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CHAPTER OVERVIEW  

This thesis describes a multi-modal approach for molecular imaging of hippocampal 

neuroinflammation in Multiple Sclerosis (MS). The major aims were to test the sensitivity of 

high-resolution diffusion weighted imaging (DWI-MRI) in the identification and 

quantification of microstructural alterations within selected hippocampal sub regions in 

neuroinflammatory pathology. I also additionally sought to explore the potential of Diffusion 

Weighted Magnetic Resonance Spectroscopy (DWMRS) in the detection of cell specific 

morphological alterations within the anterior hippocampus. 

My thesis comprises 8 key chapters. The first chapter gives a broad insight into the 

background of MS and the available phenotypes, the complexities surrounding imaging of the 

hippocampus in inflammatory states, the imaging techniques utilized in this research and also 

introduces an innovative post acquisition resolution enhancing algorithm (Imaging quality 

transfer) which was applied to enhance resolution of my imaging data.  

In my second chapter, I carried out a comprehensive systematic review which elaborated on 

the in-vivo quantitative imaging of hippocampal inflammation in prototypical autoimmune 

neuroinflammatory states, focusing on three conditions; MS, Systemic lupus erythematosus 

(SLE) and Autoimmune Encephalitis (AE).  

The third chapter tests the effectiveness of the resolution enhancing algorithm protocol on 11 

downloaded preliminary imaging data from the Human connectome project, and in the fourth 

chapter, I begin to describe the general methodology employed in the characterization and 

analysis of the recruited clinical data.  

15 MS patients and 10 healthy controls underwent high-resolution diffusion weighted MRI 

scans. Structural, functional and spectroscopy sequences were utilized in imaging the 

hippocampus in recruited participants with the application of image quality transfer to further 

enhance spatial resolution, and the subsequent use of manual and automatic segmentation 

methods to deduce diffusion indices reflective of alterations in hippocampal subfield 

microstructure.  

The fifth chapter describes the clinical and behavioural characterisation of my recruited 

participants, while my chapter six looks at a preliminary analysis of microstructural 
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pathological alterations of relapsing and progressive MS with healthy controls, and potential 

correlations within the hippocampus.  

Chapter seven reports exploratory findings of DWMRS of the recruited participants and 

demonstrates the distribution of the apparent diffusion coefficient of three key metabolites 

(Creatinine, N-acetyl aspartate and Choline) within the anterior hippocampus.   

My findings provide preliminary support to the utility of resolution enhanced DW MRI, and 

of DWMRS for the assessment of MS hippocampal pathology, particularly in PPMS, a form 

of MS characterised by progressive neurological worsening from the onset. My findings also 

inform design of future studies of therapeutics targeting symptoms related to hippocampal 

pathology.  

To conclude, chapter eight provides a detailed summary, and highlights on the limitations, 

hinderances and the potential future directions of this research. 

 

ABSTRACT 

 

Background 

Evidence indicates that the hippocampus is a site of neuroinflammatory pathology and glial 

activation in Multiple Sclerosis (MS). Cognitive and affective sequelae of hippocampal 

involvement in MS are disabling and difficult-to-treat with available disease modifying 

treatments. Although hippocampal subregions display differential pathological vulnerability, 

clinical routine MR techniques are unable to characterise hippocampal subfields due to 

insufficient spatial resolution.  The work presented in my thesis investigated the use of novel 

multi-modal MRI techniques to characterize hippocampal neuroinflammatory pathology in 

patients with MS. 

Aims 

In my PhD studies I tested two novel approaches: 1) the application of a post-acquisition 

resolution enhancing technique on diffusion-weighted MR imaging data to enable assessment 

of tissue microstructure separately across different hippocampal subfields. 2) the study of the 

hippocampus with diffusion-weighted Magnetic Resonance Spectroscopy (DWMRS), to 

detect cell-specific morphological alterations. My aim was to test whether the application of 
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these imaging techniques to the hippocampus in MS patients is feasible and sensitive to 

detect neuroinflammatory changes. 

Using collected MS and control data, I also intend to test the statistical significance amongst 

depression, cognitive and disability scores and explore correlations with imaging variables.   

Methods 

For my first study, I used diffusion-weighted imaging datasets (n=11) from the Human 

Connectome Project (HCP) database of healthy subjects, and I applied image quality transfer 

(IQT) to enhance post-acquisition resolution before segmentation of hippocampal subfields. 

Diffusion parameter estimates were obtained from diffusion tensor imaging (DTI) and neurite 

orientation dispersion and density imaging (NODDI) models.  For my second study, I 

recruited a cohort of 15 MS patients (PPMS n=6; RRMS, n=9), and 10 healthy subjects and 

applied a similar imaging protocol to compare DTI and NODDI parameters across 

hippocampal subfields. In the third study, I applied DW-MRS to the same cohort to estimate 

hippocampal apparent diffusion coefficients (ADC) of cell-specific metabolites. Clinical 

outcomes, including cognitive and affective symptoms, were recorded. 

Results 

The application of IQT protocol on DW imaging data enabled effective segmentation of 

hippocampal subfields on both HCP datasets and clinical cohort. There were significant 

differences in DTI and NODDI parameters between subfields. In the clinical study, I found 

differences in diffusivity parameters in specific subfields between PPMS and controls. The 

DW-MRS study provided preliminary evidence that assessment of hippocampal metabolites 

ADC was feasible, and potentially sensitive to detect differences in PPMS patients. Finally, I 

estimated effect sizes to inform power and sample size calculation for future studies. 

 

Conclusions 

My findings provide preliminary support to the utility of resolution-enhanced DTI and DW-

MRS for the assessment of MS hippocampal pathology, particularly in PPMS. These results 

will inform design of future studies of therapeutics targeting symptoms related to 

hippocampal pathology. 
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CHAPTER 1. BACKGROUND  
 

1.1 MULTIPLE SCLEROSIS   
 
1.1.1 Brief history  
 

The contents of the diary of Sir Augustus Frederick d’Este (Grandson of King George III of 

England) was probably the first known legitimate case record of Multiple Sclerosis 

(Landtblom et al., 2010). The 26-year ordeal of the disease condition that befell d’Este at the 

age of 28 years was vividly described as transient visual loss, accompanied later on by 

episodic bouts of weakness and clumsiness in the limbs, dizziness, numbness, urinary 

problems, muscle spasms, tremors and erectile dysfunction. Following further progression of 

symptoms, d’Este would become confined to a wheelchair after approximately 20 years. He 

died in 1848 at the age of 54 years (Landtblom et al., 2010). There would be further 

misconceptions arising from similar presentations, until the turn of the 19th century when 

French neurologist, Jean Martin Charcot gave the first explicit description of Multiple 

Sclerosis (MS) through his famous lectures on “la sclérose en plaques” in Paris. This 

established the earliest insight into the pathophysiology and clinical diagnosis of MS (Kumar 

et al., 2011). With further advancements in clinical investigatory modalities and the ushering 

in of sophisticated diagnostic tools in the 20th century, MS is currently reckoned to be one of 

the most common reasons for admission onto a neurological ward. 

 

1.1.2 Epidemiological and clinical considerations  
 

MS is a chronic, debilitating disease and represents the major, non-traumatic, cause of 

neurological disability especially within societies that lie along northern geographic latitudes. 

Globally, an estimated 2.5 million people are considered to have MS. Based on GP records 

analysed by (Mackenzie et al., 2014), accumulated between periods 1990 and 2010, 

approximately 126.000 individuals were known to be affected by MS in the UK alone, with a 

rising trend of approximately 2.4% per annum, possibly attributable to better diagnostic 

acumen. More recent data emerging from Public Health England 2020, depict prevalence 
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counts with records of 105.800 individuals in England (about 190 cases per 100.000), and a 

two-fold presence in women than men (276 versus 106 per 100.000 population). Total UK 

prevalence figures are portrayed to be over 130.000. Highest prevalence figures are reported 

in the 60-69 age category for both sexes. In terms of incidence rates across England, there are 

approximately 10 new cases diagnosed each year per 100.000 population and 4950 new cases 

of MS are reported to be diagnosed annually. A cross-sectional retrospective study estimates 

the average cost of MS per person, per year, in the UK to increase proportionally to the levels 

of disability; £11.400, £22.700 and £36.500 for mild, medium and advanced levels of 

disability respectively (A. Thompson et al., 2017). A possible estimated 1.2 billion 

expenditure per annum in the UK (Compston & Coles, 2002). 

For approximately 85% of MS patients the disease starts with a course of recurrent and 

reversible neurological deficits. Relapses usually last no more than a few months and the 

patient regains neurological function. This phase of the disease is termed relapsing-remitting 

MS (RRMS). After 8-20 years, the majority of RRMS patients enter a second phase of the 

disease, secondary progressive MS (SPMS) characterised by continuous, irreversible 

neurological decline without intermittent relapses. The Primary Progressive MS (PPMS), a 

distinct clinical entity, which could also precede the SPMS, is without the relapsing-remitting 

characteristics of RRMS, and consists of gradually progressive worsening symptoms from the 

outset. Unlike RRMS which is more common in females and is usually diagnosed under the 

age of 40, PPMS occurs in equal numbers of males and females and is commonly diagnosed 

in the 40s or 50s. 

The signs and symptoms of MS comprise sensory, motor, visual, cognitive, as well as 

affective alterations. Sensory symptoms include; numbness, burning, prickling, tightness, 

itching, tingling, experiences of pins and needles. Visual related symptoms include; double 

vision, blurred vision, involuntary rapid eye movements, optic neuritis and in some cases, 

total sight loss in affected eye. Approximately 25-50% of MS patients will suffer with major 

depression in their life time, a 3-5 times increase compared to the population in general 

(Feinstein et al., 2014). More regular symptoms of depression include, concentration 

difficulties, irritability, insomnia, anorexia and fatigue. Rarer symptoms include a sense of 

guilt and low self-esteem (Minden et al., 1987a). Anxiety disorders also occur in 

approximately 13 to 31% of cases, with generalized anxiety, panic disorders and obsessive-

compulsive disorder being the more common types (Korostil & Feinstein, 2007). Up to 50% 
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of MS patients tend to experience varied forms of decline in cognition during illness course 

(Calabrese, 2006). Incidence rates of cognitive impairment are 20-40% in MS patients with a 

benign course, and approximately 50-60% in more progressive MS types (Benedict et al., 

2006; Glanz et al., 2007; Patti, 2009). Sustained attention, complex visuospatial tasks, 

short/long term retrieval functions, working memory and conceptual reasoning are usually 

impacted upon (Savettieri et al., 2004).  

Evidence of damage to the central nervous system (CNS) that are disseminated in time (DIT) 

and space (DIS) are the key requirements for a diagnosis of MS. DIT and DIS represent 

damage that has occurred at different dates and to different locations of the central nervous 

system. With particular emphasis on the necessity for early diagnosis in the disease course 

and prompt access to the right treatment, the International Panel on Diagnosis of Multiple 

Sclerosis reviewed the 2010 McDonald criteria in 2017 and incorporated the following 

changes, which allow for a confirmed diagnosis. These apply firstly, if there is an additional 

existence of CSF-specific oligoclonal bands with clinical isolated syndrome plus 

clinical/MRI affirmation of dissemination in space. Secondly, in patients with infra/supra 

tentorial or spinal cord syndromes, dissemination in space and time could be demonstrated by 

symptomatic lesions and thirdly, dissemination in space can be demonstrated by cortical 

lesions (A. J. Thompson et al., 2018). 

A vast majority of patients (about 80%) initially present with a clinically isolated syndrome 

which signifies acute episodes affecting one or several sites. Additional MRI evidence of 

white matter damage at clinically unaffected locations are indicative of relapsing-remitting 

multiple sclerosis. Spinal disease are usually suggestive of primary and secondary 

progressive MS, however, syndromes attributable to optic, cerebral or brainstem dysfunction 

can also occur. Compared to affected adult populations, affected children take longer to get to 

the secondary progressive stage, from the time of onset. Female children are more often 

affected than their male counterparts and encephalopathy is usually the main presentation in 

such cases. While there is speculation that persistent parasitic infections tend to confer some 

degree of protection from disease activity via T-regulatory cell activity, respiratory and 

gastrointestinal viral infections are thought to double the risks of relapse. Mortality reflects a 

total reduction in life expectancy of about 5-10 years and is often resultant from 

complications of infections in persons with advanced neurological disability. The risk of 
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suicide is pronounced in people with MS, and also reflects an increased lifetime frequency of 

depression in people with MS (Compston & Coles, 2008). 

Current treatment modalities do not provide an outright cure, but can be effective in 

combating the unremitting physical, cognitive, and quality-of-life deterioration that many MS 

patients inevitably face, and may also be useful in alleviating symptomatology. Regular 

exercises, a healthy sleep pattern and cognitive behavioural therapy are beneficial for 

individuals with fatigue; Regular physiotherapy is also useful for spasms and muscle stiffness 

and special exercises and adaptation aids are helpful with impairments in mobility. In terms 

of pharmacology, Gabapentin is reported to be useful in some cases of involuntary eye 

movements and steroids have been effectively utilized for optic neuritis and relapses in 

general. Amantadine is also suggested to have some effect on fatigue and the SSRI's are 

noted to be effective when there is co-morbid depression (Stamoula et al., 2021). Disease 

modifying therapies are mostly indicated in RRMS and are targeted towards reductions in 

relapses and slowing of disability. Current treatments include Lemtrada, Interferon beta, 

Cladrabine, Dimethyl fumarate, Fingolimod, Natalizumab and Ocrelizumab. 

The complex interplay between convenience, safety and efficacy of interventions 

(pharmacological or psychological) also further complicates decision making in terms of 

existing and future therapies. The impact of MS is not only felt by the patient but also extends 

to the families and caregivers. The symptom complex are intense and can be quite disruptive 

to both occupational and social functioning even in the early stages. Disability in MS is 

commonly quantified in half-point increments using a clinician-measured scale, the Kurtzke 

Expanded Disability Status Scale (EDSS) (Kurtzke, 1983). The EDSS quantifies disability in 

a number of functional systems and allows raters to assign a score for each functional system 

using a 0–10 scale. The functional systems are pyramidal, cerebellar, brainstem, sensory, 

bowel and bladder, visual, and cerebral. EDSS scores of ≤ 6.5 refer to people with MS who 

are ambulatory whereas EDSS scores of > 6.5 are defined by the impairment to ambulation. 

The scale measures disease progression predominantly by focusing on deficits in ambulation.  
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1.1.3 MS Neuropathophysiology 
 

To fully comprehend and appreciate the pathophysiological mechanisms behind MS, a 

considerable understanding of neuroaxonal physiology and neuronal membrane activity is 

required. The stages of neuronal development, synaptic function and signal propagation along 

the axons are three fundamental roles applicable to neuronal and non-neuronal cells (glia) 

which support the neurons. Electrical excitability is expedited across neuronal cell 

membranes when an action potential is generated and when the homeostatic balance between 

intra and extra cellular neuronal compartments, as well as the separation of charges are 

altered.  As expected, sodium influx and potassium efflux which characterise these alterations 

precede the generation of action potentials, facilitating signal conduction across the axons. 

The myelin sheath, a proteinous, fatty insulating layer which serves to protect the axons, 

increase the speed of conduction, and is indeed responsible for the preservation of energy 

during this process. In a nutshell, MS pathology is characterised by damage to myelin 

structures, disruption in neuro conduction and a resultant neurodegenerative sequalae.  
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Figure 1. 1 Schematic representation of MS neuropathophysiological process showing the 
activity of T and B cells (Created with BioRender.com). 

 

The clinical symptoms of MS (sensory and motor) are characterised by plaque of 

demyelination within the CNS with relative conservation of axons (Huang et al., 2017). 

Classed as a type IV hypersensitivity, T-cell mediated reaction; local inflammation, which 

precedes demyelination, gliotic scaring and later on axonal injury, is mediated by autoreactive 

lymphocytes crossing the blood brain barrier (BBB). Activation of the myelin reactive T cells 

causes a release of specific cytokines and chemokines, which exert proinflammatory effects 

and directly cause injury to the oligodendrocytes and neurons, as well as dilate the BBB, 

further allowing more immune cells to pass through (see figure 1). In addition, and as part of 

the inflammatory reaction, B-cells and macrophages become involved. B-cells secrete myelin 

reactive antibodies, which target the myelin sheet proteins, thus inducing phagocytotic activity 

by the macrophages, which engulf oligodendrocytes, exerting further deleterious effects on 

myelin and axons.      
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 1.1.4 MS Neuroinflammatory Pathology 
 

The neuroinflammatory process is a dynamic biological response employed to destroy 

pathogens, enhance tissue repair and ultimately remove surrounding debris at the site of 

tissue damage. The activation and invitation of innate and adaptive immune cells characterise 

aspects of the protective mechanisms involved in the neuroinflammatory process, albeit a 

shift to more chronic and aggressive responses could ensue, endangering survival and repair 

of neurons, which may then enhance or progress the pathological processes (Kempuraj et al., 

2016; Russo & McGavern, 2016; Wyss-Coray, 2016). This diverse process primarily 

involves the activation of Microglia and Astrocytes; Resident immunocompetent cells, which 

are proposed to exist in heterogeneous phenotypes (neuroprotective and neurotoxic) based on 

activation status, regulatory capacity and the presence of influencing triggers (endogenous or 

environmental) (Kwon et al., 2020). In addition, and with regards to the type, stage, severity 

and regional location of neurodegenerative pathology; multiple reactive phenotypes involving 

astrocytes and microglia are reported to exist, as well as their pro-inflammatory or 

immunoregulatory mediators, all of which are suggested to contribute to the overall 

pathological process (Kwon et al., 2020). 

In MS pathology, the destruction of myelin, oligodendrocytes and axons are initiated by 

infiltrating lymphocytes, which gain access to the perivascular spaces leading to focal areas 

of inflammatory demyelination. The blood-brain barrier (BBB) is further compromised 

resulting in oedematous swelling around lesional areas. Consequently, gliosis (scarring) 

results, following the process of astrogliosis in the demyelinating plaques. Histologically, 

resulting damage is defined by a hypercellular margin, characterised by high density of 

activated microglia surrounding demyelinating plaques and reactive gliosis. This is a 

consistent finding in MS pathology according to varying neuropathological studies (Boyle & 

McGeer, 1990; Lucchinetti et al., 2000; Marik et al., 2007). 

During MS pathology lesional damage and acute relapses are primarily driven by adaptive 

immune responses (Robinson et al., 2018). Specific relapse pathomechanisms are 

characterised by BBB permeability changes and subsequent infiltration of inflammatory cells, 

while remission is thought to occur with the initiation of immune regulatory functions, where 

repair of CNS, resolution of inflammation and initiation of remyelination processes 

contributes to some degree of clinical recovery. This characterises and encompasses the 

relapsing-remitting phase of MS (Kutzelnigg & Lassmann, 2014). A subsequent phase known 
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as the secondary progressive phase follows clinical progression and more advanced brain 

atrophy, and is usually characterised by a relatively intact BBB, where compartmentalization 

of inflammatory processes is increasingly confined to the subarachnoid and perivascular 

spaces, and associated with the impact of transected axons and damaged neurons (Trapp & 

Nave, 2008).  

Myelin debris clearance facilitated by microglia, and promotion of the health of neurons are 

reported to be extremely vital for remyelination, and quite central to the avoidance of 

progression (Kotter et al., 2006; Lampron et al., 2015; Sosa et al., 2015; Wujek et al., 2002). 

