi. In MS lesions the MKi 

values were not negligible and they were higher than in NAWM and in healthy WM, potentially 

due to different degrees of inflammation/edema in active lesion states due to the migration of 

inflammatory cells combined with demyelination [403]. This together with partial volume effects 

with CSF, largely on the lesion areas which are near to the lateral ventricles, could be the cause of 

MKi displaying relatively scattered values, with low accuracy and some overlap with NAWM and 

healthy WM. MKa values in NAWM and healthy WM were almost three times higher than in 

lesions and appeared sensitive to different degrees of microstructural anisotropy in NAWM/WM. 

The brightest hyperintense WM areas were found in the corpus callosum and the internal capsule 
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reflecting MKa sensitivity to highly coherent and highly myelinated fibers and to anisotropic 

diffusion in the extracellular space [400]. 

Neither of the other two previous DDE [162] and b-tensor [172] MS studies reported group 

diffusion differences in specific WM regions, three of which were investigated here (e.g., corpus 

callosum, internal capsula, frontal subcortical WM). In our study, for outside lesion areas that 

could indeed encompass variable cell density due to inflammation, MKi only differed in the corpus 

callosum genu between MS and healthy cohorts. This metric showed the greatest percentage wise 

group difference in the corpus callosum, followed by MKa, which could imply variable cell density 

due to inflammation possibly coming from microscopic lesions (slow isotropic compartments), 

but also due to CSF (fast isotropic compartments) [169]. MKi seemed to be very sensitive to partial 

volume effects with CSF [400], and these effects were greater in MS patients with enlarged 

ventricles, which together with inflammation and lesions could be one of the reasons behind MKi 

differences between MS patients and controls. However, MKi numerical values are 7-10 times 

smaller than MKa, making the impact on results from CSF likely small, although these results 

should be carefully interpreted. In the fanning WM with high lesion incidence, all metrics but MKi 

were different between groups. Interesting to note here, the MKa displayed the greatest differences, 

which were supported by lower µFA in MS and could be interpreted mainly as less anisotropy or 

eccentric cells [169], due to axonal loss resulting from Wallerian degeneration [408] from nearby 

lesions, which can still be detected at the voxel level. In the anterior periventricular crossing WM, 

µFA, MKa and MKt were able to depict diffusion differences between MS patients and controls 

while FA did not find any group differences. In both crossing and fanning WM areas, MKa showed 
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the greatest group differences (-12%). This demonstrates the added value of microstructural 

diffusion metrics to depict group differences in WM areas with high fiber orientation dispersion 

where conventional metrics could fail. Based on these results, if b-tensor protocols are acquired at 

this voxel resolution we recommend either (i) analyse discrete WM structures directly on diffusion 

maps and apply MD or even MKi thresholds to deal with partial volume effects with CSF, or (ii) 

perform atlas-based or TBSS approaches to analyse specific WM bundles individually as opposed 

to assessing total NAWM.   

Regarding correlations with clinical tests in MS, high MKa within MS lesions was linearly related 

to greater hand and arm dexterity. This was possibly due to the higher incidence of these lesions 

in periventricular WM brain structures such as the corpus callosum, which seemed significantly 

affected in the MS cohort here, and in which fiber integrity have been previously related to better 

ability in bimanual motor tasks in MS with standard DTI [409].  

One limitation of this study is the poor spatial resolution of the b-tensor protocol (12 mm3 voxel 

size) that could create partial volume effects particularly for small regions in the presence of 

atrophy, as is known in MS, as well as in small lesions. Spatial resolution was kept this low here 

in order to maintain a feasible SNR at high b-values of 2000 s/mm2 while keeping a reasonable 

scan time given the many other MRI protocols performed in this cohort. Another limitation is the 

small control group of only 15 participants, as only this MS project and another stroke project were 

utilizing b-tensor protocols which precluded recruiting a greater number of controls, and the fact 

that not many progressive patients (only 8 SPMS and no PPMS) were scanned here. This limitation 

could indeed reduce the statistical power of our group comparisons. The last limitation is that we 
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had no post-Gadolinium T1 scans so we cannot make any interpretations regarding 'active' lesions 

with blood-brain barrier damage.  In summary, b-tensor results obtained here were complementary 

to DTI results. In MS, where high resolution is key in MRI studies, due to the diversity of lesion 

sizes, location and pathology as well as patient specific diffuse WM injury, the added value of new 

b-tensor metrics at this available resolution seems mainly to improve the interpretation of standard 

DTI metrics. Future studies with better resolution and methodology are needed to achieve superior 

conclusions regarding its use in MS.    
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6. Summary & Conclusions  

The work presented in this thesis adds extensive knowledge to the field of diffusion MRI and its 

research applications with a focus on MS pathology. In addition, this manuscript also provides 

further evidence that cognitive and behavioural functions are correlated with macroscopic and 

microscopic abnormalities in limbic WM and GM structures. These results were achieved with 

novel acquisition and postprocessing strategies beyond those used in clinical MRI of MS.  

6.1.  Fornix  

DTI analyses derived from MRI acquisitions in Chapter 2 and Chapter 3 suggested that within the 

limbic system, the fornix appeared to be severely affected in terms of volume (from -26 to -53%) 

and diffusion metrics (from -16% to 24%) in MS patients despite their phenotypic classification. 

Furthermore, these fornix abnormalities persisted with the use of CSF supressed diffusion 

acquisitions, therefore they cannot be attributed only to an excess of CSF contamination due to the 

fornix tract intraventricular location and small sizes. In both Chapters 2 and 3, these affected fornix 

metrics appeared to be consistently worse in MS patients with high lesion load on FLAIR, and in 

those who were classified as cognitively impaired in Chapter 3.  