 
1.1.5 Anatomical distribution of MS Pathology 
 

MS is historically described as a demyelinating CNS condition, associated with chronic 

inflammation and the development of white/ grey matter focal lesions, which could culminate 

in diffuse neurodegeneration across brain regions, including the basal ganglia, brain stem and 

the spinal cord (Lassmann et al., 2018, Charcot 1880). In early phases, established lesions 

with perivenous extensions fuse with confluent demyelinated plaques, expanding into normal 

appearing white matter (NAWM), and give rise to finger-like shapes referred to as Dawson 

fingers (Dawson, 1916). Other primary distributions of MS disease pathology include 

inflammation of the meninges which have been suggested to drive white matter cortical 

injuries and involvement of subarachnoid spaces.   

Though focal demyelinated plaques in MS pathology are more typically located, and 

characteristically identified in the juxtacortical and periventricular white matter regions, it is 

now becoming increasingly evident that the cortical grey matter, the archicortex (especially 

the hippocampus), and other deep grey matter structures also undergo extensive 

demyelination (Brown and Hughes 1962); are associated with motor and cognitive deficits, 

and are suggested to be the initial sites of MS disease pathology (Klaver et al., 2013). 

 

1.2 THE HIPPOCAMPUS 
 

The hippocampus is a complex limbic structure anatomically embedded in each medial 

temporal lobe of the cerebral cortex (Dhikav & Anand, 2012). The functional role of the 
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hippocampus has been well characterised and includes critical roles in learning, memory 

processes, spatial navigation, regulation of the hypothalamic, pituitary axis (HPA axis) 

function and modulation of emotional behaviour (E. J. Kim et al., 2015; Rubin et al., 2014). 

Several notable connections in and around the hippocampus are central to these functions. 

Polysynaptic pathways effectively regulate the learning/memory loop, and reciprocal and 

direct projections to the hypothalamus and amygdala, via a ventral striatal loop are elemental 

in influencing motor and emotional behaviour, as well as the release of adrenocorticotropic 

hormones (Dhikav & Anand, 2012). 

The hippocampus is implicated in the orchestration of numerous critically important allostatic 

processes that facilitate neurodevelopment through the life span, adaptation to challenging 

environments and response to stress, as well as insults and injury. These processes include 

neurogenesis and synaptic plasticity (LTP); excitation/inhibition balance and neuronal 

excitability, and a tight and dynamic feedback regulation of HPA axis function. The 

functional consequences of hippocampal neurodegeneration, the most obvious being seen in 

neuropsychiatric conditions such as Alzheimer’s disease (AD), have enormous clinical 

relevance and impact in terms of general functional impairment and disability, reflecting the 

central role to the above-mentioned critical processes and systems. 

 

 
1.3 HIPPOCAMPAL NEURO-INFLAMMATION AS A CANDIDATE 
CAUSAL MECHANISM UNDERLYING THE COMORBIDITY 
BETWEEN DEPRESSION AND MS   
 

Current research evidence suggests that treatments or experimental challenges that raise pro-

inflammatory cytokines induce symptoms of psychological distress, and potentially lead to 

depressive syndromes in the general population. Depression is found associated with higher 

levels of inflammatory biomarkers, cytokines, and expression of genes involved in the 

inflammatory response (Farooq et al., 2017). Furthermore, there is an increased incidence of 

affective disorders in immune mediated inflammatory disease cohorts (Marrie et al., 2017). 

These findings suggest that immune dysregulation and the activation of the inflammatory 

response system might play a causal role in the development of major depression. 

Mechanisms underlying the link between inflammation and depression include role of 
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cytokines directly crossing the blood brain barrier, crosstalk between peripheral and central 

immune systems and the dysregulation of the hypothalamic-pituitary-adrenal axis (Miller & 

Raison, 2016). Based on this evidence, we hypothesize that affective and cognitive symptoms 

in MS might be caused by the neuro-inflammatory processes associated with MS.  The 

hippocampus is a candidate brain structure potentially involved in the etiopathogenesis of MS 

depression. The hippocampus is associated with affective regulation; its distinct connections 

and associations to the anterior nuclei of the thalamus, cingulate cortex, the entorhinal cortex 

and the amygdala show involvement in the affective and emotional experience.  The 

Hippocampus is also especially vulnerable to neuroinflammation. It is subject to extensive 

demyelination in MS (Geurts et al., 2007b). Demyelinated hippocampi, which have been 

identified in 53-79% of post-mortem MS brains, have also been linked to possible 

mechanisms behind cognitive dysfunction and decrease in synaptic density in MS patients 

(Dutta et al., 2011). Subregional analysis have particularly implicated volume loss in the 

cornu ammonis (CA) 1 subregion in RRMS with further worsening in SPMS (Sicotte et al., 

2008). Furthermore, pro-inflammatory activity of the resident immunocompetent CNS cells 

(Microglia) is widely accepted to interfere with hippocampal neurogenesis (Vasic & Schmidt, 

2017). In addition, impairment of long-term potentiation of the hippocampus and inhibition 

of neurotrophic factor signalling by the activities of inflammatory cytokines is known to 

negatively influence synaptic plasticity and memory formation. Indeed, impairment in 

synaptic plasticity and a reduction in hippocampal dendritic spine density have been duly 

observed after the activation of central and peripheral immune responses (Jurgens et al., 

2012; Vasek et al., 2016).  To further confirm the importance of the hippocampus in the 

genesis of depression associated to MS, Imaging studies found altered hippocampal 

morphology (Gold et al., 2014) to be associated with depression in MS , and hippocampal 

microglial activation (as measured with TSPO PET) associated with depressive symptoms as 

well as the strength of hippocampal functional connectivity (Colasanti et al., 2016). In the 

later study, TSPO uptake indicative of microglial activation in the hippocampus of MS 

patients strongly corelated with increased BDI scores, and also with functional connectivity 

(from fMRI) in the prefrontal and parietal regions. 
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1.4 AFFECTIVE SYMPTOMS IN MS 
 

Since the famous lectures in Paris by French neurologist, Jean Martin Charcot on “la sclérose 

en plaques”, now referred to as Multiple Sclerosis (MS); there have been numerous research 

on the aetiology, pathophysiology and co-morbid impact of MS. Charcot’s anatomo-clinical 

methods and applications played an initial role in unravelling the early knowledge of the 

clinical pathology of MS, as well as depicting the presence of neuropsychiatric symptoms 

associated with the condition. Among some of his notable descriptions, was an associated fit 

of ‘Lypemania’ or severe depression, which was adequately described in one of his affected 

patients (Mademoiselle V). Other co-morbid psychiatric symptoms noted by Charcot 

comprised weeping, paranoia, euphoria, mania and pathological laughing (Siegert & 

Abernethy, 2005). During a systematic evaluation of 100 patients attending an MS clinic in 

the late eighties, it was found that 13% fulfilled the criteria for manic depressive illness while 

a lifetime history of depression was identified in 42% (Joffe et al., 1987). The prevalence of 

bipolar affective disorder in MS is believed to be twice that in the general population 

(Minden & Schiffer, 1990). Currently; the known psychiatric co-morbidities and affective 

conditions of clinical concern in MS include Bipolar disorder, Anxiety disorder and of 

primary interest in this research, depression.   

  

The neuropsychiatric comorbidities (especially Major Depression) in MS tend to worsen 

overall prognosis and quality of life (Haussleiter et al., 2009). Reported lifetime prevalence of 

MDD is up to 50%. The annual prevalence is about 25.7% for major depression among 

people with MS aged between 18-45-year-old (Siegert & Abernethy, 2005), Compared to the 

general population and when matched with other chronic debilitating conditions, the 

prevalence of major depression is increased (Patten et al., 2003). Consistent data from various 

previous studies have also demonstrated these findings (Chwastiak et al., 2002; Joffe et al., 

1987; Minden et al., 1987b; Minden & Schiffer, 1990; Sadovnick et al., 1996). Even in the 

presence of a number of methodological lapses, the variation of studies depicting the high 

prevalence and frequency of depression in MS give credence to arguments for the possibility 

of other responsible mechanisms that may precede the development of depression in MS, 

other than just functional response to chronic or disabling illness. There appears to be limited 
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understanding and a lack of consensus amongst the research community as to what these 

other mechanisms may entail, or the reasons underlying the high prevalence.   

 

1.5 AIMS AND RATIONALE OF THESIS 
 

1.5.1 Aim of the Thesis 
 

The purpose of our study is to use diffusion MRI techniques to characterise hippocampal 

pathology associated with neuroinflammation, specifically microstructural alterations and 

cellular changes, in MS phenotypes (PPMS and RRMS). Quantitative changes in the 

parameters derived from diffusion MRI have been found to be reflective of tissue 

microstructural alterations, hence are able to assess CNS tissue integrity and detect 

neuroinflammatory/ neurodegenerative pathology at quite early concealed stages (Granziera 

et al., 2021). Considering evidence described above, the development of neuroimaging 

biomarkers of hippocampal pathology is of crucial importance to shed light on the biological 

mechanisms involved in MS pathogenesis and of cognitive and affective illness in MS, and 

therefore, subsequently enabling direct assessment of the anti-inflammatory effects of novel 

immune modulating treatments. Given the recognised role of neuroinflammatory processes in 

primary, or idiopathic depression (ie not associated to MS), and the importance of the 

hippocampus in affective psychopathology, this study could also inform more generally on 

the etiopathology of depression.  

  

 
 
1.5.2 Rationale of Thesis 
  

MRI is the gold standard for the diagnosis and treatment assessment of demyelination in MS.  

Traditional MRI are not able to precisely assess the extent of hippocampal pathology 

associated with MS, because grey matter lesions tend to be MRI-invisible, and diffuse 

damage can only be picked up when using quantitative imaging approaches. Quantitative 

methods such as diffusion MRI, on the other end typically use coarse resolution, which is 
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suboptimal for the hippocampus. Newer techniques such as High-Resolution Diffusion MRI 

(Treit et al., 2018) are promising tools to image hippocampal neuroinflammation as they 

enable a better definition of the internal microanatomy of the hippocampus, or Diffusion 

Weighted Magnetic Resonance Spectroscopy (Ingo et al., 2018) are able to quantify brain 

tissue changes that are specifically related to inflammatory cells such as microglia and 

astrocytes.  

 Considering the anatomical complexities attributable to the hippocampus, the study methods 

employed were potentially predicted to better analyse and describe subregional hippocampal 

pathology with the application of a combination of both modalities. Post-mortem research 

evidence supports this prediction, as it does suggest that subregional pathological variations 

do exist within the demyelinated hippocampus of MS patients with relevance for clinical 

presentation. Indeed, particular areas of the hippocampal formation (CA1, CA3) and the 

molecular layer of the dentate gyrus are reported to have been mostly affected in MS 

pathology (Geurts et al., 2007b). Evaluation of intrinsic micro-changes could in effect capture 

the early stages of neurodegeneration and could also be useful in monitoring future 

therapeutic strategies (Crombe et al., 2018).    

Pre-clinical applications also indicate analogous findings; Multi-modal techniques have been 

found sensitive in rodent experimental models of MS to detect hippocampus microstructural 

alterations resulting from neuroinflammatory processes (Crombe et al., 2018). Crombe et al 

challenged the capacity of two models (Diffusion tension imaging-DTI and Neurite 

orientation dispersion and density imaging-NODDI) to effectively delineate, compute and 

quantify microstructural alterations in specific hippocampal layers of 18 experimental 

autoimmune encephalomyelitis mice (EAE mice) and 18 control mice. Both modalities were 

equally effective in delineating specific layers but DTI showed more prospects with regards 

quantification. A decrease in axial diffusivity (AD) and mean diffusivity (MD) was noted in 

the molecular layer of the hippocampus of EAE mice.  

 My study effectively combines High Resolution Diffusion MRI and Diffusion weighted 

Spectroscopy with an innovative post acquisition resolution-enhancing algorithm (Image 

Quality Transfer) (Alexander et al., 2017), which enables regional hippocampal manual 

segmentation and enhances automatic methods.  

Quantitative imaging techniques that were potentially capable of providing quantitative 

assessment of brain oxidative metabolism (ie pCASL, ASE), and could allow for 



35 

 

simultaneous characterization of inflammatory processes in hippocampal subfields as well as 

the oxidative energy alterations associated with inflammation were also collected from 

recruited participants but data from these later techniques and modalities were not analysed 

within the remit of this study. 

 

1.5.3 Diffusion Weighted Imaging   
  

Diffusion magnetic resonance imaging (dMRI) can be described as the process of probing, 

along a defined direction, the random motion of water molecules in tissues (Andica et al., 

2019). Typically, sensitivity to diffusion is achieved by adding magnetic field gradients to 

either side of a refocusing pulse in a spin echo sequence. The difference in the phase 

accumulated by spins during either gradient results in a signal attenuation, which is 

proportional to the diffusion coefficient of tissue in the gradient direction (O’Donnell & 

Westin, 2011). The effect of the gradients can be summarised by the so-called b factor, which 

results from the amplitude, the duration and the separation between gradients. In order to 

quantify diffusion, appropriate signal models are needed. Diffusion tensor imaging (DTI) is 

one of the most common and widely utilized diffusion MRI techniques. It was introduced to 

account for the dependency of the diffusion coefficient upon the measurement direction. This 

“anisotropy” could not be accounted by a scalar diffusion coefficient, and the diffusion tensor 

was thus introduced (Basser et al., 1994). Scalar parameters deduced from DTI have shown 

favourable potential in the understanding and evaluation of microstructural changes that are 

expected in neuroinflammatory pathology. According to extensive literature, such metrics 

(Fractional anisotropy, Mean, Axial and Radial diffusivities- FA, MD, AD, RD) serve as 

potential biomarkers of brain abnormalities in patients with neurological conditions and also 

provide a means of non-invasive, in vivo quantification and characterisation of tissue 

microstructure (Sbardella, Petsas, et al., 2013). Fractional anisotropy (FA) and Mean 

diffusivity (MD), parameters from Diffusion Tension Imaging (DTI) represent the degree of 

anisotropy of water molecules and microstructural integrity, while AD and RD are measures 

of axonal and myelin integrity. Extensive literature signifying alterations in these parameters 

are evident in MS which invariably reflects demyelination and axonal loss. 
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Figure 1. 2 Tensor calculation in six Diffusion weighted images. The diffusion image is 
sensitised in specific directions by induction of magnetic field gradients with signal loss 
occurring in varying patterns due to anisotropic diffusion  (O’Donnell & Westin, 2011).   

 

 

Figure 1. 3 DTI and NODDI maps (Kodiweera et al., 2016) 
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DTI assumes a single water compartment, and a Gaussian diffusion propagation, which 

results in a monoexponential signal decay. At the end of the 90’s it became clear that such 

assumption only held for b values < 1500 smm-2. In order to measure diffusion at higher b 

values, new, so-called, higher order models started to appear, often classified as biophysical 

models (i.e., linking the measured signal directly with some biophysical parameters such as, 

for example cell density) or signal representations (which simply attempt to derive 

parameters that describe the signal). For the purpose of this thesis, 2 signal models must be 

briefly described: Neurite orientation dispersion and density imaging (NODDI) and mean 

apparent propagator MRI (MAP MRI). 

NODDI (Zhang et al., 2012) is a hierarchical biophysical model that assumes that tissue is 

made up of 3 water compartments with differing diffusion characteristics. First of all, it 

separates isotropic diffusion (free water) and tissue. The tissue is then also split between intra 

neurite (restricted diffusion) and extra neurite (hindered diffusion). The former is modelled 

using a combination of sticks, while the latter is modelled via a tensor. NODDI enables the 

estimation of the isotropic and neurite compartment fractions (fiso, NDI), and the orientation 

dispersion (ODI).  

MAPMRI (Özarslan et al., 2013) is a signal representation that models the dMRI signal as a 

series expansion of basic functions. MAPMRI can provide useful indices that characterise 

diffusion, but is also a handy way of manipulating the signal, with the option to easily 

simulate the acquired signal repeatedly. This is the method we used to increase the resolution 

via IQT. 

 

Overview of Diffusion indices and alterations in MS include: 

a. Fractional Anisotropy (FA) 

FA is usually mathematically defined as; (3/2)1/2 × [((λ1 − λav)2 + (λ2 − λav)2 + (λ3 − λav)2) / 

(λ12 + λ22 + λ32)]1/2, where λn signifies the eigenvalues describing the diffusion tensor, and 

λav signifies the mean diffusivity ((λ1 + λ2 + λ3)/3) (Grieve et al., 2007). In the diffusion 

process, a measure of FA is equivalent to the degree of anisotropy, and represents scalar 

values of between zero and one, where zero is indicative of unrestricted or equally restricted 

movement of water molecules (eg CSF) and 1, a more anisotropic movement of water 

molecules, in one axis, as seen in fiber bundles or within axons. An approximate inference 
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which reflects pathological alterations in the diameter of the axons, density of fiber and 

structure of myelin is thus considered feasible when the FA is measured under such 

conditions (González-Reimers et al., 2019). Converging evidence has generally shown that in 

MS patients, there is a significantly lower average of FA than compared to healthy controls 

(Nusbaum 2000; Cercignani et al., 2000; Iannucci et al., 2001; Inglese & Bester, 2010). There 

is also the widespread view that these measures become more sensitive with MS progression. 

 

b. Mean Diffusivity (MD) 

MD, ADC, or trace, can be calculated by the mean of the three eigenvalues and correspond to the 

molecular diffusion rate (lower values mean low diffusivity) (J. M. Soares et al., 2013). 

Mathematically represented as ((λ1 + λ2 + λ3)/3), MD can be further described by the average 

quantity of diffusion in each principal direction as determined or calculated in the tensor (Salat, 2013). 

Aside from the diffusivity of water, MD quantification also reflects the presence of cellular structures 

and is expected to be of lower average in the presence of more cellular structures (inhibition to the 

free diffusion of water molecules) (Assaf & Pasternak, 2008; Ni et al., 2010; Sagi et al., 2012). Hence, 

pathological mechanisms that degenerate tissue barriers and lead to unrestricted diffusion are seen to 

increase MD (Stebbins, 2010). In MS, where there is axonal loss and demyelination, MD has been 

noted to increase (Cercignani et al., 2001). 

 

c. Orientation Dispersion Index (ODI) 

There are two comprehensive applications of ODI. The evaluation of axonal fanning and 

bending in the white matter or the quantification of the pattern of sprawling dendritic 

processes in grey matter. Grey matter complexity are suggested to be better reflected using 

this procedure, and are reckoned to provide more specific markers of tissue microstructure 

when compared to tensor indices (Zhang et al., 2012) 

 

d. Intra-cellular volume fraction/ Neurite density index (ICVF/ NDI) 

In brain tissue, this models the full spectrum of neurite orientation patterns and comprises 

coherently oriented white matter structures, axons that are composed of fanning and 

bending, as well as sprawling dendritic processes such as the cerebral cortex and 

subcortical grey matter. The compartment alludes to the spaces generated by the 

boundaries of neurite membranes. (Zhang et al., 2012)  
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1.5.4 Image Quality Transfer 
 

Image quality transfer, or IQT (Alexander et al., 2017) is a computational technique that uses 

machine learning to transfer information between imaging datasets. It was originally 

proposed to learn mappings from low-quality to corresponding high-quality images. Here we 

used it to increase the resolution of existing dataset, with the purpose of creating reference 

scans that can be used to segment the hippocampus subfields but are at the same time 

inherently co-registered with dMRI maps. This enables subfield-specific dMRI indices to be 

estimated in vivo. A detailed description of IQT is provided in (Alexander et al., 2017). For 

the purpose of this thesis, we follow an approach similar to that described by Alexander et al 

for tractography. Essentially, we fit the MAPMRI model (detailed above) to the original data, 

and then enhance the resolution of MAP coefficient maps. Those coefficient maps are then 

used to produce synthetic diffusion weighted images through equation 24  in (Özarslan et al., 

2013). Directionally averaged images are then obtained for all b values. The b=1000 mean is 

the best compromise between signal-to-noise ratio (SNR) and contrast, and is therefore 

chosen to conduct manual and automated segmentation of the hippocampal subfields. 

Additional details are provided in the dedicated chapters.  

 

 

Figure 1. 4 Different degrees of weighting in DWI (Winston et al., 2012) 
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Figure 1. 5 Mean B=1000 image 

 

1.5.5 Diffusion Weighted Spectroscopy  
 

There is existing evidence with experimental models that advanced neurological disability in 

MS are determined by axonal loss (Wujek et al., 2002). Prior correlational studies have also 

depicted axonal injury as principal pathological mechanisms associated with the progression 

of MS pathology (Mews et al., 1998; Van Waesberghe et al., 1999). According to further 

research evidence, healthy neurons require metabolic and homeostatic support from glial cells 

to sustain fundamental functions, with dysfunctional glial activity contributing to neuronal 

injury, and hence, progression of MS pathology.  

Physiologically and in order to maintain mitochondrial health, provide homeostatic balance in 

membrane potential, and also reduce oxidative stress; neurons make use of lactate over 

glucose to sustain adenosine triphosphate (ATP) production which is required in large 

proportions to power ion transporters (Harris et al., 2013). To fully sustain this process and 

keep up with ATP requirements, neurons depend steadily on the production of metabolic 

intermediates i.e lactate by glial cells (Astrocytes and Microglia). 

Following myelin damage during MS pathology, further increases in ATP demands outstrips 

supply leading to mitochondrial injury, glutamate excitotoxicity and mitochondrial transport 

defects; a state described in research literature as Virtual hypoxia (Trapp & Stys, 2009; 

Veronica Witte et al., 2014). 

There is indeed increasing and abundant evidence to show that MS can indirectly affect levels 

of intermediate metabolites produced in the CNS, which can be quantitatively estimated by 

advanced spectroscopy imaging applications (Cianfoni, Niku and Imbesi, 2007). Proton 
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magnetic resonance spectroscopy (1H-MRS) and Diffusion weighted magnetic resonance 

spectroscopy (DWMRS) form parts of the multi-modal applications utilized in this study to 

characterise MS pathology, with the Hippocampus as specific region of interest. The 

Hippocampus is particularly vulnerable to the effects of neuroinflammation in MS and also 

has limited perfusion reserve, hence a propensity to higher metabolic vulnerability and 

hypoxic injury (Perosa et al., 2020). Providing both physiological and chemical information 

(compared to only anatomy alone), and with results usually expressed as metabolic ratios; 

there is great and widely untapped potential for MRS to increase the sensitivity of routine 

diagnostic imaging (Hamsini et al., 2018). 

An overview of alterations in specific grey matter metabolites during MS pathology include; 

a) N-Acetyl Aspartate (NAA): Physiologically known to have one of the largest peaks 

on MRS scans, NAA is regarded as one of the most concentrated metabolites 

produced in the brain (Moffett et al., 2013). NAA are synthesised in most part by 

mature neurons from acetyl coenzyme A and acetate, and the enzymes responsible for 

their production are chiefly expressed in oligodendrocytes and neurons (Moffett et al., 

2013; Swanberg et al., 2019). Due in part to their acetate reservoir role, a reduction in 

the availability of NAA as a result of brain pathology is depicted to have an impact on 

acetyl coenzyme A production, there by impairing vital cellular functions related to 

protein acetylation, lipid synthesis and energy derivation (Moffett et al., 2013; 

Swanberg et al., 2019). Acetyl moieties are usually identified in spectral peaks of 

around 2.0 ppm and 4.0ppm (Bulik et al., 2013; de Graaf et al., 2007).  

Compared to controls, reductions in NAA (creatine referenced in some reports) have 

been identified in grey matter mixed and unspecified lesions in relation to RRMS and 

progressive MS (Chard et al., 2002; Inglese et al., 2004; Kapeller et al., 2001; Tiberio 

et al., 2006; Wylezinska et al., 2003). 

b) Creatine (Cr): By virtue of kinase enzymatic functions, Cr is vital for maintaining 

energy homeostasis and energy metabolism within the cell (Stagg et al., 2014). From 

the kidneys where they are originally synthesised, they are transported via the blood 

stream to peripheral organs. Total creatine (Phosphocreatine and creatine together) are 

found in neuronal and glial cells and can be identified at spectra peaks of 3.0ppm, and 

in some instances, visible at peaks of 3.9ppm (Bulik et al., 2013). Cr usually serves as 

reference metabolite for invivo MRS. Quantification of Cr metabolite during MS 
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pathology is still widely indefinite as there are variations in the alteration of CNS 

concentrations during MS pathology. Reports indicate Cr reductions in the grey 

matter in RRMS lesions and also in the progressive grey matter (Bodini et al., 2018; 

Helms, 2001; Sijens & Oudkerk, 2005) 

c) Choline (Cho): Widely recognised as metabolic by-products of the phospholipid 

membrane, choline plays a significant role in the synthesis of cellular membrane 

phospholipid components (Michel et al., 2006). Increasing cell membrane synthesis 

and degradation which are tenable during inflammatory processes are suggested to 

also reflect increased choline levels. Much of Cho are not visible, but have been 

identified at MRS peaks of between 3.0 and 4.0 ppm. Decreases in Cho have been 

noted in grey matter lesions in MS pathology (Mathiesen et al., 2005). 

d) Myoinositol (Myo): Two of the nine separate isomers of inositol identified 

(myoinositol and scylloinositol) are the most abundant in human tissue. They are 

cyclic organic molecules primarily synthesised in glial cells, predominantly in 

Astrocytes, where they function as precursors and osmolytes to distinct signalling 

molecules (Stagg et al., 2014). Elevations in Myo have been noted in marked gliosis 

which is present in advanced and progressive MS lesions. Increases are also noted in 

grey matter lesions (Geurts et al., 2006). 

e) Glutamate (Glu), Glutamine (Gln), ƴ-Aminobutyric Acid (GABA): Isolating and 

separating these metabolites is usually complex and difficult at magnetic field 

strengths of either 1.5 T and 3 T (Stagg et al., 2014), and will require additional 

spectral editing methods in the case of isolating GABA. A complex peak (Glx) for all 

three can be identified on MRS at the range of 2.05-2.50 ppm (Bertholdo et al., 2013). 

A decrease in Glu levels have been reported in RRMS mixed tissue lesions (Muhlert 

et al., 2014). Decreases in RRMS and progressive mixed tissue lesions have also been 

reported for edited GABA metabolite concentrations (Cao et al., 2018; Cawley et al., 

2015). 

f) Gluthathione (GSH): Similar to GABA, MRS GSH quantification requires additional 

spectral editing methods for accuracy due to its low amplitude spectral signature. 

With regards brain pathology in general, there have been limited reports in literature. 

In MS grey matter lesions; there are suggestions of a decrease in GSH metabolites 

(Srinivasan et al., 2010). 
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g) Lactate (Lac): During alternative energy production within cells (anaerobic 

glycolysis), Lac is synthesised as a by-product of pyruvate breakdown. Elevated 

levels are significant with healthy brain tissue whereas sustained presence usually 

reflects pathology (Stagg et al., 2014). Increased concentrations have been identified 

in RRMS lesions (Kocevar et al., 2018).   

 

 

Figure 1. 6 MRS Spectrum demonstrating major metabolites (D. P. Soares & Law, 2009) 

 

Diffusion preparation can be added to MRS to compute the apparent diffusion coeffient of 

specific metabolites (De Marco et al., 2022). This is of interest because, thanks to the cell-

specificity described above, DW MRS makes it possible to infer about cell-specific 

morphological changes (De Marco et al., 2022).   
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1.5.6 PPMS: Changes on MRI and MRS. 
 

About 10-15% of patients experience an MS clinical phenotype characterised by gradual 

progression from the onset and an absence from the episodic pattern of relapses and 

remissions (A. J. Thompson et al., 1997). PPMS remains a highly disabling MS subtype to 

which none, or only a licensed few disease modifying treatment (DMT) exists (Ingle et al., 

2003). Distinctions from the more common RRMS subtype also remain speculative and 

conventional MRI findings (lesion load) display poor correlations with clinical state. 

Admittedly, PPMS relative rarity, sporadic occurrences and non-episodic nature has meant an 

absence of relevant clinical trials and a consequent degree of lack of knowledge, in terms of 

discovering novel therapeutic end points. Hence, fully understanding the underlying patho-

physiologic mechanisms and rationale behind progression and disability in PPMS will prove 

key to this effect, and may indeed be vital in understanding MS and its complications as a 

whole. 

Essentially, there have been some research studies to distinguish PPMS from SPMS. 

Compared to SPMS, patients with PPMS tend to have fewer and smaller lesions on T2 

weighted MRI, with even fewer lesions in the periventricular area (Filippi et al., 1999; Foong 

et al., 2000; Stevenson et al., 1999; Van Walderveen et al., 1998; Wolinsky et al., 2001). 

Fewer rates of enhancement of lesions on application of gadolinium contrast have also been 

observed (A. J. Thompson et al., 1991). In contrast, a greater percentage of total lesion load is 

observed on the spinal cord in PPMS compared to other MS phenotypes, hence the higher 

levels of disability (Kidd et al., 1993; Thorpe et al., 1996). 

With regards to diffusion weighted imaging, much older studies involving PPMS and other 

MS subtypes found no differences in diffusion measures and no correlations with disability 

(Droogan et al., 1999). More current research found differences in diffusion measures in the 

internal capsule and corpus callosum between PPMS and controls (Filippi et al., 2001). 

Ciccarelli et al., 2001 also reported correlations of diffusion measures with disease duration. 

Not many current studies have been carried out with MRS, but most prior MRS studies have 

observed reductions in NAA in high signal T2 lesions in PPMS and also in normal appearing 

white matter (NAWM), with some correlations with EDSS (Cucurella et al., 2000; Davie et 

al., 1997; Leary et al., 1999). Due to the presence of NAA in the neurons and axons, such 
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reductions are usually suggestive of neuro-axonal loss, axonal damage and disease 

progression in PPMS (Aboul-Enein et al., 2010). 

 
 

1.5.7 Objectives 
 

Primary 

 • To carry out a systematic review aimed at broadly exploring quantitative imaging of 

hippocampal inflammation in autoimmune neuroinflammatory conditions (Methodology 

displayed in Chapter 2). 

 • Assess the sensitivity of novel MRI techniques (DWI and DW-MRS) to detect 

hippocampal pathology in patients with MS relative to non-affected participants.  

• To examine the application of novel high-resolution diffusion MRI techniques (Human 

connectome project [HCP] like diffusion imaging) to define the internal microanatomy of the 

hippocampus in healthy volunteers and in MS neuroinflammatory processes. Such techniques 

have already been found sensitive in experimental models (Crombe et al., 2018; Treit et al., 

2018). 

• To test whether MRI measures of hippocampal pathology are able to differentiate MS 

phenotypes.  

 

1.5.8 Secondary/Exploratory  
 

• To study the characteristics, intensity and severity of Depression, Cognition and Fatigue in 

RRMS and PPMS. 

• To estimate effect sizes to inform power and sample size calculation for future studies. 

• To explore correlations between hippocampal imaging parameters and clinical measures 

from the cognitive and affective domains that might reflect hippocampal involvement. 
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1.5.9 Impact of the Covid-19 Pandemic 
 
Apart from the emotional and psychological impact of the pandemic which was in itself a 

setback with the entire study, the significant effect of the pandemic was mostly experienced 

with recruitment. It became practically and almost impossible to identify eligible participants, 

undertake screening, or where these had already been concluded, to perform scanning 

(expanded further in Chapter 8). 

Hence, in the event that the entire PhD study might be redefined, relevant mini-projects were 

undertaken which I will highlight in this section. Firstly, a literature review on the potential 

role of Covid-19 in neuroinflammation and Demyelination which sought to elucidate a 

possible viral post delayed neurobiological link with MS and depression; and Secondly, the 

inception of a novel proposed online computer app projected as a potential psychological 

intervention for chronic neuroinflammatory and disabling illnesses with an initial focus on 

MS. The later idea was borne out of my experience with prior in-person focus groups with 

MS patients. (See Appendices i and ii for further elaboration). 
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CHAPTER 2. INVIVO QUANTITATIVE IMAGING OF 
HIPPOCAMPAL INFLAMMATION IN AUTOIMMUNE 
NEUROINFLAMMATORY CONDITIONS: A SYSTEMATIC REVIEW. 
 

2.1 Introduction 
 

Hippocampal pathology has been the subject of extensive preclinical mechanistic 

characterisation. A large body of experimental animal and histopathological research 

established that the hippocampus is subject to neuroinflammatory pathology (Geurts et al., 

2007b; Papadopoulos et al., 2009)  and that hippocampal neuroinflammation can have direct 

impact on its main roles and functions, culminating in alterations in neurogenesis such as 

reduction in synaptic density, (Dutta et al., 2011) and alterations in synaptic plasticity, 

(Nisticò et al., 2013) indicating plausible mechanisms that underlie cognitive and affective 

sequalae of neuroinflammatory pathology.  

This exquisite vulnerability of hippocampus to neuroinflammation is related to several 

converging factors, including its plasticity and involvement in neuroimmune cross talks 

(McEwen et al., 1999; Williamson & Bilbo, 2013). The hippocampal proximity to the 

choroid plexus for instance is presumed to facilitate, via alterations in CSF composition and 

CNS inflammatory immune signal processing, activated lymphocytic cell entry during 

neuroinflammatory pathology (Brown & Sawchenko, 2007; Marques et al., 2009; Reboldi et 

al., 2009). The hippocampus also contains a very high density of interleukin 1 receptors (IL1) 

which mediate inflammatory processes (Farrar et al. 1987), with the highest expression of 

IL1 receptors located in the granule layer of the dentate gyrus and pyramidal cell layer (CA1-

4) of the hippocampus.  Microglia in the hippocampal neuronal system of adult mice have a 

higher proliferative capability against LPS-induced inflammatory stimulation, relative to 

other brain regions examined (Fukushima et al., 2015).  

More so, immune signalling molecules such as cytokines and chemokines, produced within 

the hippocampus in response to any perturbations of CNS homeostasis, are implicated in 

normal hippocampal neurogenesis processes (Pérez-Rodríguez et al., 2021). Adult 

neurogenesis is defined as a process whereby adult neural precursors in the CNS produce 
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functional neurons (Ming & Song, 2011). Recognised as a continuing process, Hippocampal 

neurogenesis is characterised by the introduction of new neurons in the memory processing 

circuits, and is a vital determinant of cognitive reserve (Valero et al., 2017). Impact of adult 

hippocampal neurogenesis has consistently been linked to the development of depression and 

anxiety (Anacker, 2014).  Neurogenesis in the subgranular zone of the dentate gyrus (DG) in 

particular appears to be readily impaired in a transgenic mouse model of neuroinflammation 

secondary to IL6 overexpression (I. L. Campbell et al., 2014). In a mouse model of 

Experimental Autoimmune Encephalitis (EAE), these impairments of neurogenesis and 

neuroplasticity could be linked to specific microstructural modifications in the molecular 

layer (ML) of the DG, such as alterations in the dendritic tree and decreases in dendritic 

length, which manifest in diffusion-weighted MRI as reductions in axial diffusivity (AD, ie 

water diffusion along tracts) and mean diffusivity (MD). Interestingly, the reductions were 

only visible to the ML of DG, and not in other subfields (Crombe et al., 2018), implying 

subregional variability to neuroinflammatory mechanisms, with potential relevance to the 

definition of specific anatomical neuroimaging endpoints. 

The hippocampus also has high metabolic vulnerability due to limited perfusion reserve. In 

the presence of cerebral small vessel pathology, the already miniature arterial supply 

(posterior cerebral and anterior choroidal vessels), especially when only independently 

supplied (by the posterior cerebral artery) are compromised, leading to hypoxic injury in the 

hippocampal region (Perosa et al., 2020). Indeed, when compared to the neocortex, 

experimental studies indicate notable reductions in blood flow, blood oxygenation and 

neurovascular coupling in the hippocampus as a consequence of distinct alterations in 

endothelial cell function and vascular network, such as lower capillary density and marginal 

pericyte contractile morphology (Shaw et al., 2021). Accordingly, there are observed varying 

individual subfield vulnerabilities with respect to hypoxic/ischaemic injury. Specifically, 

CA1 pyramidal neurons are found to be more vulnerable to ischemic effects, due in part to 

reduced metabolic capabilities and excess glutamate release, compared to other hippocampal 

subfields (Bartsch et al., 2010, 2015). These findings are paralleled by the notion of an 

extremely high metabolic requirement of a specific subgroup of hippocampal interneurons 

functioning at near limit of their mitochondrial metabolic capacity to continuously provide 

fine-tuning of the neuronal excitatory-inhibitory balance of hippocampal circuits (Pinna & 

Colasanti, 2021). Considering the increased neurometabolic demands generally associated 

with neuroinflammatory processes, the sensitivity of hippocampus to inflammation and its 
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limited oxygen supply reserve, it would be expected that the hippocampal metabolic 

vulnerability would be further exaggerated and amplified in neuroinflammatory pathology.  

Although abundant animal research provided full characterisation of inflammatory pathology 

of the hippocampus, there has been comparatively less research on the pathological 

characteristics of human hippocampal neuroinflammation. A few post-mortem studies 

provided evidence of neuroinflammatory demyelination of human hippocampus in the 

prototypical neuroinflammatory condition, multiple sclerosis (MS) (Dutta et al., 2011; Geurts 

et al., 2007a; Papadopoulos et al., 2009). However, no study so far has directly correlated 

post-mortem pathological findings to neuroimaging, to enable in vivo characterisation of 

hippocampal neuroinflammation. The ability to identify neuroimaging biomarkers of 

hippocampal inflammation in vivo would be crucial to characterise its pathology, but also 

would help in the identification of endpoints for clinical trials with therapeutics targeting 

neuroinflammatory processes.  

Over the past two decades, there have been promising advances in the field of quantitative 

neuroimaging, in terms of sensitivity to detect neuroinflammation. For example, PET 

targeting 18 kDa translocator protein (TSPO) as well as novel MRI approaches claim to have 

good sensitivity and some degree of specificity for measuring brain inflammatory processes 

(Albrecht et al., 2016; Colasanti et al., 2016; De Marco et al., 2022; Herrera-Rivero et al., 

2015; Lee et al., 2020). However, various methodological aspects complicate the 

characterisation of the hippocampus with neuroimaging. For instance, the complex sub 

structural organization of the hippocampal formation, which comprise subfields, have 

individual vulnerability to physiological and pathological processes. (Pereira et al., 2014) 

observed a correlation between ageing, diffusion tensor imaging measures and volumes of 

varying subfields. (Zheng et al., 2018) also observed volume alterations of differing 

hippocampal subfields at different ages with positive correlations to delayed and immediate 

recall measures. Specifically, CA1-4, DG are impacted upon. Indeed, some studies have 

emphasized distinct links between biological ageing, elevated inflammatory markers and 

chronic inflammation, a phenomenon known as inflammageing or accelerated aging (Ferrucci 

& Fabbri, 2018; Yegorov et al., 2020). 