6.2.  Hippocampus 

Lower hippocampus FA was reported in MS from the diffusion and volume metrics calculated 

with FLAIR DTI in Chapter 3. Chapter 4 further focused on the hippocampus as the brain memory 

center. A high resolution 1 mm isotropic DTI slab acquired along the long axis of the hippocampus 

was utilized to manually segment the structure directly in mean DWI for the first time in MS, as 
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opposed to automatic segmentation and T1 coregistration applied in Chapter 3. These DTI 

hippocampus results were complemented with high resolution T2-weighted and T2 multi-echo 

spin echo scans acquired on similarly oriented hippocampus slabs. Total hippocampus volume, 

FA, T2 relaxometry values and T2-weighted signal were significantly abnormal in the MS cohort 

and the most significantly abnormal values were reported in cognitively impaired MS participants, 

while MD was elevated in all MS groups regardless of their cognitive status. MD together with T2 

relaxometry values were thresholded to assess regional hyperintensities as indicators of 

demyelination and inflammation, and results were consistent with MS damage seen in previous 

histologic studies. Furthermore, the proportion of these hyperintense regions were also greater in 

MS, mainly in patients with cognitive decline for T2-relaxometry and in general in patients with 

greater lesion volumes. As MD total and regional hippocampus hyperintensities were affected, 

although to a lesser extent, in cognitively preserved patients, this could indicate that hippocampus 

demyelination is an early pathological feature of MS, and its worsening could influence 

irreversible atrophy and cognitive impairment.  

6.3.  Other Regions Displaying Volume/Diffusion Abnormalities in MS 

In Chapter 2, the cingulum did not display any abnormalities in MS but the uncinate fasciculus 

showed lower FA in SPMS. In Chapter 3, severe atrophy was reported in the thalamus mainly in 

cognitively impaired patients (-23%). In Chapter 5, MD and FA, and novel diffusion metrics such 

as µFA, MKa and MKt achieved with b-tensor encoding, were found abnormal in lesions when 

compared to total NAWM in MS and WM in controls, although no differences were reported in 

‘normal appearing’ WM between the two groups. Similar kinds of diffusion encoding analyses 
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have only been performed in MS twice before, however they have reported only μFA values. 

Coherent WM in the corpus callosum and the fanning WM in the superior corona radiata were 

consistently different between MS and controls although the greatest percentagewise differences 

between groups were reported with diffusional variance metrics such as MKa and MKt 

Additionally, µFA, MKt and MKa, but not FA, were significantly lower in MS when assessing 

anterior periventricular crossing WM excluding lesions. 

6.4.  Clinical/Cognitive Correlations 

In MS, lower cingulum FA (Chapter 2) and lower hippocampus FA (Chapter 3 and Chapter 4) 

respectively correlated with higher depression and greater physical fatigue. Abnormal fornix 

diffusion metrics, thalamus volume and hippocampus FA correlated with slower information 

processing speed in Chapter 3. In Chapter 3, the fornix RD together with thalamic volumes were 

excellent predictors of cognitive impairment in MS with an accuracy of 87%. In Chapter 4, higher 

T2 relaxometry values and higher T2-weighted signal in the hippocampus correlated with greater 

disability. In Chapter 5, higher MKa within the MS lesions correlated with better hand and arm 

dexterity. 

6.5.  Limitations 

Several limitations of this work should be noted. First, the sample sizes, mainly in Chapter 2 could 

be increased to make more robust inferences regarding MS phenotypes. Second, the absence of 

PPMS and low proportion of SPMS patients in Chapter 3, Chapter 4 and Chapter 5 should be 

addressed and the numbers of patients classified with these phenotypes could be increased to make 



 

206 

 

 

 

better interpretations in relation to histology work. Third, CSF suppressed acquisitions were not 

acquired in Chapter 2, due to specific absorption rate (SAR) constraints at 4.7 T, and the lack of 

multi-shell diffusion acquisition within the same work precluded the application of accurate 

postprocessing “free water elimination (FWE)” CSF correction algorithms. Fourth, there were no 

histology analyses available to fully confirm the validity of the imaging results versus a gold 

standard in the MS cohorts under study here. Fifth, spatial resolution should be increased for the 

b-tensor diffusion protocol, which along with an optimized methodology, could improve the 

robustness of results achieved in Chapter 5.  Sixth, the long duration of the MS protocols utilized 

here, which were acquired all together making the total acquisition ~1 hour long which could 

increase sensitivity to subject motion. The MRI was followed by the cognitive/clinical testing 

which could potentially make the MS patients prone to overtiredness and fatigue and bias the 

testing and questionnaire results. Despite these important limitations and many more, this work 

has advanced the field of diffusion MRI in MS and it has possibly led to more questions than it 

has answered regarding MS cognitive decline, limbic structures, and diffusion metrics 

interpretation. Nevertheless, this work has also significantly contributed towards the identification 

of key structures that were previously poorly studied in MS, and to the better understanding of the 

pathological processes behind the degradation of these structures and their relationship with 

clinical and cognitive deficits. 