Given the above evidence of aging-related processes impacting differentially on hippocampal 

subfields, it is plausible to expect similar subfields-specific vulnerability to 

neuroinflammatory processes.    In particular and as highlighted above; such mechanisms 
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may comprise the interplay between glial activation and the rate of neurogenesis in DG, and 

under perfusion induced metabolic modifications made more prominent in CA1.  

The unique anatomical location of the hippocampus also makes it vulnerable to partial 

volume artefacts (when more than one tissue type is present in a voxel, invalidating the 

quantitative accuracy). Use of segmentation techniques employing automated coregistration 

of quantitative maps on high-resolution anatomical images might therefore be suboptimal. 

Further, separation of subfields is difficult due to low resolution of imaging techniques. 

Conventional MRI approaches have also failed to accurately discriminate between varying 

subfield layers.     

Despite these challenges associated in general to hippocampal neuroimaging methods, there 

has been an increasing number of applications of novel quantitative approaches to study 

neuroinflammation in the hippocampus.  In the present overview, I will provide details on 

how these quantitative techniques might inform on various aspects of neuroinflammatory 

pathology. I also aim to summarise the state of the art on hippocampal imaging of 

neuroinflammation by systematically reviewing studies that employed quantitative imaging 

techniques to assess hippocampal neuroinflammatory processes. I will focus on MS, systemic 

lupus erythematosus (SLE), and autoimmune encephalitis (AE) as prototypical examples of 

autoimmune neuroinflammatory diseases that might involve the hippocampus. I include 

studies that used imaging techniques targeting neuroinflammation-specific pathological 

processes, namely: 

1. the activation of resident immunocompetent cells (TSPO PET; MRS (Lactate, Myo-

inositol, Choline);  

2. BBB disruption/permeability (dynamic contrast enhanced or DCE MRI); 

3.  Interstitial modifications consequent to neuroinflammation, such as oedema and 

modifications to the relative size of the extra-cellular water compartment, which can 

be detected using diffusion-weighted (DW) MRI, magnetization transfer ratio (MTR), 

or magnetic resonance spectroscopy (MRS) by quantifying metabolites such as 

Lactate, Choline, and Lipids.  

Furthermore, I will also separately report findings from quantitative neuroimaging studies 

that assessed hippocampal morphology differentially across hippocampal subfields. These 

studies will be useful to reveal the sequelae of neuro-inflammation such as neuronal loss / 

neurodegeneration. 
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2.2 Overview of relevant imaging techniques 
 

Over the past two decades, there have been promising advances in the field of quantitative 

neuroimaging, in terms of sensitivity to detect neuroinflammation. For example, PET 

targeting 18 kDa translocator protein (TSPO) and other novel MRI approaches claim to have 

good sensitivity and some degree of specificity for measuring brain inflammatory processes 

(Albrecht et al., 2016; Colasanti et al., 2016; De Marco et al., 2022; Herrera-Rivero et al., 

2015; Lee et al., 2020). However, various methodological aspects complicate the 

characterisation of the hippocampus with neuroimaging. And, as highlighted above, the 

subfields of the hippocampal formation have differential vulnerability to physiological and 

pathological processes.  

The most frequently used imaging tool in routine clinical settings to identify in vivo 

biomarkers in neuroinflammatory conditions such as MS, is MRI. For example, MRI is 

established as gold standard in the diagnosis of MS, and is used to investigate the natural 

course of the disease and monitor treatment effects in clinical trials. MRI “lesions” appear as 

hyperintensities on T2-weighted images and, in the relapsing-remitting phase of MS 

(RRMS), the effect of a treatment on MRI lesions and its effect on the frequency of relapses 

are strongly correlated, supporting the use of MRI parameters as surrogates for clinical end 

points (Sormani et al., 2009). However, conventional MRI measures are limited by lack of 

neuropathological specificity, and for example, non-specifically reflects demyelination, 

oedema, or gliosis (Arnold & Matthews, 2002). Furthermore, as disability progresses in the 

secondary progressive phase of MS (SPMS), the strength of the relationship between T2-

hyperintensities and clinical severity becomes weaker. Importantly, conventional MRI 

measures, including T2-weighted FLAIR, is only able to detect a minority of cortical or sub-

cortical grey matter lesions. This may be due to the different pathophysiology of cortical grey 

matter lesions, compared to those in the white matter, with less inflammatory cell infiltration 

and absent blood–brain barrier damage (Peterson et al., 2001). All these factors impact the 

value and utility of conventional MRI measures for the assessment of hippocampal 

neuroinflammation. We have therefore focused our review on alternative molecular imaging 

techniques that provide higher, although not absolute, specificity to the pathological 
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processes that are relevant for hippocampal neuroinflammation. Here we provide a brief 

description of the imaging techniques used in the studies we reviewed. 

 

2.2.1 Neurite orientation dispersion and density imaging (NODDI) 
 

A good compromise between complexity and acceptable scan time is neurite orientation 

dispersion and density imaging (NODDI) (Zhang et al., 2012), which provides estimate of the 

intra-neurite and the isotropic volume fractions. NODDI also provides a more specific 

characterisation of tissue microstructure in the whole brain by means of a multishell diffusion 

technique and a clinically feasible protocol. As a three compartment tissue model, NODDI 

measures the intracellular volume fraction (ICVF), the orientation dispersion index (NDI) and 

a CSF water fraction (IsoVF) (McCunn et al., 2019; Zhang et al., 2012). The biophysical 

tissue models of NODDI may provide specific biomarkers of brain microstructural 

alterations, and allude to properties of neurites such as density and orientation dispersion 

(Zhang et al., 2012). Histological measures of CNS neurite orientation dispersion have been 

noted to correlate with ODI, and there have also been reported correlations of ICVF with 

myelin (Grussu et al., 2017; Mollink et al., 2017). In MS pathology, reduced ICVF fractions 

and increased ODI measures have been observed in the brain and spinal cord, compared to 

healthy controls and are usually more evident with RRMS and SPMS (Granberg et al., 2017; 

Spano et al., 2018; Toschi et al., 2019). 

 

2.2.2 Magnetic resonance spectroscopy (MRS)                                                                                                

MRS aims to quantify the concentration of tissue metabolites, by exploiting a phenomenon 

known as chemical shift. In molecules more complex than water, the negatively charged 

electrons can oppose the external static magnetic field resulting in a small shift of the 

resonance frequency of each metabolite. As these molecules are fairly mobile, their signal 

results in relatively narrow peaks in frequency, which can be easily identified. By measuring 

the area under each peak, it is possible to estimate their concentration. The main metabolites 

visible in the brain are N-acetyl aspartate (NAA), only present in neurons, and often regarded 
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as a neuronal marker; choline (Cho), a marker of membrane turnover, which resides in glial 

cells and neurons; and creatine (Cr), a marker of cellular energetics, often used as a reference 

for other peaks. Other metabolites of interests, which are, however, more difficult to measure, 

are glutamate (Glu), glutamine (Gln), myo-inositol (mI), and lactate (Lac). The last two are of 

interest in the context of neuroinflammation, as mI is only present in glial cells, while Lac is 

virtually invisible in healthy brain but increases in conditions of hypoxia, poor perfusion and 

other pathologies. More details can be found in (Tognarelli et al., 2015). 

 

2.2.3 Resting-state functional MRI  
 

Resting state functional MRI (RS-fMRI) examines brain functions by the application of 

oxygen level-dependent contrast (Barkhof et al., 2014). The technique makes use of a short 

acquisition time of less than 10 minutes. The modality is based on the concept that BOLD 

signals (Oxygen level dependent) fluctuate at rest and represents brain neuronal baseline 

activity, as well as resting state network of relevance (Damoiseaux et al., 2006). Generally; in 

research and clinical practice, focus is on the variations in BOLD signals during a task that is 

controlled externally (Damoiseaux et al., 2006).  In MS pathology, consistency between 

cerebral region activities during an external task, a phenomenon known as functional 

connectivity of the brain can be analysed with a view to understanding brain functional 

alterations and their roles in clinical impairment and progression of disease (Sbardella et al., 

2015). 

2.2.4 Modified Asymmetric spin echo (GASE) 
 

Oxygen delivery to Oxygen consumption ratios constitute the oxygen quantity derived from 

the circulatory system that inevitably gets into the brain tissue. This is defined as oxygen 

extraction or R2, and is regarded as a vital and relevant marker of healthy brain tissue. The 

measurement could directly represent both brain activity and viability (Gupta et al., 2014; Liu 
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& Li, 2016; Yanyan et al., 2018). MRI R2 measurements exploit the characteristics of 

deoxygenated haemoglobin in the veins and capillaries via tissue, blood and CSF MR signals.  

2.2.5 Arterial spin labelling (VEPCASL) 
 

Arterial spin labelling (ASL) employs a freely diffusible intrinsic tracer to determine 

perfusion of tissue (Petcharunpaisan, 2010). Specifically, ASL is an MRI technique utilized 

in the quantification of blood flow in the tissue (Ferré et al., 2013). The procedure involves 

magnetic labelling, by non-invasive means, the protons in arterial blood, using radio 

frequency pulses. Two acquisitions are necessary, with one acquisition as control (without 

labelling). Inversion time corresponds to the time taken for the labelled protons to perfuse 

brain tissue. A perfusion weighted image is obtained from the subtraction of labelled and 

controlled acquisitions (Detre et al., 1992). VEPCASL which stands for vessel-encoded 

pseudocontinuous arterial spin labelling is reported to be a highly efficient for both non-

invasive vascular territory imaging and dynamic angiography (Okell et al., 2019). 

 

2.2.6 Positron Emission Tomography (PET) 
 

Positron Emission Tomography imaging, based on the in vivo administration of radiolabelled 

ligands that bind selectively to a target of interest, offers the potential of high specificity for 

molecular markers of cellular and metabolic processes. The high selectivity of PET allows 

microdosing of the radiotracer, ensuring high safety and tolerability for the subjects who 

undergo the procedure. Although for over two decades there have been intense research in the 

identification of suitable PET targets for neuroinflammation imaging, only a limited number 

of targets have been investigated in living patients to date, and the only extensively 

characterised target in clinical populations is the 18 KDa Translocator Protein (TSPO). 

TSPO, formerly known as the peripheral benzodiazepine receptor (PBR), is a protein 

primarily (but not exclusively) localized on cells outer mitochondrial membrane. In normal 

conditions TSPO is highly expressed in peripheral tissues, particularly where steroids are 
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synthesized, consistent with its role in steroidogenesis (Owen et al., 2017).  In the normal 

human brain, the expression of TSPO is low. TSPO expression is observed in macrophages 

and microglia, astrocytes, oligodendrocytes, endothelial cells and smooth muscle cells, 

platelets, subpial and subependymal glia, meninges (vessels, macrophages and sometimes, 

arachnoid cells), ependymal cells, and choroid plexus. Furthermore, recent evidence 

confirmed TSPO is also expressed in neurons (Notter et al., 2021; Vicente-Rodríguez et al., 

2021).  Autoradiography studies using radiolabelled TSPO ligands demonstrate that the 

expression of TSPO is dramatically enhanced in response to microglia proliferation or 

activation, in the case of a disrupted blood brain barrier, on invading cells of mononuclear-

phagocyte lineage (Chen & Guilarte, 2008; Nutma et al., 2019, 2021; Venneti, Sriram; 

Lopresti, Brian J; Wiley, 2006). The precise role of TSPO in the inflammatory processes of 

microglia during such disease states remains unclear, with accumulating evidence suggesting 

an allostatic role of TSPO in the orchestration of bioenergetic, and more specifically, redox 

responses that accompany neuroinflammatory processes. 

In neuroinflammation, the areas of focal tissue damage and demyelination, such as for 

example in active or chronic active MS lesions, are characterized by dramatically increased 

microglia density, therefore TSPO represents an attractive target for imaging focal lesional 

neuroinflammatory pathological processes. However, TSPO PET also enables assessment of 

neuroinflammation in non-lesional areas providing clinically relevant information that is not 

available with conventional routine MRI approaches (Colasanti et al., 2016). An important 

caveat to consider relates to the notion that the specificity of TSPO to each cellular type is not 

uninform across species, brain regions and disease processes (Nutma et al., 2019, 2021; 

Owen et al., 2017; Vicente-Rodríguez et al., 2021). Therefore, the application of TSPO PET 

imaging should be informed by histopathological studies that reveal, for each specific target 

and application, which cellular types, and immunopathological processes are contributing the 

greatest proportion of TSPO signal. In parallel to developments in the TSPO PET field, I note 

promising results from first-in-human applications of other emerging PET radiotracers 

targeting neuroinflammatory processes, such as for example the COX-1 targeting  [11C]PS13 

which displays exquisitely high hippocampal uptake (M. J. Kim et al., 2020). Furthermore, 

promising data are emerging from novel human applications of [11C]-deuterium-L-deprenyl 

([11C]-DED) (Rodriguez-Vieitez & Nordberg, 2018) and [11C]-BU99008 (Calsolaro et al., 
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2021), which bind respectively to Monoamine Oxidase B, and the non-adrenergic 

imidazoline-2 binding site, both of which are overexpressed in reactive astrocytes. 

 

2.2.7 Dynamic Contrast-Enhanced MRI (DCE MRI) 
 

The aim of DCE MRI is to assess the integrity of the blood brain barrier (BBB) by measuring 

the distribution of a paramagnetic contrast agent (typically, gadolinium chelates) injected 

intra-venously. When the BBB is intact, the contrast agent stays in the vasculature, while in 

the presence of increased permeability, it leaks in the tissue altering the MRI signal. 

Alterations to the BBB are known to occur in the presence of neuroinflammation, for 

example in acute MS lesions (Kermode et al., 1990). More subtle increases in permeability 

have also been reported in conditions such as dementia (Starr et al., 2009), and have been 

linked to the presence of underlying chronic inflammation.  The transfer constant Ktrans can be 

estimated by fitting analytical models of tissue compartmentalisation to serial T1-weighted 

acquired after the injection. Ktrans tends to increase with increased BBB permeability. Please 

see (Chi et al., 2019; Ibrahim et al., 2021) and Figure 2.1 for more information and 

illustration. 
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Figure 2. 1 Immunopathology of BBB disruption in SLE (Nwaubani et al., 2022). 
Diagrammatic representation showing rationale for Dynamic Contrast Enhanced MRI of 
Neuropsychiatric lupus pathology with impact on the Hippocampus. Neuronal damage within 
the hippocampus is induced following breach of the blood-brain barrier (BBB) and access of 
SLE Auto-Antibodies. Accumulation of gadolinium-based contrast agent, as measured by 
increasing capillary permeability (Ktrans), and accumulation in the extravascular space (Ve) 
have been reported (Chi et al., 2019). Significant decrease in TSPO distribution in the 
Hippocampus has also been reported using PET (Wang et al., 2017). 

 
 
2.2.8 Magnetization Transfer Imaging & MTR 
 

MRI is only sensitive to the signal from small, mobile hydrogen-containing molecules, as the 

signal from larger ones (lipids, proteins) decays too fast to be probed. Nevertheless, hydrogen 

protons in differing chemical environments can exchange magnetization, thus enabling the 

indirect probing of macromolecular protons through an MRI measurement. This forms the 

basis of magnetization transfer (MT) imaging. MT uses radiofrequency pulses far from the 

resonance frequency of water to saturate macromolecular protons without affecting water 
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protons directly. Thanks to the exchange of magnetization between the two, such saturation is 

transferred to the water protons and results in a signal attenuation, which depends on the local 

density of macromolecules. Early attempt to quantify these effects led to the development of 

the MT ratio (MTR), a percentage difference between the signal measured with and without 

MT saturation. Larger MTRs typically indicate tissue rich in protein and lipids (including 

myelin), while reduced MTR values suggest either a reduction in macromolecular content, or 

an increase in the extracellular water compartment. The interested reader is referred to 

(Cercignani et al., 2001). In the rodent, MT imaging has demonstrated sensitivity to the 

effects of peripheral inflammation on the brain (Serres et al., 2009) and sciatic nerve (Stanisz 

et al., 2004), primarily through its sensitivity to increased water content. 

 

2.2.9 MESH MODELLING 
 

Three-dimensional renderings of brain structures also known as mesh models can be obtained 

from structural MRI data via finite element modelling. These digital 3D-renderings are 

obtained by combining simple elements (typically tetrahedral or hexahedral ones). The 

advantage of mesh models is that they enable relevant properties of the brain, such as cortical 

folding and structural shape, to be captured better than using standard image volumes. 

Several image analysis packages include similar options, and are typically used to compare 

morphological structures within or between groups (Pain et al., 2005). In the context of 

hippocampal inflammation, mesh modelling can be used to compare the hippocampal shape 

and volumes, as well as those of its subfields.  
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2.3 SYSTEMATIC REVIEW METHODOLOGY (QUANTITATIVE 
IMAGING OF HIPPOCAMPAL NEUROINFLAMMATION)  
 

A systematic review was conducted following PRISMA guidelines (Moher et al., 2009). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. 1 PRISMA flow chart 
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2.4 STUDY SELECTION 
 

Prior to the review, I defined the search terms and data to be extracted as highlighted in 

Tables 2 and 3 below. I employed the free search engine pubmed.ncbi.nlm.nih.gov to search 

the literature from June 1988 to July 2021. Start year was selected based on when selected 

articles began to meet relevant criteria as per PubMed search. I also manually searched the 

references of relevant and related articles. In terms of target clinical populations, I decided to 

focus the search of studies on quantitative neuroimaging measures of hippocampal 

neuroinflammation with a focus on three prototypical neuroinflammatory autoimmune 

conditions for which post-mortem pathology reports clearly confirm hippocampal 

involvement namely MS; AE; SLE (Ballok et al., 2004; Hughes et al., 2010; Papadopoulos et 

al., 2009; Schnider et al., 1995). Eligible studies were then further split in two categories; the 

first group (15 studies in total) comprised studies that used imaging techniques to target 

primary neuroinflammatory processes, and the second group (3 studies in total) included 

studies of morphological alterations of hippocampal subfields reflecting neuroinflammatory 

sequalae, such as neuronal loss/neurodegeneration. I did not include studies focused on 

conditions such as temporal lobe epilepsy (TLE) and Alzheimer’s disease (AD) with well 

characterised hippocampal involvement but whose primary pathology is non-

neuroinflammatory. From the selected studies, I reported on each ability to differentiate 

between patients and normal brain.  
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Search 
Terms: 

Key Words: ("multiple sclerosis" or MS or "autoimmune encephalitis” or “limbic 
encephalitis” or “systemic lupus erythematosus” or SLE) 

 AND (MRI or "Magnetic Resonance Imaging” or Diffusion or DWI or DWMRI or DTI or 
NODDI or MTR or QSM) or (MRS or Magnetic Resonance Spectroscopy) or ((TSPO or 
Translocator Protein or PBR) AND (PET or “Positron Emission Tomography”)) 

 AND (hippocamp* or cornu ammonis or CA1 or CA3 or CA4 or "dentate gyrus”) 

 Selection: English Language 

Humans 

Year: 1988 – 2021 

 Inclusion 
Criteria: 

• Human participants 
• Patients affected by at least one of the three pre-selected neuroinflammatory diseases (MS 

or AE or SLE)  
• Group of non-affected control participants present 
• Employing quantitative imaging techniques (such as TSPO PET, DW-MRI, MRS, etc.) 
• Reporting data on the hippocampus or one of the hippocampal subregions, separately from 

other brain ROIs 
 Exclusion 

Criteria: 
• Non-English language studies 
• Case reports  
• Case series 
• Reviews 
• Meta-analysis 
• Studies on experimental models of neuroinflammation (human or animal)  
• Only reporting qualitative MRI findings (such as reporting only either presence or absence 

of T2-weighted hyperintensities) 
• Only reporting volumetric analysis of   hippocampus or its subfields   
• Primary pathological process was not neuroinflammation, such as in AD or Epilepsy 

Table 1: Literature Search Methodology 

 

 

 

2.4.1 Article Selection 
 

All articles included are original research papers and are all in English language. The study 

designs of selected articles comprised longitudinal studies, case controls and cross-sectional 

studies. Primary search was conducted by myself and experienced supervisors. Only studies, 

which were eligible, based on inclusion and exclusion criteria were selected.  
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2.4.2 Data Extraction  
 

I extracted the data which was later reviewed by supervisors (Prof Mara Cercignani- Imaging 

physicist). Key data included clinical population, imaging methods, outcome measures and 

effect sizes. Effect sizes were estimated by calculating the Cohen’s d, which was determined 

by calculating the mean difference between two groups (affected participants and controls), 

and dividing obtained result by the standard deviation. Cohen’s d = (M2 – M1)/SD.  

Complete table of data information is available in Table 3.  

 

 

Author  

Year  

Clinical Population (i.e. number of cases, mean age/ standard deviation, gender)
  

Imaging Methods (i.e. Imaging type, hippocampal segmentation, subfield 
analysis) 

Outcome Measures (i.e. Imaging, affective/ cognitive measures 

Findings (i.e. Difference cases vs controls, effect size, p values, correlations to 
cognitive/ affective measures.  

Table 2 : List of Data extracted 

 

 

 

2.4.3 Quality Assessment 
 

The quality of each study included, was independently assessed by an experienced imaging 

physicist (Prof Mara Cercignani). The Rayyan software was utilized in screening relevant 

search results against selected criteria, and was equally employed in discarding irrelevant 

studies (Ouzzani et al., 2016). The strength of evidence in each paper selected was also 

manually analyzed and thoroughly checked for biases.   
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2.5 RESULTS 
 

During the initial search, I came up with 621 articles (See Prisma flow diagram in Fig 2.3). I 

excluded conference extracts, non-human studies and non- English language articles. Case 

reports, case series and reviews were also removed. A further 551 articles were excluded 

upon review of their titles and abstracts. 216 article titles did not match criteria. 73 of theses 

articles were not based on human studies, and the other 143 articles did not employ 

quantitative imaging techniques. 335 articles from the 551 had been excluded mostly due to a 

non-focus on the hippocampus and also for only reporting qualitative MRI findings. The 

remaining 29 articles were further screened by three reviewers. 4 articles were excluded due 

to imaging methodology not meeting eligibility criteria and a further 7 were excluded 

because their target disease was not primary neuroinflammatory pathology.   A total of 18 

studies met the criteria for inclusion. Fifteen of these used imaging techniques directly 

examining neuroinflammatory pathology, whilst three applied imaging techniques measuring 

morphological changes in separate hippocampal subfields, reflecting neurodegenerative 

changes such as neuronal loss secondary to neuroinflammation. See illustration in figure 2.2 

below; 
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Figure 2. 2 Immunopathological and Neuroimaging features of hippocampal 
neuroinflammation across neuroinflammatory diseases. A, B, C: Multiple Sclerosis (MS): 
reduced density of ramified Microglia (HLA class II staining) in a lesion centre with 
increased density of activated microglia and macrophages in the lesion edge (A); Pattern of 
hippocampal demyelination in the DG of a MS patient (B) [from (Papadopoulos et al., 
2009)]. Reduced Hippocampal volume in patient with MS (C) (unpublished data). D, E, F: 
Systemic Lupus Erythematous (SLE): Lymphocytes infiltrates in the Choroid Plexus (D). 
Evidence of neuronal loss in DG (E) [from (Ballok et al., 2004)]. Hippocampal atrophy in 
SLE patient (F)[from (Appenzeller et al., 2006)]. G, H, J: Autoimmune Encephalitis (AE): 
Hippocampal microglial activation (HLA class II staining) (G) and reduced NMDAR-
expression (H) in a patient with NMDAR encephalitis [from (Zrzavy et al., 2021)]. FLAIR 
MR image showing hyperintense swelling of the left hippocampus (J) [from (Dekeyzer et al., 
2017)]. 

 

Of the 18 studies included in the systematic review, 14, 2, and 2 studies focused on MS, AE 

and SLE respectively. The overall study cohorts included 729 MS, 16 SLE and 166 patients 

with autoimmune encephalitis, giving a total number of 911 patients. Healthy controls were 
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497 in total. Ages ranged from 28-66 years and SD between 4 and 13. Female to male ratio 

was 467/262 for MS patients, and 101/65 for AE patients. The gender of participants was 

unspecified in the SLE studies. Comprehensive details of demographics and results can be 

found in Tables 3 and 4. In our review of studies (n=15) targeting primarily 

neuroinflammatory processes, 4 studies used TSPO PET, 8 studies used DW MRI, whilst one 

study used DCE, MRS, MTR respectively. There was high heterogeneity in terms of 

techniques and specific imaging methodology employed, and virtually no study replicated 

exactly the same methodology within the same condition, with the exception of five studies 

in MS that all used DW MRI. The three PET studies in MS used three different 2nd generation 

TSPO radiotracers and reported different outcome measures (SUVr; Vt; DVR) 

All neuroinflammation – targeting studies revealed at least one significant signal change in 

the hippocampus, relative to the control group. The effects sizes varied greatly across studies 

(range 0.1 to 1.6). Across conditions, the largest effect sizes were seen with TSPO PET and 

DW MRI, indicating respectively increases in hippocampal TSPO binding and in the 

Diffusion based MD parameter; and a reduction in diffusion-based FA. These changes 

appeared consistent across MS studies and were evident in various MS sub-types, although 

increase in TSPO PET signal (Colasanti et al., 2016; Herranz et al., 2016), as well as changes 

in diffusion FA and MTR appeared more prominent in progressive forms of MS relative to 

relapsing-remitting, and even more to CIS (Cappellani et al., 2014; Planche et al., 2017; 

Vrenken et al., 2007). The direction of the changes observed in AE which revealed an 

increase in MD as reported in two studies (Finke et al., 2016/17), was thus consistent with 

findings in MS, whilst the two studies in SLE revealed TSPO binding changes opposite to 

those seen in MS, and alterations in BBB permeability that no other studies had examined. 

Only two studies (both DW MRI studies on AE) examined separately, individual 

hippocampal subfields (Finke et al., 2016, 2017). No other studies reported regional subfield 

analysis.  

In MS, increased TSPO binding and elevations in mean diffusivity parameter (MD) 

correlated with neurological disability and impaired cognitive performance. For instance, 

SDMT z-scores negatively correlated with TSPO uptake in the hippocampus (Herranz et al., 

2016). Increase in diffusion-based MD parameter also negatively correlated with SDMT and 

CVLT scores in MS and CIS respectively and was also able to effectively discriminate 

between memory impaired and memory preserved patients with CIS. In contrast, a decrease 
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in the FA parameter had positive correlations with SDMT (Planche et al., 2017). Negative 

correlations were observed with the following: BBB parameters in SLE and elevated MD in 

AE correlated with varying neuropsychological assessment scores (ANAM; RAVLT and 

ROCF respectively) (Chi et al., 2019; Finke et al., 2016, 2017). There were also correlations 

observed with imaging measures and scores on the affective scales in MS and SLE patients. 

TSPO hippocampal distribution volume ratio in MS and BBB parameters in SLE were 

positively correlated with BDI scores (Chi et al., 2019; Colasanti et al., 2016). Decrease FA 

parameter correlated with HAMD scores (Shen et al., 2014). 

In the second group of studies examining separate hippocampal subfields and reporting 

neurodegenerative changes due to neuroinflammation, I included 3 studies using MESH 

modelling. Regional changes were detected between subfields. In MS patients there was 

surface expansion of the hippocampal dentate gyrus (DG) as measured by radial distance 

(RD) enlargement (Rocca et al., 2015). This was also observed in the (Cacciaguerra et al., 

2019) study looking at serial regional measurements, and was more pronounced in later 

months. In contrast, there was a reduction in RD in the CA1 subfield after 3 months 

progressing to the subiculum. Across MS and AE, deformation overlap corresponded to 

damage within the CA1 subfield (Heine et al., 2020).   
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 Author
s; year 

Clinical population Imaging Methods Outcome 
Measures 

Findings 

Disease n cases; mean age 
(SD) ; gender 

Imaging 
type 

 
Hippocam
pal 
Segmentati
on 

Subfiel
ds 

analysi
s 

Imagin
g 

Affecti
ve / 
Cognit
ive  

Difference Cases vs 
controls 

 effect size (ES); p 
value 

Correlations to 
cognitive / affective 
measures 

(Colasa
nti et 
al., 
2016) 

MS MS: n=11; 45(8) yrs; 
10F 

 

HC: n=22; 49(10) 
yrs; 14F  

 

TSPO 
PET 
[18F]PBR
111 

 

Automated 
(CIC Atlas) 

No [18F]PB
R111  
DVR 
(cortica
l GM 
as 
pseudo
-
referen
ce 
region) 

BDI-II MS:  

[18F]PBR111   DVR: 
0.8 (p=0.024) 

 

MS cohort: 
[18F]PBR111 DVR 
(p=0.037) pos correl to 
BDI       

(Herran
z et al., 
2016) 

MS RRMS: n=12; 43(10) 
yrs; 10F 

 

SPMS: n=15; 52 (7) 
yrs; 11 F 

 

HC: n=14; 48 (13) 
yrs; 6 F  

 

TSPO 
PET 
[11C]PBR
28 

 

Automated 
(First/FSL) 

No [11C]P
BR28  
SUVR; 

DVR 

 

 

 

 

SDMT; 
TMT-
A & B; 
CVLT-
II; 
BMVT
-R; 
WCST 

RRMS:  

[11C]PBR28      
SUVR;: 1.1 (p=NS) 

[11C]PBR28  DVR: 
0.8 (p=NS) 

 

SPMS 

[11C]PBR28      
SUVR;: 1.6 
(p<0.003) 

[11C]PBR28  DVR: 
1.2 (p<0.005) 

Whole MS cohort: 
[11C]PBR28 SUVR 
(p=0.05) neg correl to 
SDMT       

(Singha
l et al., 
2019) 

MS RRMS: n=7; 
33(7)yrs; 5 F 

 

SPMS: n=5; 
55(4)yrs; 3F 

 

HC: n=5; 38 (13)yrs; 
3F  

TSPO 
PET 
[18F]PBR
06 

 

Automated 
(PNEURO) 

No [18F]PB
R06  
SUVR 

 

 

 

 

No MS:  

[18F]PBR06      
SUVR;: 1.4 (p=0.03) 

 

 

NA 

(Cappel
lani et 
al., 
2014) 

MS RRMS: n=210; 46(9) 
yrs; 149 F 

PMS: n=75; 49 (7) 
yrs; 57 F 

HC: n=110; 47 (13) 
yrs; 76 F  

 

DW-MRI Automated 
(First/FSL) 

No FA, 
MD, 
RD, 
AD  

No RRMS:  

FA 0.4 (p=0.047) 

MD 0.6 (p<0.001) 

AD 0.5 (p<0.001) 

RD 0.6 (p<0.001)) 

 

PMS: 

FA 0.3 (p=0.047) 

MD 0.7 (p<0.001) 

AD 0.6 (p<0.001) 

RD 0.7 (p<0.001)) 

NA 



68 

 
(Geurts 
et al., 
2006) 

MS MS: n=33; 48 (12) 
yrs ; 16 F 

HC: n=10; 43 (9); 7 F  

 

MRS NS No Ins BRB-N MS: 

Ins 0.7 (p<0.05) 

 

SPMS 

Ins 0.9 (NS) 

No correlation with  
BRB-N 

(Planch
e et al., 
2017) 

MS CIS: n=37; 37(10) 
yrs; 29F 

MS: n=32; .41 (6) yrs 
(SD); 23 F 

HC: n=36; .38 (10); 
24 F  

 

DW-MRI Automated 
(First/FSL) 

No MD, 
FA 

SDMT, 
WAIS-
III, 
SRT, 
CVLT, 
BDI 

CIS:  

FA: 0.5 (p<0.050) 

 

MS 

FA: 1.05 (p<0.0001) 

MD: 1.21 
(p<0.0001) 

 

 

CIS 

MD  CVLT/SRT (DR) 
r= -0.57 (p=0.0002) 

 

MS 

FA  SDMT r= 0.36 
(p=0.004)n.sa 

MD  SDMT r= -0.52 
(p=0.002) (p=0.012)a 

(Roose
ndaal et 
al., 
2010) 

MS MS: n=25; 39 (8) yrs; 
17 F 

HC: n=30; 41 (10) 
yrs; 20 F  

 

DW-MRI Automated 
(First/FSL) 

No MD LLT, 
HADS-
A, 
HADS-
D, 

MS 

MD LH: 0.7 
(p=0.01) 

MD RH: 0.5 
(p<0.03) 

NA 

(Shen 
et al., 
2014) 

MS RRMS: n=15; 38 
(12) yrs; 11 F 

HC: n=15; 37 (13) 
yrs; 11 F  

DW-MRI Automated 
(First/FSL) 

No FA HAMD MS 

FA: ES (p<0.05) 

 

 

 

MS 

LH  FA  HAMD r= 
0.5742 (p=0.025) 

 

(Vrenk
en et 
al., 
2007) 

MS RRMS: n=35; 39(7) 
yrs; 24 F 

PPMS: n=12; 58(6) 
yrs 5 F 

SPMS: n=19; 44 (11) 
yrs ; 11 F 

HC: n=23; 31 (7) yrs; 
11 F  

 

MRI-
MTR 

Automated 
(First/FSL) 

No MTR PASA
T 

RRMS: 

MTR  0.1(p=NS) 

 

PPMS: 

MTR  0.7(p=NS) 

 

SPMS: 

MTR  0.9(p<0.05) 

No observed corr. 

(Yin et 
al., 
2018) 

MS MS-SSCI: n=22; NS 
(7) yrs; 13 F 

HC: n=22; NS (13) 
yrs; 13 F  

 

DW-MRI SPM8 No FA, 
ADC 

NA MS-SSCI: 

RH FA 0.1 
(p=0.042) 

LH FA 1.4 
(p=0.000) 

 

MS-SSCI: 

NA 
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RH ADC ES 
(p=0.047) 

LH ADC ES (p=NS) 

(Filip et 
al., 
2020) 

MS MS: n=10; 47(12) 
yrs; 8 F 

HC: n=10; 46 (13) 
yrs; 8 F  

 

DW-MRI 
and 
susceptib
ility 

Automated 
(FreeSurfer
) 

No RAFF4
, T1p, 
T2P,  

FA, 
MD, 
AD, 
RD 

SDMT 

CES-D 

MS: 

RAFF4: 1.6 
(p=0.007) 

T1p: 1.1 (p=0.041) 

T2P: 1.5 (p=0.004) 

FA: 0.6 (p=NS) 

MD: 1 (p=0.099) 

AD: 0.5 (NS) uncorr 

RD: 1.1 (P=0.0184)  
uncorr 

No observed correl      

(Chi et 
al., 
2019) 

SLE SLE: n=6; 38(13) 
yrs; (NS) F 

HC: n=5; .34 (11) 
yrs; .(NS) F  

DCE-
MRI 

 

No No Ktrans, 
Ve, 
CBF 

 

 

 

 

ANAM
, BDI, 
STAI 

SLE:  

;Ktrans: 0.9 (p=0.04) 

Ve : 0.9 (p=0.04) 

CBF : 1.1 (p=0.013) 

3 SLE had elevated 
DNRAB titres with 
pos correl to BDI, 
STAI. neg correl to 
ANAM (not stat sig).       

(Wang 
et al., 
2017) 

SLE SLE (n=10; 41(9) 
yrs; (NS) F 

HC (n=11; 39 (11);. 
(NS) F  

 

TSPO 
PET 

[11C]DPA
-713 

Automated 
(FreeSurfer
) 

No [11C]D
PA-
713   
VT 

 

ANAM SLE:  

[11C]DPA-713      

    VT;: 0.8 (p<0.05) 

NA 

(Finke 
et al., 
2016) 

Anti-
NMDA
R 
Enceph
alitis 

anti-NMDAR 
encephalitis (n=40; 
28(12) yrs; 36 F 

HC (n=25; 28 (11) 
yrs; 23 F 

DW-MRI Automated 
(First/FSL) 

Yes 
(Subfie
lds: 
CA1, 
CA2/3, 
CA4/D
G, 
presubi
culum, 
subicul
um, 
fimbria 

MD RAVL
T, 
ROCF 

Anti-NMDAR 
Encephalitis: 

LH MD 0.09 
(p=0.004) 

RH MD 0.7 
(p=0.019) 

RAVLT 

LH MD  r= -0.524 
(p=0.001) 

RH MD r= -0.470 
(p=0.004) 

 

ROCF 

LH MD  r= -0.45 
(p=0.008) 

RH MD r= -0.44 
(p=0.009) 

(Finke 
et al., 
2017) 

Anti-
LGI1  
Enceph
alitis 

anti- LGI1 
encephalitis (n=30; 
66(12) yrs; 11 F 

HC (n=27; 64 (2) yrs; 
9 F 

DW-MRI Automated 
(FreeSurfer
) 

Yes 
(Subfie
lds: 
CA1, 
CA2/3, 
CA4/D
G, pre-
subicul
um, 
subicul
um, 
fimbria 

MD RAVL
T, 
ROCF 

Anti- LGI1 
Encephalitis: 

LH MD 1.1 
(p=0.001) 

RH MD 1 (p<0.001) 

 

RAVLT 

LH MD  r= -0.41 
(p=0.04) 

RH MD r= 0.57 
(p=0.03) 
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Table 3 : Neuroinflammatory changes in the hippocampus 
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 Authors; 
year 

Clinical population Imaging Methods Outcome Measures Findings 

Disease n cases; mean 
age (SD) ; 
gender 

Imaging 
type 

 Hippocampal 
Segmentation 

Subfields 

analysis 

Imaging  Affective / 
Cognitive  

Difference 
Cases vs 
controls 

 effect size 
(ES); p value 

Correlations 
to cognitive / 
affective 
measures 

(Heine et al., 
2020) 

MS 

 

Anti-
NMDAR 
Encephalitis 

 

Anti-LGI1 
Encephalitis 

RRMS (n=30; 
.43 (6) yrs 
(SD); 18 F 

HC (n=30; .42 
(8); .18 F  

 

anti-NMDAR 
encephalitis 
(n=30; .28 (8) 
yrs (SD); 26 F 

HC (n=30; .29 
(8); .26 F  

 

anti-LGI1 
encephalitis 
(n=30; .66 (9) 
yrs (SD); 9 F 

HC (n=30; .63 
(10); .9 F  

MRI Automated 
(First/FSL) 

Mesh 
Modelling 

Post MRI: 
Surface based 
analysis: Scalar 
values 

NMDA/ 
LGI1 : 
RAVLT, 
RWFT 

 

RRMS: 
BRB-N, 
SRT 

 

All: BDI-II 

NMDA 

LH Scalar 0.9 
(p=0.001) 

RH Scalar 0.6 
(p=0.070) 

 

RRMS 

LH Scalar 0.8 
(p=0.003) 

RH Scalar 0.6 
(p=0.071) 

 

LGI1 

LH Scalar 0.8 
(p=0.003) 

RH Scalar 0.9 
(p=0.002) 

NMDA 

RAVLT 
Scalar r= 
0.335 
(p=0.035) 

RWFT   
Scalar r= - 
0.033 
(p=0.432) 

BDI-II   
Scalar rs= - 
0.100 
(p=0.356) 

 

RRMS 

BRB-N 
Scalar r= 
0.540 
(p=0.010) 

 

LGI1 

RAVLT LH 
Scalar r= 
0.348 
(p=0.041)- 
No such obs 
in controls. 