6.5.  Future Directions 

Longitudinal FLAIR-DTI work in MS, as well as greater and more phenotypically diverse MS 

cohorts will help to confirm if the fornix could be an early and robust indicator of cognitive 
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impairment in MS, which could possibly precede abnormalities in other brain deep GM structures 

related to cognitive functions, particularly considering results shown by our findings. Furthermore, 

the status of structures like the fornix, hippocampus and thalamus as evaluated by combined high 

resolution multi-shell diffusion and volume MRI metrics could serve as prospective biomarkers of 

cognitive impairment in MS, similar to suggested biomarkers of Alzheimer’s disease. A high 

resolution (1.5 mm isotropic) whole brain diffusion MRI protocol was acquired as part of the full 

set of MRI sequences performed for Chapters 3, 4 and 5. It was acquired in 6 min with a SS-EPI 

sequence: GRAPPA R=2, 6/8 partial Fourier, 6 b= 0 s/mm2, 30 directions at b=1000 s/mm2 and 

30 directions at b=2000 s/mm2, TR=4700 ms, TE=64 ms. Future work in this MS cohort could 

include expanding the tractography analysis from DTI- to CSD-based tract reconstruction and 

apply it in a larger number of WM bundles in the brain with a focus on crossing fiber areas such 

as the thalamic radiation and in regions with high MS lesion incidence and low diffusion 

anisotropy. Furthermore, the b=1000 s/mm2 shell of this diffusion MRI protocol could be utilized 

for examining cortical anisotropy in MS, by applying an automated cortical boundary 

segmentation method that works directly on FA and mean DWI maps yielded from the 

aforementioned diffusion acquisition [410]. This method was previously developed by our lab, but 

it has not yet been applied in MS. Diffusion cortical measures in the MS cohort may complement 

deep GM diffusion metrics previously calculated in this thesis and further could advance the 

understanding of GM damage in MS. Finally, additional cross-sectional and longitudinal studies 

applying b-tensor diffusion MRI in MS and control groups with greater spatial resolution, sample 

sizes and in conjunction with histological validation, will help to confirm the clinical value of these 
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novel acquisitions which may be used to improve the interpretation of diffusion metrics regarding 

pathology. 
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Appendix A: Fornix Tractography  

Key FACT deterministic tractography points considered here: 

i. The thresholds or tracking conditions under consideration for fornix tractography were the 

voxel local FA value, the angle of curvature or turning angle, the step size and the minimum 

fiber length.  

ii. The minimum fiber length was set to 10 mm and it was not further modified to avoid noisy 

contributions from shorter fibers. 

iii. The step size and the turning angle are parameters that are coupled together to limit the 

allowed tract curvature. Then, the turning angle is usually chosen between 30-90° but not 

higher than 90° to avoid fiber backtracking, which is generally not anatomically plausible.  

iv. In ExploreDTI, the turning angle is defined as the half cone of opening. The angle threshold 

chosen for this analysis was 30°, which is an effective 60° total, and it was not further 

modified as it did not seem necessary due to the fornix anatomy. 

v.  Instead, the step size was modified to assess overall tract curvature. The step size or 

pathway propagation is not recommended to be set higher than the voxel size. 

The final deterministic tractography settings to track the fornix in ExploreDTI in Chapter 2 were 

set up as: FA threshold of 0.2, a turning angle of 30˚, step size of 1 mm (due to zero-filling 

interpolation) and minimum fiber length of 10 mm. This procedure yielded excellent depictions of 

the fornix (and the other two tracts) including the bending parts as shown in Chapter 2 and in 

Figure A.1 below, particularly in controls.  
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Figure A.1: Fornix tractography steps as described in Chapter 2: “SEED/OR” ROIs were placed 

on an axial slice around the fornix column above the anterior commissure (Step 1) and in two 

coronal slices, one in the fornix body (Step 2), and one between the crus and fimbria (Step 3). 

These ROIs were placed on three distinct portions for the left and right hemispheres separately at 

first, and then the two fornices were concatenated into one. “NOT” ROIs were placed on axial and 

coronal slices above, anterior and posterior to the fornix to avoid spurious fibers when necessary 

(Step 4). 

 

For interest here, fornix tractography settings (FA threshold and step size) were compared between 

what we presented in Chapter 2 Methods (FA=0.2, step=1 mm) and two other scenarios (FA=0.2, 

step=0.5 mm; and FA=0.13, step=1 mm) for two controls, two RRMS, two SPMS and two PPMS 

participants (Figure A.1). A lower FA threshold was chosen for comparisons (FA=0.13, taken from 

references in Chapter 2) as FA in focal MS lesions is lower than in healthy WM and NAWM. A 

lower step size was chosen for comparisons as this parameter should not be set higher than 
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‘information size’ (voxel size), hence a step size which was half of what we utilized in Chapter 2 

was selected here for comparison purposes. 

Step sizes comparison (first and second column in Figure A.2): There are no major qualitative or 

quantitative changes in any of the subgroups if the step size changes from 1 to 0.5 mm; the FA 

values are very comparable and the changes in MD are no larger than 0.04 x 10-3 mm2/s. 

FA threshold comparisons (first and second column in Figure A.2, also shown in Chapter 2):  If 

the FA threshold is modified from 0.2 to 0.13, qualitative tract differences are observable, 

primarily in the MS cohort, due to a greater number of streamlines arising from the lower FA 

threshold. In some participants, this lower FA threshold enables streamlines to connect across the 

previously “transected” crura and there are fewer disconnections compared to the tracts presented 

in the main manuscript: 

➢ FA threshold=0.2: Controls – 1/11 transections (1 bilateral), RRMS – 8/11 transections (1 

left side, 2 right side, 5 bilateral), SPMS – 6/9 transections (2 right side, 4 bilateral), PPMS 

– 4/8 transections (1 right side, 3 bilateral).  