 

(Rocca et al., 
2015) 

MS BMS (n=26; 
.44 (7) yrs 
(SD); 18 F 

RRMS (n=28; 
.40 (11) yrs 
(SD); 20 F 

SPMS (n=34; 
.46 (11) yrs 
(SD); 24 F 

HC (n=28; .45 
(11); .18 F  

 

 

MRI Manual 
Tracing (MNI) 
Space 

Mesh 
Modelling 

Post MRI: 
Vertex based 
analysis: Radial 
Dist. (DG) 

WL test, 
SS test 

BMS 

Lt DG Rad 
Dist 0.6 
(p=NS) 

Rt DG no 
vertices  
(p=NS) 

 

RRMS 

Lt DG Rad 
Dist 0.8 
(p=NS) 

Rt DG Rad 
Dist 0.7 
(p=NS) 

 

SPMS 

BMS 

WL Lt DG 
Rad Dist r= -
0.43 (p=NS) 

 

RRMS 

WL Lt DG 
Rad Dist r= 
0.50 (p=NS) 

SS Lt DG 
Rad Dist r= 
0.47 (p=NS) 

 

SPMS 

WL Lt DG 
Rad Dist r= -
0.41 (p=NS) 
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Table 4 : Neurodegenerative changes associated to inflammation in Hippocampal subfields 

 

Summary of Table 3 and 4: Column chart showing individual study main effect sizes 

 

KEY: AE- Autoimmune echephalitis, LH-Left Hippocampus, VT- Volume of distribution, PMS-Progressive MS, MD-Mean 
Diffusivity, RD-Radial Diffusivity, RAFF4-Relaxation Along a Fictitious Field in the rotating frame of rank 4, RH-Right 
Hippocampus, RRMS-Relapsing Remitting MS, DG-Dentate Gyrus, Lt- Left, SPMS-Secondary Progressive MS, SUV-

0

0.5

1

1.5

Effect Size

Study main effect sizes

Heine et al. AE Scalar (LH/RH) Rocca et al RRMS DG (Lt) Cacciaguerra et al CIS CA4

Colasanti et al MS VT Herranz et al SPMS SUV Singhal et al MS SUV

Cappellani et al PMS MD/RD Geurts et al SPMS Ins Planche et al MS FA

Roosendaal et al MS MD (LH) Vrenken et al SPMS MTR Yin et al MS FA (LH)

Filip et al MS RAFF4 Chi et al SLE CBF Wang et al SLE VT

Finke et al. AE MD (RH) Finke et al AE MD (LH)

Lt DG Rad 
Dist 0.7 
(p=NS) 

Rt DG Rad 
Dist 0.6 
(p=NS) 

SS Lt DG 
Rad Dist r= -
0.38 (p=NS) 

WL Rt DG 
Rad Dist r= -
0.39 (p=NS) 

(Cacciaguerra 
et al., 2019) 

MS CIS (n=36; 
.31 (7) yrs 
(SD); 29 F 

HC (n=14; .34 
(8) yrs (SD); 
10 F 

 

 

MRI Manual 
Tracing (MNI) 
Space 

Mesh 
Modelling 

Post MRI: 
Radial mapping 
analysis: Radial 
Dist.  

HSRV (CA1, 
Presubiculum, 
CA4, DG) 

PASAT CIS (M3) 

Rt CA1 HSRV 
0.2 (p=0.009) 

Rt mol layer 
HSRV 0.1 
(p=0.003) 

Rt gran layer 
DG HSRV 0.2 
(p=0.002) 

Rt 
Presubiculum 
HSRV 0.3 
(p=0.026) 

Rt CA4 HSRV 
0.3 (p=0.007) 

 

No 
correlation 
with PASAT 
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Mean radioactivity/injected dose/weight, Ins-Myo-inositol, MTR-Magnetization Transfer Ratio, SLE-Systemic Lupus 
Erythematosus, CBF-Cerebral Blood Flow, CIS-Clinical Isolated Syndrome, FA-Fraction Anisotropy.  

 
 
 
2.6 DISCUSSION   
 

The systematic review of the literature focused on imaging measures of hippocampal 

neuroinflammation in 3 prototypical autoimmune neuroinflammatory conditions. It revealed 

the largest and most consistent significant differences between cases and controls in MS 

patients, particularly those with the more progressive forms, as shown by studies using TSPO 

PET and DW MRI. Preliminary results from studies employing other techniques, such as 

susceptibility, MTR, DCE, appeared promising but require replication in larger samples. 

All studies reported global hippocampal imaging measures, and no information specifically 

related to immunocompetent cells density (e.g. TSPO) or microstructural integrity (e.g. DWI) 

was reported for separate hippocampal subfields. Although two studies in AE depicted 

individual sub regional atrophy in CA1, CA2/CA3, CA4/DG and in the subicula regions of 

the hippocampus, diffusion changes were only reported in the hippocampus as a whole. The 

separate analysis looking at effect on morphological changes, resulting from 

neurodegeneration, in neuroinflammatory conditions confirmed our predicted differential 

vulnerability of subfields to inflammation. For instance, there were specific contrasting 

measurements in radial distance observed between DG and CA1.  

The value of correlations to functional deficits and clinical manifestation were limited by 

small samples but overall provided preliminary evidence that signs of hippocampal 

neuroinflammation, capable of causing functional alterations such as in processing speed, 

semantic organisation, attention, concentration, visuospatial constructional ability, depression 

and anxiety, might be detected using quantitative imaging markers (Filip et al., 2020; Geurts 

et al., 2006) and (Colasanti et al., 2016; Vrenken et al., 2007). 

Although these correlational data suggest that these quantitative imaging measures are 

potentially related to clinical phenomena, the lack of specific correspondence between 

imaging signals and underlying histopathology limit their precise interpretability. For 

instance, although a large proportion of the TSPO PET signal increases  observed in the acute 

phase of inflammation in MS can be attributed to an increased density of TSPO expressing 
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macrophages/microglia resulting from their infiltration, proliferation and activation (Nutma et 

al., 2019, 2021); it is possible that as time progresses, astrocytes contribute to an increasingly 

substantial proportion of observed hippocampal signal (Nguyen et al., 2018). The discrepancy 

between findings in MS relative to SLE studies might reflect unique and disease-specific 

changes in constitutive binding to TSPO expressed by non-inflammatory cells (including for 

example platelets, endothelia, or other TSPO expressing peripheral cell types), which might 

be particularly relevant to conditions with systemic and generalised inflammatory responses 

such as SLE.  

Furthermore, TSPO PET presents challenges to quantification of the specific radiotracer 

binding which become particularly difficult to address in presence of systemic inflammatory 

responses (Woodcock et al., 2020) , and might contribute to variability of results between 

studies due to inconsistencies in methodological approaches. 

DW MRI was frequently utilized especially in MS. The specificity of its applications and the 

extent to which it captures and quantifies hippocampal microstructural alterations in neuro-

inflammatory pathology have been frequently investigated using pre-clinical and 

experimental models. Göbel-Guéniot and coworkers (Göbel-Guéniot et al., 2020) observed 

CA1 pyramidal cell degeneration and granular cell layer dispersions correlated significantly 

with alterations in tissue diffusivity parameters in  murine models of Mesial temporal lobe 

epilepsy (MTLE), a common type of epilepsy affecting inner aspects of the temporal lobes, 

which can present in the hippocampus. The findings support the capability of high resolution 

DW MRI in measuring quantitative changes in epileptic hippocampal tissue consistent with 

histopathological features in MTLE. Crombe (Crombe et al., 2018) assessed two diffusion-

related imaging measures (DTI and NODDI) in terms of their sensitivity to effectively 

delineate, compute and quantify microstructural alterations in specific hippocampal layers in 

mice with  EAE, a murine experimental model of RRMS. NODDI employs a multishell tissue 

modality in the characterisation of tissue microstructure while DTI is a simpler approach that 

assumes a single water compartment characterised by anisotropic diffusion.  Both modalities 

were equally effective in delineating specific hippocampal layers and the quantification of 

diffusivity parameters presented with differences within 3 specific layers (SR, SLM, ML). 

DTI showed more prospects with regards to quantification. The same study assessed 

histopathological correlations between EAE pathology and DW-imaging measures and 

identified a reduction in AD and MD in the molecular layer of the hippocampus of mouse 



75 

 

model of EAE, corresponding histologically to microglial activation and a reduction in 

dendritic density, consistent with early neuroinflammatory and neurodegenerative processes 

respectively. This interestingly contrasts with findings of the studies we reviewed here, where 

both MS and AE were associated with increased hippocampal MD across studies. A logical 

explanation here may indeed be due to progression from the MD reduction, reflecting the 

early neuroinflammatory and neurodegenerative disease processes characteristic of EAE, to 

more sustained and progressive neurodegenerative pathology seen in MS patients where the 

expansion of extracellular fluid and microscopic barrier disruptions become progressively 

more prominent (Finke et al., 2016). Similar distinctive observations were a sole reduction in 

FA in Clinically isolated syndrome (CIS), considered the first neurological onset of potential 

MS, and an additional increase in MD seen in MS patients (Planche et al., 2017). However, 

the impact of partial volume effects with CSF should not be excluded, as human MRI data 

are typically acquired with much lower resolution. 

Due to indirect measures between tissue architecture and DW parameters, DW MRI does lack 

levels of specificity in neuroinflammatory pathology (Crombe et al., 2018). Both MD and FA 

are sensitive to increases in extracellular water, reduction in myelin, changes in 

microstructure and changes in cell density. It is therefore difficult to associate the observed 

changes with a specific pathological substrate. More so, human applications have also 

revealed considerable limitations in acquisition due to low resolution protocols specifically 

designed for whole brain (Treit et al., 2018). To mitigate against these effects and limitations, 

Treit developed a simple DTI protocol which employed standard single-shot 2D Echo-planar 

imaging (EPI) at 3T, to obtain high spatial resolution images (1x1x1mm3) of the human 

hippocampus. In order to compensate for the SNR loss induced by the small voxels, they 

proposed to use relatively low b-value (thus reducing the amount of diffusion weighting), at 

the price of limiting the sensitivity to microscopic water environment. As already noted, this 

may potentially decrease or limit the certainty in identifying vital micro-image details in 

neuroinflammatory pathology, in an already complex structure such as the hippocampus. 

There are other notable methodological concerns in processing hippocampal 

neuroinflammatory imaging data, which may arise post MRI acquisition such as proposed 

methods of segmentation, risk of poor precision in co-registration of DW maps if 

segmentation is done on T1 and resolution limits that can effectively distinguish hippocampal 

subfields or layers. DW MRI is typically acquired using echo-planar imaging (Schmitt, 
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2015), a pulse sequence insensitive to bulk motion, but characterised by geometric distortions 

induced by magnetic susceptibility (Brun et al., 2019). As a consequence, the anatomy on 

DW EPI does not match the corresponding T1-weighted scans, making image coregistration 

between the 2 modalities challenging.  

Even if perfect coregistration could be achieved, due to the morphological complexities and 

extremely small structural sizes of the hippocampal compartments, segmenting the 

subregions of the hippocampus is indeed fraught with difficulties and immense challenges in 

the analysis of MRI images (Shi et al., 2019). Hippocampal segmentation might be obtained 

by either automated or manual methods: most of the studies included in the review have 

utilized automated methods, such as FSL and Free Surfer. Only the studies by (Rocca et al., 

2015) and (Cacciaguerra et al., 2019) employed manual tracing for hippocampal 

segmentation. While manual segmentation by adequately trained human raters is generally 

regarded as the gold standard (Dalton et al., 2017), semi-automated and more automatic 

methods appear to be gaining traction with a view to reducing workload, increasing 

reproducibility and avoiding inter/intra rater variability which is also common with manual 

methods of segmentation. Automated methods are however not without limitations, which 

range from a lack of public availability of software, and the limited appropriate training 

image data sets. Methods can also be subject to error in significant disease states and require 

parameter tuning (Goubran et al., 2020).  

Taking resolution into consideration, a future approach could be computational imaging 

techniques, which enhances contrast and resolution of lower resolution images. One such 

application is the Image Quality Transfer (IQT) approach, which mitigates the challenges 

resulting from spatial resolution, lengthy acquisition protocols, slow translation, interpolation 

and complex processing pipelines. IQT technique adapts clinically low-quality mappings to 

experimental high-quality images applying the likeness of images across scales, modalities, 

regions and subjects (Alexander et al., 2017).  With the avoidance of artefacts comprising 

hot-spots and blurring, and the reduction of partial volume effects, finer details are recovered 

which were lost at low resolution, hence, allowing for easier identification of hippocampal 

architecture including morphology, digitations, landmarks, boarders and separation of sub 

regional layers. Zooming into desired region (MTL for instance) allows for adequate manual 

segmentation directly on diffusion images, with subsequent computation of desirable 



77 

 

diffusion parameters. The need for co-registration to anatomical or histological images is 

hence diminished. 

The poor specificity of diffusion MRI is caused by its sensitivity to all water compartments 

(intra and extra cellular). A way to overcome this limitation is by combining the sensitivity to 

microstructure offered by diffusion MRI with the cell-specificity of MRS. Diffusion-

weighted MRS (DW-MRS) offers a promising and cheaper alternative for non-invasively 

characterising the effects of inflammation in the brain (De Marco et al., 2022). In De Marco's 

study, DW-MRS was able to provide cell specific information about cellular morphology and 

equally, was found sensitive to systemic inflammation induced glial cytomorphological 

changes in grey matter. It should be re-iterated, however, that the hippocampus is an 

exceptionally challenging region to capture with this technique, which is inherently 

characterised by very poor spatial resolution.   

 
 

2.7 CONCLUSION 
 

In the review, I explained why the hippocampus is an important site of neuroinflammation 

and highlighted possible reasons underlying its vulnerability, which differentially affects 

hippocampal subfields. I also reported challenges associated to the application of 

hippocampal imaging of neuroinflammation using both conventional and novel imaging 

techniques. The review did provide confirmatory evidence that a few imaging markers that 

reflect neuroinflammatory tissues changes, such as DW-MRI and TSPO PET, were able to 

detect signal alterations in the hippocampus in prototypical neuroinflammatory conditions. 

However, no study as yet has examined hippocampal subfields separately.  

I propose that this could be addressed by use of higher resolution acquisitions, or 

alternatively the adoption of particular post-processing techniques, which represent promising 

approaches to gain better insight into neuroinflammatory pathology in vivo, ultimately 

enabling more precise and sensitive characterisation of hippocampal pathophysiology. 

In order to fill this gap, I evaluated the use of Image quality transfer for increasing the 

resolution of dMRI (chapter 3 and chapter 6), and DW MRS for improving the specificity of 

non-invasive MR techniques (Chapter 7). 
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CHAPTER 3. MRI ANALYSIS: OPTIMIZATION OF PARAMETERS 
FOR DIFFUSION MRI TO ENHANCE HIPPOCAMPAL SUBFIELD 
ANALYSIS AND SEGMENTATION. 
 

3.1 INTRODUCTION 
 

The hippocampus is a morphologically complex region of the brain limbic system centrally 

involved in important cognitive, affective and behavioural regulatory roles. It has exquisite 

vulnerability to neuroinflammatory processes, with some of its subregions found to be 

specific sites of neuroinflammatory pathology in ex-vivo studies. The study of in vivo 

neuroimaging correlates of hippocampal neuroinflammation would enable direct study of 

functional consequences of hippocampal neuroinflammatory pathology, as well as the 

definition of therapeutic endpoints for treatments targeting neuroinflammation, and their 

related affective or cognitive sequelae. However, in vivo quantitative imaging of the 

hippocampus and its subregions is fraught with difficulties, due to methodological challenges 

deriving from its unique anatomical characteristics. Relevant post-acquisition and processing 

of structural images, which involves delineation of substructures within the human 

hippocampus (by manual or automated means), and also vital for subregional analysis, could 

also prove extremely complicated in clinical pathology. Extensive lesional pathology in 

progressive MS for instance, is expected to induce limitations in the specificity of automated 

hippocampal segmentation methods. Most automated segmentation methods rely on either T1 

or T2 weighted images. However, co-registration between these images and quantitative 

techniques, such as dMRI, is challenging due to the geometric distortions that characterise the 

latter images. The desired rigid alignment of diffusion images to high-resolution T1 weighted 

anatomical maps during co-registration is thus deemed suboptimal when automated 

segmentation techniques are employed. Further, partial volume effects arising from the 

neuro-anatomical location and the subregional inhomogeneity of the hippocampal interior, as 

well as the limited spatial resolution applicable to diffusion weighted images in general, 

invariably contribute to analytical restrictions and also introduces deviations in diffusion 

tensor measurements due to partial volume effects (Ma & Peng, 2021). 



79 

 

Indeed, till date, there are only brief descriptions of hippocampal subregional segmentation 

procedures in existing literature (Dalton et al., 2017) and fewer studies have focused on the 

characterisation of the MRI neuroimaging signatures of highly physio- pathologically 

relevant subfields of the hippocampus (CA1, CA2/CA3, CA4-DG and SLRM). Recent 

research advances have been centred around the development of image acquisition techniques 

where spatial resolution is enhanced with a bid to creating subregional specific masks, 

facilitating more comprehensive hippocampal subfield analysis (DeKraker et al., 2021; 

Ekstrom et al., 2009; Pan et al., 2022; Winterburn et al., 2013). However, such approaches 

are inherently SNR limited leading to a trade-off between resolution and the amount of 

diffusion weighting applied. 

I evaluated a different approach, which relies on resolution enhancement of previously 

acquired data. The advantage of this approach is that it retains the original SNR. This novel 

imaging analysis approach, called Image Quality Transfer, or IQT (Alexander et al., 2017), 

enhances spatial resolution of images obtained with standard MRI acquisitions, and enables 

pathological characterisation of different hippocampal subfields, by deducing region specific 

quantitative parameters.  

IQT operations avoid the challenges resulting from spatial resolution, lengthy acquisition 

protocols, slow translation, interpolation and complex processing pipelines. IQT technique 

learns clinically low-quality mappings to experimental high-quality images applying the 

likeness of images across scales, modalities, regions and subjects (Alexander et al., 2017).  In 

terms of microstructural imaging relevant in anatomically identifying, delineating and 

segmenting minute patho-physiologically relevant hippocampal formation and subfields, IQT 

has the potential in enhancing the spatial resolution of dMRI data (Alexander et al., 2017).  

With the avoidance of artefacts comprising hot-spots and blurring, and the reduction of 

partial volume effects, finer details are recovered which were lost at low resolution, hence, 

allowing for easier identification of hippocampal architecture including morphology, 

digitations, landmarks, boarders and separation of sub regional layers. Zooming into desired 

region (Medial temporal region- MTL for instance) on diffusion maps, with adequate 

software, does not obscure desired structures and allows for adequate manual segmentation 

with subsequent computation of desirable diffusion parameters. The need for co-registration 

to anatomical or histological images is hence diminished. 
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The original implementation of IQT is available at https://github.com/ucl-mig/iqt. This 

version does not include the MAPMRI fit (it is limited to the resolution enhancement of 

parametric DTI images), and for the purpose of this thesis, I used a modified version, kindly 

provided by Dr Matteo Figini from UCL (University College London). The software is 

implemented in Matlab, and uses random forests, a machine learning regression technique. 