➢ FA threshold=0.13: Controls – no transections, RRMS – 4/11 transections (2 left side, 2 

right side), SPMS – 5/9 transections (2 left side, 1 right side, 2 bilateral), PPMS – 2/8 

transections (1 left side, 1 bilateral). 
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Figure A.2: Comparison of different tracking thresholds (FA and step size) for deterministic 

fornix tractography in two controls (A), two RRMS (B), two SPMS (C), and two PPMS (D) 

participants. 
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The angle threshold was analyzed together with the step size to assess the tract curvature within a 

voxel. Here, the step size (1 mm) was smaller than the voxel size and the applied angle threshold 

(30°) allows enough deviation within the voxel to keep tracking the fornix. To demonstrate that 

this angle threshold was sufficient, the mean ± SD angle deviation per step size over the entire 

fornix is shown in Table A.1 below for 8 participants where full fornix tracts were achieved (2 

healthy controls, 2 RRMS, 2 SPMS, and 2 PPMS). In all these 8 examples, the angle deviation per 

step size was much less than the 30° threshold. 

Table A.1: Average angle deviation per step size (mean ± SD) in the full fornix in 2 healthy 

controls, 2 RRMS, 2 SPMS, and 2 PPMS examples. 

Angle deviation per step size (°) Controls RRMS SPMS PPMS 

Subject 1 4.2 ± 3.1° 3.8 ± 1.9° 4.0 ± 2.5° 3.6 ± 2.2° 

Subject 2 3.8 ± 2.2° 4.4 ± 3.0° 3.7 ± 2.2° 4.5 ± 3.0° 
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Appendix B: Cognitive and Clinical Battery of Tests Performed by the MS Cohorts. Forms 

and Questionnaires 

• Kurtzke Expanded Disability Status Scale (EDSS, acquired in MS cohort 1⸶ and MS 

cohort 2‡). 

• Brief Visual Memory Test-Revised (BVMT-R, acquired in both MS cohorts). 

• Symbol Digit Modalities Test (SDMT, acquired in both MS cohorts). 

• Rey Auditory Verbal Learning Test (RAVLT, acquired only in 29 MS patients from 

MS cohort 2). 

• Paced Auditory Serial Addition Test (PASAT, acquired in MS cohort 1). 

• Fatigue Severity Scale (FSS, acquired in MS cohort 1). 

• Modified Fatigue Impact Scale (MFIS, acquired in both MS cohorts). 

• Beck Depression Inventory-II (BDI-II, acquired in both MS cohorts). 

• Timed 25-Foot Walk (T25-FW, acquired in both MS cohorts). 

• 9-Hole Peg Test (9-HPT, acquired in both MS cohorts). 

⸶MS Cohort 1 included 28 patients (11 RRMS, 9 SPMS, 8 PPMS) and it was acquired for Chapter 

2. 

‡ MS Cohort 2 included 43 patients (35 RRMS, 8 SPMS) and it was acquired for Chapters 3, 4, 

and 5. 
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Symbol Digit Modalities Test (SDMT): It involves a simple substitution task using a reference 

key. The MS participant has 90 seconds to pair specific numbers with given geometric figures and 

to write them in the form below.  

Figure B.1: The Symbol Digit Modalities Test (written version).  
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Brief Visuospatial Memory Test–Revised (BVMT-R): In three Learning Trials, the respondent 

views the stimulus page for 10 seconds and is asked to draw as many of the figures as possible in 

their correct location on a page in the response booklet. A Delayed Recall Trial is administered 

after a 25-minute delay. The stimulus form below was utilized. 

Figure B.2: Test stimuli form utilized in the MS cohorts in this dissertation. 
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Figure B.3: Fatigue Severity Scale (FSS) questionnaire. 
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Figure B.4: Modified Fatigue Impact Scale (MFIS) questionnaire page 1. 

Modified Fatigue Impact Scale (MFIS) 
 

Fatigue is a feeling of physical tiredness and lack of energy that many people 
experience from time to time. But people who have medical conditions like MS 
experience stronger feelings of fatigue more often and with greater impact than others. 

 
Following is a list of statements that describe the effects of fatigue. Please read each 
statement carefully, the circle the one number that best indicates how often fatigue has 
affected you in this way during the past 4 weeks. (If you need help in marking your 
responses, tell the interviewer the number of the best response.) Please answer every 
question. If you are not sure which answer to select choose the one answer that comes 
closest to describing you. Ask the interviewer to explain any words or phrases that you 
do not understand. 

 
Because of my fatigue during the past 4 weeks 

 
 
 
 
 
 

 

1. I have been less alert. 0 1 2 3 4 

2. I have had difficulty paying attention for long periods of 
time. 

0 1 2 3 4 

3. I have been unable to think clearly. 0 1 2 3 4 

4. I have been clumsy and uncoordinated. 0 1 2 3 4 

5. I have been forgetful. 0 1 2 3 4 

6. I have had to pace myself in my physical activities. 0 1 2 3 4 

7. I have been less motivated to do anything that requires 
physical effort. 

0 1 2 3 4 

8. I have been less motivated to participate in social 
activities. 

0 1 2 3 4 

9. I have been limited in my ability to do things away from 
home. 

0 1 2 3 4 

10. I have trouble maintaining physical effort for long 
periods. 

0 1 2 3 4 

11. I have had difficulty making decisions. 0 1 2 3 4 

12. I have been less motivated to do anything that requires 
thinking 

0 1 2 3 4 

13. My muscles have felt weak 0 1 2 3 4 

14. I have been physically uncomfortable. 0 1 2 3 4 

15. I have had trouble finishing tasks that require thinking. 0 1 2 3 4 

16. I have had difficulty organizing my thoughts when doing 
things at home or at work. 

0 1 2 3 4 

17. I have been less able to complete tasks that require 
physical effort. 

0 1 2 3 4 
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Figure B.5: Modified Fatigue Impact Scale (MFIS) questionnaire page 2.  
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Figure B.6: Beck depression Inventory (BDI-II) questionnaire page 1. 
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Figure B.7: Beck depression Inventory (BDI-II) questionnaire page 2. 
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Figure B.8: Beck depression Inventory (BDI-II) questionnaire page 3. 
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Appendix C: DTI Limbic System WM and Deep GM Studies in MS (chronologically 

ordered since 2006) 

Authors, year 

(journal)  

  

Subjects  

 

Imaging 

Parameters 

 Image 

Analysis 

Limbic WM Tracts / Deep GM 

Structures Findings 

(R: Right, L: Left, Fx: Fornix, Cg: 

Cingulum, UF: Uncinate 

Fasciculus,  

Th: Thalamus, Hp: Hippocampus) 

Fabiano et al. 

2006 (J. 

Neuroimaging) 

[265] 

82 MS 

(63 RR, 

17 SP, 1 

PP), 43 

HC 

1.5T, b=1000 

s/mm2,3 xyz 

axis 

directions, 

voxel size 

3.75×2.1×5 

mm3 

ROI 

(standardized 

template Th) 

Th: ↑ADCs in L Th in MS vs HC 

and in SP vs RR. ↑ADCs in R Th in 

SP vs HC. 

Dineen et al. 

2009 (Brain) 

[255] 

37 MS 

(35 RR, 

2 SP) 

25 HC 

3 T, 15 

directions 

b=1000 

s/mm2, voxel 

size 2×2×2.5 

mm3  

TBSS 

(FA=0.2) 

Fx: ↓FA (body & tail) in MS vs HC. 

↓FA in L Fx α ↓verbal and episodic 

memory (CVLT-II, BVRT). 

Cg: ↓FA in L Cg α ↓attention, verbal 

and episodic memory (PASAT, 

CVLT-II). 

UF: No differences. 

Roosendaal et 

al. 2009 

(Neuroimage)  

[281] 

30 MS 

(5 CIS, 

21 RR, 4 

SP), 31 

HC 

1.5T, 60 

directions 

b=700 s/mm2, 

2 mm 

isotropic 

voxels 

TBSS 

(FA=0.2, 

thresholded to 

FA=0.1 for 

WM lesions) 

Fx: ↓FA, ↑RD in MS vs HC.                                                                                                                      

Cg and UF: No differences in MS vs 

HC.                                              

Tovar-Moll et 

al. 2009 (Am. J. 

Neuroradiol,) 

[267] 

24 MS 

(13 RR, 

11 SP), 

24 HC 

3 T, 33 

directions, 

b=1000 

s/mm2, 54 

slices, voxel 

size 

2.5×2.5×2.4 

mm3 

ROI  Th: ↑FA and ↑MD in MS vs HC. 

 

Fink et al. 2010 

(Mult. Scler. J.) 
[125] 

50 MS, 

20 HC 

1.5T, 30 

directions 

b=1000 

s/mm², voxel 

size 

1.98×1.98×2.

7 mm³ 

Tractography 

(FA=0.2) 

Fx: ↓FA in L&R Fx, ↑RD in L Fx in 

MS vs HC. ↓FA in R Fx α ↑ 

disability (EDSS), ↑symptoms and 

↑disease duration. ↑RD in R Fx α 

↓verbal performance (RECOG in 

CVLT). 
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Cg: ↑RD in L Cg in MS vs HC. ↑RD 

in L Cg α ↑disease duration 

(marginally). 

UF: ↓FA in L UF in MS vs HC. ↑RD 

in L&R UF. ↑RD in R UF α ↑disease 

duration, ↓verbal performance. 

Roosendaal et 

al. 2010 

(Radiology) 

[213] 

25 MS 

(intact 

spatial 

memory) 

(5 CIS, 

18 RR, 2 

SP), 30 

HC 

1.5T, 60 

directions 

b=700 s/mm², 

2 mm 

isotropic 

voxels 

(resting-state 

fMRI also 

acquired) 

Hp T1w 

manual 

segmentation 

corregistered 

to DTI (FA 

and MD) 

Hp: ↑MD in L&R Hp in MS vs HC. 

Zhou et al. 2010 

(J. Comput. 

Assist. 
Tomogr.)  

[263] 

50 MS, 

25 HC 

3 T, b=1,000 

s/mm², 15 

directions, 

voxel size 

0.94×0.94×5 

mm3 

ROI (bilateral 

Th and other 

deep GM) 

Th: No differences in MS vs HC. 

Preziosa et al. 

2011 

(Radiology) 
[286] 

172 MS 

(22 CIS, 

20 

benign 

MS, 51 

RR, 44 

SP, 35 

PP), 46 

HC 

1.5T, b=1000 

s/mm², 12 

directions, 

40 slices, 

1.88×1.88×2.

5 mm3)  

VBA  Fx: ↑MD, ↑AD, ↑RD in CIS vs HC. 

↑MD, ↑AD, ↑RD, ↓FA in PPMS vs 

HC. ↓FA, ↓AD in RRMS vs benign 

MS. ↑MD, ↑AD, ↑RD in SPMS vs 

RRMS. ↓FA, ↑MD, ↑AD, ↑RD in 

SPMS vs benign MS. ↓FA, ↑MD, 

↑AD, ↑RD in SPMS vs PPMS. 