IQT is made up of 2 stages: training and application. For the purpose of this thesis, I used the 

random forest models that were trained for the original IQT paper (Alexander et al., 2017), 

where more details about the technique can be found. 

 

 

 

  

 

 

 

 

Figure 3. 1 Summary IQT methods grid (Alexander et al., 2017) 

 

 

3.2 AIMS AND OBJECTIVES 
 

The aims of this proof-of-concept study were 1) to apply IQT to increase the spatial 

resolution of the diffusion-weighted data of healthy controls; 2) to derive DTI and NODDI 

maps from the resulting high-resolution diffusion data; 3) to manually segment the high-

resolution average diffusion weighted data obtained at b=1000 smm-2; 4) to estimate DTI and 

NODDI parameters from selected hippocampal subfields. With the application of self-guided 

manually segmented, Diffusion weighted and NODDI maps created from data obtained from 

the Human Connectome Project (HCP), I attempted to directly obtain diffusion MRI-based 

quantitative imaging parameters (MD, FA, ODI, ISOVF, ICVF), indicative of microstructural 

Implementation 
Resolution 
Enhancement 

Parameter 
Mapping 

Patch regression 

Global linear 
(IQT-GL) 

Regression trees Regression 
forests (IQT-RF) 

Output: Cubic array of 
subvoxels corresponding 
to central voxel 

Split Features 

Boundary effects 

Tractography 

Error metrics 
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characteristics of major hippocampal subfields (CA1, CA2/CA3, SLRM and DG-CA4). The 

ultimate goal/ hypothesis behind the project was to enable and apply the use of more precise 

quantitative measurements for hippocampal micro-structural alterations (as expected in MS) 

which will reveal aspects of neuroinflammatory pathology that are not measurable with 

traditional MRI techniques. 

 

 

Primary Objective 

• To test for differences in diffusion parameters between selected hippocampal 

subfields 

Secondary Objective 

• To test whether the above diffusion parameters differ between age groups and 

correlate with hippocampal global and subfield volumes. 

 

 

Endpoints (primary outcome measures) 

• To obtain diffusion (DTI and NODDI-based) parameters within each of the selected 

hippocampal subfields, per hippocampus (left and right), per subject.  

 

 
3.3 METHODS 
 

3.3.1 Human Connectome Project Data (HCP Data) 
 

We used images from the public HCP data (updated April 2018), exploring subjects with the 

3T MRI session obtainable from the WU-Minn HCP Data section. For the purpose of this 

study, I selected and downloaded 11 imaging datasets based on age variability in the 

following ranges (26-30, 31-35 and 36+). 6 females and 5 males. Each data set is composed 
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of 3 shells of diffusion weighted images: 18 with b=0, and 270 split into 3 sets of 90 

directions, each with a nominal b value of 1000, 2000, and 3000 smm-2.  Each volume is 

acquired twice with reversed phase encoding direction. The original resolution is 1.25 mm 

isotropic. More details on the acquisition can be found in (Sotiropoulos et al., 2013). 

The images had been already pre-processed using tools from the FMRIB Software Library 

(FSL) to compensate for susceptibility-induced distortions (using TopUp) and for eddy-

currents and involuntary motion (eddy).  

The super-resolution algorithm was employed to double the resolution (i.e. to obtain images 

with a voxel size of 0.625 mm isotropic). See figure 3.4 for a schematic representation.  As 

described in the thesis introduction, this was obtained by fitting MAPMRI (Özarslan et al., 

2013) up to order 4 to the full dMRI dataset using linear least square. This yielded 22 

coefficient maps. IQT applies the mapping learned during the training to produce high 

resolution versions of the coefficient maps. The corresponding synthetic DWIs (according to 

the same acquisition protocol as the original images, but with double resolution) are 

computed as described in the paper by Ozarslan et al., 2013.  

The resulting images were then processed as follows. First, I computed the directionally 

averaged b=1000 smm-2. These images provide a good contrast between anatomical 

structures and were used as a reference for manual segmentation of the hippocampus. 

Second, I fit both DTI (using the tool dtifit from FSL) and NODDI (using the linear 

implementation provided with Accelerated Microstructure Imaging via Convex Optimization 

(AMICO), available from https://github.com/daducci/AMICO) to the data, to yield high 

resolution maps of MD, FA, AD, RD and kurtosis, as well as of NDI, fISO and ODI. 

The latest version of ITK-SNAP (version 3.8.0) was employed for image viewing, contrast 

adjustments, manual segmentation and obtaining quantitative estimates. Segmentation 

protocol was adapted from Dalton et al; 2017. 

One-way Anova analysis was used to compare average diffusion parameters amongst 

subfields. Post hoc testing using Tukeys was also utilised when main effects were found. 

Means and standard deviation were reported and interpreted for the Anova analysis (see table 

6). To ensure accuracy of manual segmentation processes, the same segmentation technique 

was carried out separately by myself and another individual with good knowledge of 

hippocampal neuroanatomy and having both individually thoroughly studied the adapted 
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segmentation manual. An approximately 90% degree of agreement based on the volumes 

obtained from the right and left hippocampal subregions was achieved using a joint 

probability agreement measure of inter-rater reliability. We were both able to agree on the 

reliability of 80 volumetric parameters, out of 88, after completing segmentation. 

 

 
3.4 SUMMARY OF STEPS 
 

I summarise here the steps of analysis  

 
A. Data Acquisition 

 

I randomly selected DWI images from the Public connectome data, exploring subjects with 

the 3T MRI session obtainable from the WU-Minn HCP Data section, Q3 release (Van Essen 

et al., 2013). Each data set contained 288 diffusion weighted images. 

 

B.   Diffusion Models 
 

I obtained the Mean Apparent Propagator (MAP) MRI, which was able to capture 

orientational variance across multiple b-values (See Ozarslan et al., 2013); and further 

obtained the diffusion tensor model and the NODDI model 

 

C.  Image Reconstruction 
 

I then applied a version of the IQT algorithm, modified to work with MAPMRI, to the data 

set. (See Alexander et al.,2017) 
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D. Hippocampal Subfield Segmentation 
 

ITK-SNAP (version 3.8.0) [See (Yushkevich et al., 2006)] was utilized for image viewing, 

contrast adjustments, manual segmentation and obtaining quantitative diffusion estimates. 

Manual segmentation of hippocampal subfields (CA1, CA2/CA3, DG/CA4 and SLRM) was 

carried out following standard segmentation protocol, See (Dalton et al., 2017) , and was 

done directly on diffusion map (directionally averaged b = 1000 smm-2). Created masks were 

uploaded to individual models. 

 

3.5.  STATISTICAL ANALYSIS 
 

Using a General linear model, Multivariate Tests were performed to compare average 

diffusion (DTI and NODDI) parameters between subfields. To further understand group wise 

comparisons, post hoc tests were also conducted.  

 

3.6 SEGMENTATION PROCESS 
 

Before commencing segmentation, it was necessary to scroll through the image slices from 

acquired data set in order to identify relevant neuro- anatomical landmarks. See figures 3.6, 

3.7 below. Notable important anatomical landmarks include:  

• The Vestigial Hippocampal Sulcus (VHS), a band that forms a boundary between the 

dentate gyrus (DG) and Subiculum inferior-medially and between DG and CA 

inferiorly, laterally and superiorly. 

• The Fimbria which forms the dorsal wall of the hippocampus and is visible as a large 

dark structure over the DG. 

• The Lateral External Digitation (LED) whose flattening identifies the emergence of 

the DG. 

• The Uncus (not always visible) whose apex help identify the hippocampal head. 
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3.7 RESULTS 
 

Selection of appropriate Image 

Fig. 3.2 C demonstrates the selected mean b=1000 image (averaged across multiple 

directions) employed for manual hippocampal segmentation. Compared to other potential 

images (Fig 3.2 A, B), it provided the best compromise between signal-to-noise ratio (SNR) 

and contrast. Selection of the appropriate image was required before implementation of IQT.  

 

A                                              B                                               C 

 

Figure 3. 2 Interpolated Images (A – original resolution b=1000 image, B – mean b=3000 
image, C – mean b=1000 image after resolution enhancement) 

 

In fig 3.2, to generate diffusion-weighted images, the strength and timing of gradients are 

reflected by the b-value. B-values are directly proportional to the diffusion effects, so that the 

higher the b-value, the stronger the diffusion effects (Burdette et al., 2001). Increasing the 

gradient duration, the amplitude and also expansion of the gradient pulses intervals increases 

the b-values (Portnoy et al., 2013). The choice of b-values is usually dependent on predicted 

pathology, features of anatomy and averaged signals. A single b value is sufficient for fitting 

models like DTI, but more shells (i.e. more b values) are needed for other models, such as 

NODDI. For the purpose of hippocampal segmentation, the mean b=1000 (averaged across 

multiple directions) is the best compromise between signal-to-noise ratio (SNR) and contrast 

and was therefore chosen to conduct manual and automated segmentation of the hippocampal 
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subfields. Fig 3.4 demenostrated in appropriate section below depicts image enhancement of 

resolution by IQT on selected data.  

 

 

IQT implementation and Resolution enhancement 

Patch regression and super resolution are demonstrated in Fig 3.3. This consists of an input 

and output patch. As seen in Fig 3.3, a cubic array of subvoxels (represented by the yellow 

patch structure) correspond to the output patch. In diffusion resolution enhancement, 

independent elements of diffusion tensor in the lower resolution patch (represented in green) 

are contained in the input vector, while the output vector contains elements of each diffusion 

tensor in the higher resolution patch. Higher dimensional mappings are thus achieved.  

                                                                                                          KEY 

 

 

 

 

Figure 3. 3 Super resolution step of IQT 

 

Fig 3.3 illustrates IQT resolution enhancement mapping which consists of an input and output 

patch. A cubic array of subvoxels (represented by the yellow patch structure) correspond to 

the output patch. In diffusion resolution enhancement for instance, independent elements of 

diffusion tensor in the lower resolution patch (represented in green) are contained in the input 

vector, while the output vector contains elements of each diffusion tensor in the higher 

resolution patch. Higher dimensional mappings are thus achieved (Alexander et al., 2017). 

 

Fig 3.4 demenostrates image enhancement of resolution by IQT on selected data. Fig 3.4 A 

shows an unenhanced mean B 1000 image (1.25 mm isotropic). Fig 3.4 B shows same image 

  
   

  
   

Input patch 

Output patch 
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after reconstruction by IQT (0.675 mm isotropic). Same linear contrast adjustments applied to 

both images. Cortical areas became visually much more appreciable on Fig 3.4 B with much 

clearer anatomical landmarks, less blurriness and much more distinctness around both medial 

temporal regions, compared to the unenhanced Fig 3.4 A. Zooming into relavant region of 

interest (medial temporal zone) did not introduce blurring in IQT resolved image as 

demonstrated in Fig 3.5 B. 

 

 

                    

    A                                                             B 

 

Figure 3. 4 Application of IQT to Image A (mean B 1000) enhances resolution, providing 
better visual perception and appreciation of anatomical landmarks essential for segmentation 
(Image B) 
 

Fig 3.4 demenostrates image enhancement of resolution by IQT on selected data. Figure A 

shows an unenhanced mean B 1000 image (1.25 mm isotropic). Figure B shows same image 

after reconstruction by IQT (0.675 mm isotropic). Same linear contrast adjustments applied to 

both images. Cortical areas visually much more appreciable on figure B with much clearer, 

less blurriness and much more distinctness around both medial temporal regions, compared to 

unenhanced fig A (Alexander et al., 2017).  
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         A                                                       B 

 

Figure 3. 5 Unenhanced (A) and Enhanced (B) Images showing the Hippocampus  

 

Fig 3.5 shows closer views of both unenhanced and enhanced images. Zooming into relevant 

region of interest (medial temporal zone) does not introduce blurring in IQT resolved image 

(B) compared to unresolved image (A). Yellow arrows indicating hippocampal location. 

 

Subfield Segmentation 

Thanks to the enhanced resolution, I was able to perform the manual segmentation following 

the protocol suggested by Dalton et al (2017). An example is shown in Fig 3.6 below.  

As demonstrated in Fig 3.6, contrast intensity and geometric applications was applied to the 

coronal planes of the images, with the sagittal plane used as guides and also for validation 

(bottom figures from left to right). Available figures on 

(http://ww.fil.ion.ucl.ac.uk/Maguire/Dalton_Maguire_BNA_Figures_1-29.pdf) were utilized 

as tools for troubleshooting (top figures, left to right). DG/CA4 were the first masks to be 

created following (Dalton et al., 2017). Delineation of subsequent masks was dependent on 

the DG/CA4 mask. Process of segmentation was initiated when the DG was seen to clearly 

fill the centre of the hippocampal lateral section, at the most anterior point. The VHS 

represented by the dark line in (Fig 3.6), surrounds the DG in an inverted ‘C’ like shape 

(Dalton et al., 2017). 
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Figure 3. 6 Subfield Segmentation. Top row indicating subfield segmentation landmarks 
(Dalton et al., 2017). Bottom row indicating equivalent visible landmarks during manual 
segmentation, using ITK-SNAP software. 

 

As illustrated in fig 3.6, to deduce approximate boundary locations of the hippocampal 

subfields, the knowledge of important neuro-anatomical landmarks was utilized. Contrast 

intensity and geometric applications was applied to the coronal planes of the images, with the 

sagittal plane used as guides and also for validation (bottom figures from left to right). 

Available figures on (http://ww.fil.ion.ucl.ac.uk/Maguire/Dalton_Maguire_BNA_Figures_1-

29.pdf) were utilized as tools for troubleshooting (top figures, left to right). DG/CA4 were the 

first masks to be created following (Dalton et al., 2017). Delineation of subsequent masks 

was dependent on the DG/CA4 mask. Process of segmentation begins when the DG is seen to 

clearly fill the centre of the hippocampal lateral section, at the most anterior point. The VHS 

represented by the dark line in (figure 3.6- 1), surrounds the DG in an inverted ‘C’ like shape. 

(Dalton et al., 2017). 

 

Quantitative Computation of Subfield volumes and Diffusion Indices. 

Complete segmentation of left and right hippocampal subfields is demonstrated in Fig 3.7, 

after IQT reconstruction and image resolution enhancement. Volumes of each subfield were 

derived, and diffusion indices computed automatically by the ITK-snap software. 
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Fig 3.7 below shows the images from a representative participant. 

 

Figure 3. 7 Segmented diffusion maps (Left and right hippocampal locations) 

 

In fig 3.7 complete segmentation of left and right hippocampal subfields is demonstrated after 

IQT reconstruction and image resolution enhancement. Volumes of each subfield were 

derived and diffusion indices computed by the ITK-snap software. 

 

In order to ensure a reliable segmentation, I evaluated the average volume of each 

hippocampal subfield, and compared them against existing literature (Zheng et al., 2018). Fig 

3.8 and Table 5 below summarises the results of this analysis.  
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Figure 3. 8 Comparing deduced subfield volumes with available data from literature (Zheng 
et al., 2018) 

 

In fig 3.8, range of volumes obtained in the left CA1 and left DG/CA4  was between 412 and 

621 mm3 and 289-503mm3 respectively. CA1 volumes deduced after manual segmentation 

were similar to what is available in literature when compared (Zheng et al., 2018). See Table 

5 below for complete table of volumes and tables 6 and 7 for means and standard deviation. 
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S/N Age (Years) Left CA1  

Volume (mm3) 

Left CA2/3  

Volume (mm3) 

Left DG/CA4  

Volume (mm3) 

Left SLRM  

Volume (mm3) 

Right CA1  

Volume (mm3) 

Right CA2/3  

Volume (mm3) 

Right DG/CA4 

Volume (mm3) 

Right SLRM 

Volume (mm3) 

1 26-30 446 337 503 187 563 464 569 209 

2 31-35 552 383 411 212 668 335 411 237 

3 26-30 505 278 263 184 596 230 291 201 

4 31-35 399 355 491 200 436 352 587 217 

5 26-30 621 323 454 264 709 387 495 249 

6 31-35 502 374 475 225 564 381 487 244 

7 26-30 562 322 482 237 694 417 459 219 

8 31-35 542 541 476 191 563 456 471 196 

9 26-30 493 249 453 211 641 345 397 221 

10 36- 452 283 298 212 522 298 359 234 

11 36- 412 234 289 169 483 377 367 195 

Table 5: Age distribution of the data and volumes derived from the left and right subfields of 
the Hippocampus. 

 

 

 FA  ICVF  ODI  

 Mean SD Mean SD Mean SD 

SUBFIELDS      

CA1 0.093 0.00783 0.3951 0.02035 0.5283 0.08001 

CA2/CA3 0.115 0.1445 0.4365 0.02089 0.4147 0.0603 

DG/CA4 0.09 0.00871 0.3648 0.01982 0.498 0.2799 

SLRM 0.076 0.00702 0.3964 0.02712 0.5387 0.0301 

AVERAGE  0.042015  0.022045  0.112578 

 

Table 6: Averaged mean of FA, ICVF and ODI with standard deviations 

 

 

 



93 

 

 

Measure subfields Mean Std. Error 95% Confidence Interval 

Lower Bound Upper Bound 

FA CA1 0.092 0.002 0.086 0.097 

SLRM 0.076 0.002 0.071 0.082 

CA2/CA3 0.115 0.005 0.103 0.127 

DG/CA4 0.090 0.003 0.083 0.097 

ODI CA1 0.531 0.006 0.517 0.544 

CA2/CA3 0.412 0.022 0.362 0.462 

SLRM 0.543 0.010 0.520 0.566 

DG/CA4 0.498 0.010 0.475 0.521 

ICVF CA1 0.395 0.007 0.378 0.412 

CA2/CA3 0.433 0.007 0.417 0.449 

SLRM 0.396 0.010 0.374 0.418 

DG/CA4 0.363 0.007 0.347 0.379 

 

Table 7: Estimated Marginal Means, Standard error and Confidence intervals. 

 

NODDI and DTI fit 

Fitting DTI and NODDI applications provided high resolution maps of MD, FA, ODI, ICVF, 

ISOVF (demonstrated in Fig 3.9, 3.10, 3.11), and again, with ITK-snap applications, 

representative diffusion parameters were derived from these maps. Fig 3.12 demonstrates the 

distribution of the indices across subfields. 

NODDI was fit using the linear implementation provided with Accelerated Microstructure 

Imaging via Convex Optimization (AMICO). Accuracy and precision were achieved with this 

framework, and times in obtaining maps were also accelerated (Daducci et al., 2015) 

DTI maps (FA and MD) were derived using the FSL routine dtifit. Example maps can be 

seen in Figs 3.9, 3.10 and 3.11. The mean and standard deviation of these parameters for each 

subfield, together with other statistical descriptors are summarised in Tables 6 and 7. 
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A (ODI)                                    B (ICVF)                            C (ISOVF) 

 

Figure 3. 9 Creation of NODDI maps using cluster computing and shell scripts: NODDI FIT 
(A- orientation dispersion index, B-Intracellular volume fraction and C-Isotropic volume 
fraction) 

 

 

 

A (FA)                                                           B (MD) 

 

Figure 3. 10 Fractional anisotropy (FA) and Mean diffusivity (MD) maps 
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Figure 3. 11 Diffusion Images. Illustrates the derived diffusion models. Beneath the (MAP) 
MRI, and above from left to right (FA, MD, ODI, ICVF, ISOVF). 