Cg: ↑MD, ↑AD, ↑RD in CIS vs HC. 

↑MD, ↑AD, ↑RD in PPMS vs HC. 

↓FA, ↓AD in RRMS vs benign MS. 

↑MD, ↑AD, ↑RD in SPMS vs RRMS. 

↓FA, ↑MD (L Cg), ↑AD (L Cg), ↑RD 

(L Cg) in SPMS vs benign MS. ↓FA, 

↑MD, ↑AD, ↑RD in SPMS vs PPMS. 

UF: ↑MD, ↑AD, ↑RD (R UF) in CIS 

vs HC. ↑MD, ↑AD, ↑RD in PPMS vs 

HC. ↓FA, ↓AD (R UF) in RRMS vs 

benign MS. ↑MD, ↑AD, ↑RD in 

SPMS vs RRMS. ↓FA, ↑MD (R UF), 

↑AD (R UF), ↑RD (R UF) in SPMS 

vs benign MS. ↓FA, ↑MD, ↑AD, 

↑RD in SPMS vs PPMS. 

Dineen et al. 

2012 (PLoS 

One)  
[256] 

34 

RRMS, 

24 HC 

3 T, b=1000 

s/mm², 15 

directions, 

voxel size 
2×2×2.5 mm³ 

ROI Fx: ↓FA, ↑RD in RRMS vs HC. ↓FA 

α ↓episodic memory (CVLT, BVRT). 
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Hannoun et al. 

2012 (Am. J. 

Neuroradiol.) 

[271] 

41 MS 

(23 RR, 

18 SP), 

27 HC 

1.5T, b=1000 

s/mm², 24 

directions, 2.5 

mm isotropic 

voxels 

ROI (manual 

segmentation 

of Th and 

caudate in FA 

maps) 

Th: ↑FA, ↑MD in MS vs HC (↑SP vs 

RR) (↑FA in the caudate in MS vs 

HC). ↓MD in Th α auditory 

information processing speed 

(PASAT). 

Kern et al. 2012 

(Neuroimage) 
[282] 

18 

RRMS, 

16 HC 

3 T,  

b=900 s/mm², 

12 directions,  
2 mm 

isotropic 

voxels 

TBSS Fx: ↓FA α ↓verbal memory 

performance (word-pairs task). 

Cg and UF: No differences in MS vs 

HC. 

Yu et al. 2012 

(Neuroimage) 
[283] 

37 

RRMS,  

20 HC 

3 T,  

b=800 

s/mm²,15 

directions, 

voxel size 

2×2×3 mm³ 

TBSS 

(FA=0.2) 

Fx: ↓FA in R Fx in RRMS vs HC. 

↓FA α ↓ visual working and verbal 

memory (SDMT, RAVLT). 

Cg: ↓FA in L Cg in RRMS vs HC. 

↓FA α ↓ information processing 

speed (SDMT). ↓FA in R Cg α ↓ 

verbal memory (RAVLT). 

UF: ↓FA in R UF in RRMS vs HC. 

↓FA α ↓ information processing 

speed (SDMT). 

Koenig et al. 

2013 (Magn. 

Reson. 
Imaging)  

[257] 

40 MS 

(38 RR, 

2 SP), 20 

HC 

3 T, b=1000 

s/mm², 71 

directions, 
1 mm 

isotropic 

voxels 

(probably 

interpolated) 

ROI Fx: ↓FA, ↑MD, ↑RD in MS vs HC. 

↑MD, ↑RD, ↓FA (L) α ↓episodic 

memory (BVMT-R). 

Natarajan et al. 

2013 (Mult. 

Scler. Int.) 

[266] 

 

110 MS 

(24 CIS, 

36 RR, 

19 SP, 

21 PP), 

10 HC 

1.5T, b=1000 

s/mm², 12 

directions, 

voxel size 

1.8×1.8×5 

mm3 

ROIs (Th, but 

also caudate 

and WM 

tracts) 

Th: No differences in MS vs HC. 

↑Th FA α worse EDSS scores in 

RRMS. 

Syc et al. 2013 
(Mult. Scler. 

Int.)  

[260] 

101 MS 

(64 RR, 

24 SP,  

13 PP), 

16 HC 

3 T,  

b=700 s/mm², 

32 directions,  

2.2 mm 

isotropic 

voxels 

Tractography 

(FA=0.13,  

∢=40˚) 

Fx: ↓FA, ↑MD, ↑RD, ↑AD in MS vs 

HC. ↓FA, ↑MD, ↑RD, ↑AD α ↑ 

disability (EDSS) and ↑disease 

duration. ↓FA, ↑MD, RD α ↓PASAT-

3. ↓FA ↑MD, RD, AD α ↑9-HPT. 

Cg: ↑MD, ↑RD, ↑AD in MS vs HC. 

↓FA, ↑RD α ↑EDSS. ↓FA, ↓AD α 

↑disease duration. ↓FA, ↓AD, ↑RD 

(L) α ↑EDSS. ↓FA, ↑RD (L) α 

↑disease duration. ↓FA, ↑MD, RD 

(L) α ↓PASAT-3, ↑9-HPT. 

Cappellani et al. 

2014 (Am. J. 

285 MS 

(210 RR, 

3 T, b=800 

s/mm², 15 

DTI 

corregistered 

Th: ↓FA (and ↑ in putamen and 

nucleus accumbens), ↑MD, ↑RD, 
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Neuroradiol.) 
[313] 

75 

PMS), 

110 HC 

directions, 

voxel size 

3.33×3.33×3 

mm3) 

to T1w 

manual 

segmentations 

(Th, Hp and 

remaining 

deep GM).  

↑AD (and ↑diffusivities in caudate) in 

MS vs HC.  

Hp: ↓FA, ↑MD, ↑RD, ↑AD in MS vs 

HC.  

Koenig et al. 

2014 (Magn. 

Reson. 

Imaging) 
[353]  

52 MS, 

20 HC 

3 T, b=1000 

s/mm²,71 

directions, 
1 mm 

isotropic 

voxels 

(probably 

interpolated) 

ROI Fx: ↓FA, ↑MD, ↑RD, ↑AD α 

↓information processing speed and 

episodic memory (BVMT-R, 

SDMT). ↑MD, ↑RD, ↑AD (R) α 

↑EDSS. ↑FA, ↓MD, ↓RD, ↓AD α 

↑Hp volume. 

Pardini et al. 

2014 

(Hippocampus) 

[259] 

25 

RRMS 

(EDSS≤

3.0), 19 
HC 

1.5T, b=1000 

s/mm², 15 

directions, 

0.94 mm 

isotropic 

voxels 

(probably 

interpolated) 

TBSS 

(normalized 

Hp volumes 

also 

calculated) 

Cg: ↓FA in L&R Cg ventral division 

in MS vs HC. No correlations with 

lesion load or Hp volumes. 

↓FA in L Cg α ↑retrospective 

memory (PDQ-RM). 

UF: ↓FA in L&R UF in MS vs HC. 

No correlations with lesion load or 

Hp volumes. ↓FA in L UF α 

↑prospective memory (PDQ-PM). 

Debernard et al. 

2015 

(Psychiatry Res.  

Neuroimaging) 
[270] 

60 

RRMS 

(20-51 

years, 

onset 0-

15 

years), 

30 HC 

3 T, b=1000 

s/mm², 64 

directions, 

voxel size 

1.95×1.95×3 

mm3 

DTI 

corregistered 

to T1w 

automatic 

segmentations 

(Th, Hp and 

remaining 

deep GM).  

No DTI differences in any deep GM 

structure in MS vs HC. 

Kern et al. 2015 

(Neuroimage 
Clin.)  

[274] 

27 

RRMS, 

20 HC 

3 T,  

b=1000 

s/mm²,30 

directions, 

2 mm 

isotropic 

voxels 

Tractography 

(FA=0.3,  

∢=70˚) 

Fx: ↓FA in RRMS vs HC. 

Cg: ↓FA in RRMS vs HC. 

UF: ↓FA in RRMS vs HC. ↓FA α ↓ 

information processing speed 

(SDMT, PASAT) and ↓spatial 

memory (7/24 spatial-recall tests). 

Koenig et al. 

2015 (Mult. 

Scler. J.)  
[411]  

57 MS 

(44 RR, 

13 SP), 

17 HC 

3 T, b=1000 

s/mm², 71 

directions, 1 

mm isotropic 

voxels 

(probably 

interpolated) 

ROI Cg: ↓FA, ↑MD, ↑RD, ↑AD in MS vs 

HC. ↓FA, ↑MD, ↑RD α ↓ information 

processing speed and episodic 

memory (BVMT-R, SDMT). 

Louapre et al. 

2016 

(Radiology)  

34 MS, 

17 HC 

3 T, b=700 

s/mm², 60 

directions, 

TBSS (along 

the tracts) 

Cg: ↓FA (mainly central area) in MS 

vs HC. ↑RD (proximal and middle 

portions) α ↑ information processing 
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[275] voxel size 

1.85×1.85×1.

85 mm3 

speed (SDMT) (and ↑quantitative 

T2*).  

Meijer et al. 

2016 (Mult. 
Scler. J.)  

[272] 

30 

SPMS, 

32 HC 

 

3 T, b=1200 

s/mm², 61 

directions, 

2 mm 

isotropic 

voxels 

TBSS 
 

 

Fx: ↓FA, ↑RD in MS vs HC (and in 

CI SPMS vs controls and not CI 

SPMS). ↓FA, ↑RD α ↑CI index. 

UF: ↓FA, ↑RD in MS vs HC (and in 

CI SPMS vs controls and not CI 

SPMS). ↓FA, ↑RD α ↑CI index. 

Keser et al. 

2017 (J. 
Neuroimaging) 

[209] 

46 MS 

(39 RR, 

7 SP) 

3 T, b=1000 

s/mm², 21 

directions, 

voxel size 

2×2×3 mm³ 

Tractography 

(FA=0.15,  

∢=70˚) 

Fx: ↓FA, ↑RD in CI MS vs not CI 

MS. ↓FA, ↑RD α ↑CI index. 

Cg: ↓FA, ↑MD (L) in CI MS vs not 

CI MS. ↓FA, ↑MD, RD (R). ↓FA, 

↑RD (R) α ↑CI index. 

UF: ↓FA (L) in CI MS vs not CI MS. 

Planche et al. 

2017 (Mult. 

Scler. J.) 

[329] 

32 MS 

(27 RR, 

3 SP, 2 

PP), 36 

HC 

3 T, b=1000 

s/mm², 20 

diffusion 

directions, 1.6 

mm isotropic 

voxels 

DTI 

corregistered 

to T1w 

automatic Hp 

segmentations 

Hp: ↓FA, ↑MD in MS (followed by 

CIS) vs HC. ↓MD α better long-term 

recall (delayed recall in SRT).  

Bergsland et al. 

2018 (Hum. 

Brain Mapp.) 

[269] 

45 MS 

(26 RR, 

17 SP, 2 

PP), 17 

HC 

3 T, b=1000 

s/mm², 21 

directions, 

2.5 mm 

isotropic 

voxels 

TBSS 

(applied to 

skeletonized 

thalamic 

WM) 

Th: ↓FA, ↑MD in MS vs HC. 

↓MD α information processing speed 

(SDMT) and verbal episodic memory 

(BVMT-R, CVLT-II). 

Keser et al. 

2018 (Front. 

Neurol.)  

[210] 

40 MS 

(36 RR, 

4 SP) 

(30 CI, 

10 not 

CI)  

3 T, b=1000 

s/mm², 21 

directions 

(Icosa21), 

voxel size 

2×2×3 mm3 

Tractography 

(FA=0.15,  

∢=70˚) for 

Fx, Cg, and 

UF. DTI 

corregistered 

to T1w 

automatic Hp 

& Th 

segmentations 

Fx: ↑FA α long delayed free recall in 

verbal learning (CVLT-II), 

information processing speed 

(SDMT), and phonemic and semantic 

fluency (COWAT). 

Cg: ↑FA, ↓MD (R) α information 

processing speed (PASAT). 

Hp: ↓MD α information processing 

speed (PASAT) and visuospatial 

skills (JLO). 

Th: ↓MD (R) α PASAT. 

Koubiyr et al. 

2018 (Front. 

Neurol.)  

[314] 

56 CIS, 

38 HC 

(46 CIS 

& 20 HC 

re-

scanned 

a year 

after) 

3 T, b=1000 

s/mm², 21 

diffusion 

directions, 1.6 

mm isotropic 

voxels 

(irregular MD 

values) 

DTI 

corregistered 

to T1w 

automatic 

deep GM 

segmentations  

Hp: ↑MD at baseline in CIS vs HC 

(only deep GM structure that showed 

baseline changes). After a year, ↑MD 

in the L frontal, temporal, cingulate 

and bilateral parietal lobes CIS vs 

HC. 
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Woitek et al. 

2020  

(Acta 

Radiologica) 
[412]  

14 MS 

(7 SP, 7 

PP) 

3 T, b=800 

s/mm², 32 

diffusion 

directions, 

voxel size 

1.75×1.75×2 

mm3 

Manual 

FLAIR 

segmentations 

of substantia 

nigra, red 

nucleus, and 

all deep GM 

except Hp 

and registered 

to DTI 

No DTI differences in SPMS vs 

PPMS. 

Beaudoin et al. 

2021 (Front. 

Neurosci.) 
[413]  

24 

RRMS, 

11 HC 

3 T, 8 b=300 

s/mm2, 32 

b=1,000 

s/mm2, 60 

b=2,000 

s/mm2 

directions, 2 

mm isotropic 

voxels 

Probabilistic 

tractography 

(10 seed per 

voxel and 0.1 

fODF 

amplitude 

threshold)  

Fx: No differences in MS vs HC. 

Cg: ↓FA, ↑MD in L Cg in MS vs 

HC. 

UF: ↓FA, ↑MD in MS vs HC. 

 

Bernabeu-Sanz 

et al. 2021 

(Diagnostics) 

[414]  

30 MS, 

30 HC 

3 T, b=800 

s/mm², 32 

directions, 2 

mm isotropic 

voxels 

TBSS & 

tractography  

Fx: ↓FA, ↑MD in MS vs HC. 

Cg: ↓FA, ↑MD in MS vs HC. 

UF: ↓FA, ↑MD in MS vs HC. 

EDSS: Kurtzke Expanded Disability Status Scale, CVLT: California Verbal Learning Test, BVRT: Benton 

Visual Retention test, BVMT-R: Brief Visuospatial Memory Test-Revised, SDMT: Symbol Digit Modalities 

Test, PASAT: Paced Auditory Serial Addition Test, RAVLT: Rey Auditory Verbal Learning Test, PDQ: 

Perceived Deficits Questionnaire, COWAT: Controlled Oral Word Association Test, JLO: Judgment of Line 

Orientation, SRT: Selective Reminding Test, HC: Healthy controls, RR: relapsing remitting, SP: secondary 

progressive, PP: primary progressive, CIS: Clinically isolated syndrome, ROI: Regions of interest, TBSS: 

Tract-based spatial statistics, VBA: Voxel based analysis, α: correlated/related to, fODF: fiber orientation 

distribution function 
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Appendix D: Fornix Tracts for the Healthy and MS cohorts at 3 T for Chapter 34 

Figure D.1: All fornix tracts (viewed from above in neurological format) for the healthy cohort 

(n=43) are shown here with an FA color encoding scale. Fornix tracts are equally scaled for size 

and were sorted by age with each participant’s age and sex listed. Fornix FA and tract volume (to 

a lesser degree) appear to decrease with healthy aging. 

 

4   Published as Supplementary Material in: Valdés Cabrera, D., Smyth, P., Blevins, G., Emery, D., & Beaulieu, C. 

Diffusion imaging of fornix and interconnected limbic deep grey matter is linked to cognitive impairment in 

multiple sclerosis. European Journal of Neuroscience 2022, 55( 1), 277– 294. https://doi.org/10.1111/ejn.15539. 
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Figure D.2: All the fornix tracts (viewed from above in neurological format) for the entire MS 

cohort (n=43) are shown here with an FA color encoding scale. Fornix tracts were sorted by total 

lesion volume (TLV) with each MS participant’s MS phenotype, age, sex, EDSS score, and TLV 

in cm³ listed. Fornix volume and FA both tend to decrease with greater TLV particularly above 10 

cm³. 

 

 