 

 

 

Outcomes 

Outcomes depicted that there were significant differences for FA within 3 subfields (p<0.01), 

except SLRM which was not significant (P=0.63). There were also significant differences in 

MD parameters mostly in the DG/CA4 subfields (p<0.05). Similarly, for the NODDI 

parameters, there were significant differences in all subfields (p<0.01, for CA1, CA2/CA3 

and DG/CA4; p<0.05 for SLRM), and main differences noted for ICVF in the SLRM 

subfield (p<0.01). 

The median indices across subregions appeared to differ for each diffusion parameter, more 

so with some parameters than others. For instance, there were distinct differences in ODI, and 

MD compared to ICVF and FA. Medians were slightly similar in the later (See figures 3.12 

and 3.13 below). Additionally, there was more variability in the diffusion indices obtained 

across the CA2/CA3 subfields compared to the indices from other subfield groups. 
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Figure 3. 12 Cluster representation of estimated marginal means. Error bars represent 
standard errors. 

 

 

 

Figure 3. 13 Box and Whiskers plot showing significant differences in DWI and NODDI 
parameters (FA, MD, ODI and ICVF) in the selected four individual subfields (CA1, 
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CA2/CA3, CA4/DG, SLRM). FA (CA1, CA2/CA3, CA4/DG, p< 0.01), MD (CA4/DG, p< 
0.05), ODI (CA1, CA2/CA3, CA4/DG, p< 0.01), ODI (SLRM p< 0.05), ICVF (SLRM, p< 
0.01). 

 

 

3.8 DISCUSSION 
 

In prior chapters, there was emphasis on the importance of studying neuroimaging correlates 

of hippocampal neuroinflammation. I subsequently introduced IQT, an innovative post 

acquisition resolution enhancing algorithm which enables effective computation and 

deduction of hippocampal subfield diffusion parameters after methodical delineation and 

segmentation. Having also accentuated potential subfield vulnerabilities during pathology in 

the previous chapter, I set out to explore the degree of alterations in diffusion parameters 

(DTI and NODDI) across selected hippocampal subfields. Both classes of imaging 

parameters exhibited significant distinct variations across subfield groups which could either 

represent bio-physiological signatures, or when altered, could provide baseline reference 

values for measuring pathological mechanisms in disease states. 

The complex and heterogenous hippocampal architecture is comprised of convoluted and 

interconnecting subregions which consists of the formation (CA1-CA3) and the dentate gyrus 

(Schultz & Engelhardt, 2014). Densely packed pyramidal cells are crammed into the CA 

regions, while a tightly packed smaller granular layer is sheathed around the terminal aspect 

of hippocampus proper. Morphologically, CA2 pyramidal neurons are identical to CA3. In 

terms of size, the pyramidal neurons in this region are somewhat larger but less densely 

packed in comparison to CA1 (Dudek et al., 2016). Experimentally and in addition, it has 

been observed that there is much heavier presence of axonal input spanning the CA2/CA3 

regions when compared to CA1. Mean diffusivity which measures the rate of diffusion is 

inversely proportional to cellular membrane density, hence its possible lower scores in the 

CA regions in this study, particularly the densely packed CA1, with slightly increased 

measures as we approach the DG and SLRM, where rates of diffusion are expected to be 

marginally more. Across grey matter, MD values are notably regarded as similar (Winston, 

2012) and diffusion is predominantly isotropic (Moseley et al., 1990). FA on the other hand 

examines the degree of deviation from isotropy (Pierpaoli et al., 1996) and appears to have 
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much larger distributions in the CA2/CA3 regions, which was observed in our data. Axons 

emanating from the granular cellular layer of the dentate gyrus make their way to CA3, after 

traversing the stratum giving rise to higher levels of directional diffusion, in essence 

increasing anisotropy. 

The dentate gyrus which contributes to new memory formation is stratified further to contain 

a molecular aspect which is void of cells and comprises commissural and perforant fibres as 

well as dendrites from the granule layer; A polymorphic layer where CA4 is situated; and 

lastly the principal granular layer densely packed with granule cells. There are also a mix and 

variety of cellular structures; granular cell dendrites, pyramidal basket cells, polymorphic 

layer cells and axons from the entorhinal cortex, the presubiculum and the parasubiculum. 

Our data reflects a varied distribution of diffusion indices in the dentate gyrus possibly due to 

the heterogenous complexities and stratification as highlighted above. 

 

 

Figure 3. 14 Schematic representation of stratification and cellular characteristics of 
hippocampal sub-regions in rodents. SLM (stratum lacunosom-moleculare), SR (stratum 
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radiatum), SL (stratum lucidum), SO (stratum oriens), SP (stratum pyramidale) (Dudek 
et al., 2016).  

 

During neuroinflammatory disease conditions such as MS, underlying tissue 

myeloarchictecture and cytoarchitecture disruption generally have an impact on the 

organization of tissue microstructure, further disintegrating intracellular organelles. 

Occurring in grey matter (hippocamapal interior), the diffusivity milieu of affected tissue are 

altered (Weston et al., 2015), potential antecedents of microscopic volumetric modifications. 

Interestingly, studies have reported that these modifications are not directly linked to 

macroscopic volume loss (Canu et al., 2010; Montal et al., 2018; Ridha et al., 2006; Ringman 

et al., 2007). 

Several research literatures indicate measured altered DTI indices as generally reflective of 

microstructural disorganisation in hippocampal pathology, however, the inhomogeneity of 

the hippocampal interion, the gaussian assumption of DTI and the expected contamination of 

voxels by partial volume effects imply deficiencies in DTI to effectively capture grey matter 

heterogeneity (Gong et al., 2014; Henf et al., 2018; Nazeri et al., 2015; Parker et al., 2018). 

Hence, the NODDI multi-compartment model is speculated to possess greater sensitivity in 

the grey matter (Venkatesh et al., 2020). The neurite density index or intracellular volume 

fraction (ICVF) measures restricted diffusion and is generally associated with axons and 

dendrites in the intracellular space. Our data shows similar distribution to FA in subfields 

CA1 and CA2/CA3, but inverse distribution across DG and SLRM. This is possibly due to 

stratification complexities in the later regions. Another compartment, orientation dispersion 

index (ODI) measures hindered diffusion and looks at the influence of neurite dispersion on 

water diffusivity (Yi et al., 2019). ODI covers the extracellular space and is associated with 

cell bodies and glial cells. According to our findings, distributions in these regions have 

higher values in CA1, DG and SLRM and a wider variability in CA2/CA3. ODI are reported 

to be sensitive to microglial density and cellular activation changes in neuroinflammatory 

disease states (Yi et al., 2019). Experimental studies in MS (Crombe et al., 2018) gave more 

credence to DTI measures in terms of sensitivity to microstructural alterations. 

Regarding MS, where there is cellular damage and less boundaries to the flow of water 

protons, MD measures tend to rise, with measured increases more profound on disease 
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progression, and FA measurements tend to fall (ElSayed et al., 2019; Razek et al., 2018; 

Sbardella, Tona, et al., 2013; Testaverde et al., 2012). 

Possible limitations to this preliminary research stemmed from failure to also manipulate the 

dependents of voxel size which include slice thickness, the matrix elements, and the field of 

view (FOV) which was limited. IQT acts on post-acquisition maps, so limitations due to 

types of instruments, signal to noise ratios and considerations for relaxation times do not 

apply. Accuracy of manual segmentation was also contentious. This was carried out by two 

individuals with a thorough understanding of the neuroanatomy and intense study of 

segmentation manual (Dalton et al.,2017), in a bid to promote inter-rater reliability. 

 

 
3.9 ENHANCED AUTOMATED VS MANUAL SEGMENTATION 
 
The manual segmentation process employed after utilization of the IQT protocol, though 

effective in delineating the required subfields, was slow and labour-intensive, and required 

approximately 5-6 months to segment 11 HCP data by one rater. Clinically, this might be 

untenable. Consequently, it became critical to explore automated hippocampal segmentation 

techniques that can accurately delineate hippocampal subfields, especially considering more 

clinical scenarios and with respect to large data sets, while requiring minimal human operator 

input to quality check (as utilized in chapter 6). Faster semi-automated hippocampal 

segmentation methods have been reported to be commensurate with labour intensive manual 

segmentation methods (Hurtz et al., 2019). Hence, I carried out an initial proof of concept 

study comparing (descriptively) segmented HCP data (n=8) to randomly selected healthy 

volunteer cohort from the segmented Prisma data (n=8). Further employing single measure 

intraclass correlation statistics (smICC) (Koo & Li, 2016); I sought to also compare 

segmentation outputs based on anticipated neuroinflammatory and pathological imaging 

sensitivity and regional significance. I used CA1 segmentation volumes and diffusivity 

parameter values obtained from both selected manually segmented HCP data and 

automatically segmented Prisma data in the calculations. 

Results are presented below; 
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    Prisma_Vol    HCP_Vol    

Mean    689     516.13     

Std. Deviation    112.76     69.71     

Minimum    530.86     399     

Maximum    910.05     621     

Table 8: Table of mean and standard deviation. PRISMA_VOL- segmentation volumes from 
Prisma data, HCP_VOL- segmentation volumes from HCP data. 
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Figure 3. 15 Line chart above, and box plot below comparing manually segmented HCP 
volume data to automatically segmented Prisma data. PRISMA_VOL- segmentation volumes 
from Prisma data, HCP_VOL- segmentation volumes from HCP data. 

 
 

The volumes from the automatically segmented data are more in keeping with sizes (around 

600-700 mm3 Left hippocampal CA1) from standard literature (Zheng et al., 2018), which 

informed it's use in later chapters. There was no agreement between segmentation outputs of 

the manual and automated comparisons using smICC. [smICC = 0.21 (95% CI -0 - 0.04)], 

indicating differences in the segmentation outcomes from both techniques. 

Segmentation on unenhanced data was unachievable as I was unable to visually locate 

important neuro-anatomical landmarks necessary for hippocampal segmentation due to lower 

resolution. 

 
 

3.10 CONCLUSION 
 

Compared to conventional MRI methods, dMRI is able to employ measurements of diffusion 

indices to investigate concealed damage to tissue in MS patients. These indices are found to 

be somewhat sensitive, pertinent, and additionally are found to be correlated to progression 

and clinical status. An evaluation of tissue damage remote from conventional MRI visible 

lesional activity which can occur in the different phases of MS pathophysiology (and seen as 
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damage to normal appearing brain tissue or indeed, early grey matter involvement) is 

plausible with the quantification of DTI indices. Common approximations include fractional 

anisotropy (FA) and mean diffusivity (MD). Post-mortem studies looking at patients with 

chronic lesions and progressive MS indicate stronger correlations of FA and MD with myelin 

content compared to fibrillary gliosis and axonal count (Cercignani et al., 2003). NODDI is 

proposed to provide more practical measures in vivo and focuses on the microstructural 

estimations of dendrite and axon complexities (Zhang et al., 2012). NODDI employs a 

compartmental tissue model and a protocol that optimizes acquisition times, making the 

technique more adaptable for clinical use. Neurite indices such as the orientation dispersion 

index (ODI) and the Intracellular volume fraction (ICVF) have been reported to relate more 

directly to brain tissue microstructure, and when compared to standard DTI indices, are 

expected to provide more specific biomarkers to this effect. However, experimental models 

with EAE induced mice indicate superior sensitivity of the DTI indices in detecting 

microstructural alterations within hippocampal subfields (Crombe et al., 2018).  

 

Image Quality Transfer (IQT) was used to enhance spatial resolution in a small HCP-derived 

dataset of controls (n=11), followed by manual hippocampal subfields segmentation. I  

observed that hippocampal subfields differed in terms of DWI and NODDI parameters 

distribution. It is possible that the inter-subject's variability for some of the parameters, gets 

smaller when looking at subfields independently, compared to whole hippocampus 

observations, and this might increase our sensitivity to detect changes.  Considering that in 

other similar studies, MD and FA changes have been repeatedly observed in the whole MS 

hippocampus and speculating on the idea that specific subfields have differential sensitivity 

to neuroinflammatory damage, assessment of diffusion parameters after enhancement of 

spatial resolution and subfield segmentation might result in more precise characterisation of 

microstructural changes resulting from MS pathology. 
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CHAPTER 4. MS STUDY: GENERAL METHODS 
 

In the previous chapter, I applied an imaging pipeline that enhanced spatial resolution and 

enabled assessment of microstructure-related DTI parameters individually across subfields. In 

the studies presented in the rest of my thesis, I will show clinical application of this imaging 

pipeline in the MS patient population. Here in Chapter 4, I will present details on the clinical 

protocol, specifically on design of the study protocol for recruitment of study subjects, study 

procedures, clinical characterisation of patients and selection of rating scales and 

questionnaires. 

 

4.1 DESIGN OF THE STUDY 
 

The study took an open label approach, with observational and longitudinal aspects to study 

healthy volunteers and patients with relapsing-remitting multiple sclerosis (RRMS) and 

primary progressive multiple sclerosis (PPMS).  

This study consists of a between subject cross-sectional study design. Clinical and imaging 

parameters will be compared between MS patients and recruited healthy controls, and 

between the RRMS vs PPMS phenotypes. I will also explore whether the imaging parameters 

are associated with the presence of depression or cognitive dysfunction in the cohort of MS 

recruited patients.  

 

4.2 STUDY SUBJECTS 
 

4.2.1 Healthy Volunteers 
 

Healthy volunteers were recruited from the local area using advertisements (online, including 

social media, and paper). It was incumbent upon those people interested in taking part to 

contact the study team. Participants were also recruited from the pool of students at 
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Universities of Sussex and Brighton. People who had previously indicated that they would be 

interested in participating in such studies were also contacted. Potential participants were 

contacted by phone, email or letter. After participants were sent or emailed the Patient 

Information Sheet, they were given as long as needed to decide if they wished to participate. 

Similar to patients with MS, healthy participants were also approached by a member of the 

study team for a phone pre-screening interview to assess eligibility criteria.  The original 

sample size was expected to be 30 subjects in each group (MS patients and healthy volunteers 

respectively), however, due to the pandemic I was unable to complete recruitment.  

For healthy volunteers, exclusion criteria included any medical, neurological, or psychiatric 

illness at screening or any concomitant pharmacological treatments. All structural MRI 

images were inspected for unexpected findings of potential clinical significance or features 

that might confound quantitative analysis by an experienced imaging physicist.  

 

4.2.2 Participants with MS 
 

Participants with MS were identified from the practices of consultant neurologists 

(Hurstwood park- University hospital Sussex NHS Trust, East Sussex health NHS Trust, 

Department of Neurology- Royal Sussex County hospital) and also MS peer support groups 

(MS Society, Eastbourne and South Wealden group, Hastings and Rother group, Uckfield, 

Heatfield and Lewes group). Some participants were also identified via MS Society organised 

interview blog and relevant twitter feeds. 

All patients either had RRMS or PPMS based on neurological history, diagnosis and previous 

evaluations.  

Participants were selected amongst those who were waiting to start a “higher impact” Disease 

modifying treatment (DMT) prescribed by their neurologists. In essence, drug naïve patients 

who were about to start any of the higher impact treatments. For “higher impact” DMT, we 

selected the treatments listed in the MS society website as having “High” or “Good” impact 

on MS, and included any of; alemtuzumab, natalizumab, ocrelizumab, cladribine, dimethyl 

fumarate and fingolimod.  

Participants expressing interest in taking part were given a detailed patient information sheet 

(PIS) and were asked to contact (either by email or phone) a member of the study team. After 
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contact by study participants, I ran a pre-screening interview to assess eligibility criteria, 

using the pre-screening questionnaire which also addressed any questions on the PIS. If the 

participant was willing to take part, a screening visit to the Clinical Imaging Sciences Centre 

(CISC) was either organised or screening was conducted remotely via video call. During the 

pre-screening interview, participants were also screened for the likely presence of depression 

using the Emotional Thermometer  (A. G. B. Thompson et al., 2019).  

 

4.3 ELIGIBILITY CRITERIA  
 

All participants were pre-screened over the telephone and fully screened either partially by 

remote video consultation or in person to check eligibility and requirements of criteria. 

The study took place at the Clinical Imaging Sciences Centre, Knightsgate road, Falmer 

campus, University of Sussex, Brighton, East Sussex. All recruited participants underwent 

Diffusion weighted MRI and Diffusion weighted MRS in one session. 

For MS participants, Disability had been pre-assessed by the patients treating Consultant 

Neurologist using the EDSS; and baseline cognition, mood, sleep and fatigue were also 

measured with appropriate scales prior to scanning.  

The study was approved by the London-Camberwell St Giles Research Ethics Committee 

(Ref no: 20/LO/1303) and the Health Research Authority and Health and care Research, 

Wales (HCRW). 

 All participants gave written informed consent and those requiring, were given financial 

compensation for the time spent in participation in the study. 

I ensured that the study did not affect any clinical care that the participant may have been 

receiving. DMTs were prescribed by neurologist independent of participation in the research. 

Our study did not investigate a novel clinical intervention and did not involve randomisation 

between treatment groups. Participation in the study did not affect any aspect of existing 

clinical care for patients.   
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4.3.1 Inclusion criteria for all subjects   
 

• Participants have the capacity to consent and have given their informed consent before any 

trial-related activity  

• Participants are able to understand verbal and written information given in English.  

• Age between 18 and 80 years inclusive  

• No contraindications for MRI scanning requirements  

• Not being pregnant or breastfeeding  

  

 MS participants were eligible for inclusion into the study, if all of the following criteria 

applied:  

• Male or Female, aged 18-80 at the time of signing informed consent  

• Clinical or clinical and laboratory supported diagnosis of multiple sclerosis, with the 

following characteristics:  

• Relapsing remitting or Primary progressive MS  

• EDSS score up to and including 5.5 and below at screening evaluation  

• If they were currently waiting to start a DMT’s prescribed by responsible Neurologist   

 • Able to stand unaided and transfer themselves onto the scanning table.   

• Able to read, comprehend and record information written in English.  

• Capable of giving written informed consent, which includes compliance with the 

requirements listed in the consent form.  
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4.3.2 Exclusion criteria for all subjects:  
 

Participants were deemed ineligible for inclusion into the study if any of the following 

criteria applied:  

• If female, positive urine pregnancy test   

• History or presence of a neurological diagnosis (not limited to but including for example, 

stroke, epilepsy, space occupying lesions, Parkinson's disease, vascular dementia, transient 

ischemic attack) other than MS that may influence the outcome or analysis of the scan results.  

• Currently being treated with one of DMTs for MS  

• Any subject the investigator deemed unsuitable for the study (e.g., due to either medical 

reasons, laboratory abnormalities or subject’s unwillingness to comply with all study-related 

procedures).  

• Contraindications to MRI scanning including, but not limited to:  

Ø Intracranial aneurism clips (except Sugita)  

Ø History of intra-orbital metal fragments that have not been removed by an MD (as 

confirmed by orbital X-Ray);  

Ø Pacemakers and non-MR compatible heart valves;   

Ø Inner ear implants;  

Ø Any physical abnormality or functional disability which prevents the subject from 

acquiring a suitable position for scanning.   

Ø History of or participants suffering from claustrophobia or unable to lie still on his 

back in the MRI scanner for a period of at least 45mins.   

Ø Unwillingness or inability to follow the procedures outlined in the protocol. 
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4.4 SCREENING AND INFORMED CONSENT 
 

4.4.1 Screening visit  
  

Screening of participants took place at a site of Sussex Partnership Foundation Trust or at 

CISC or at the adjacent Trafford Centre, both located at the Brighton and Sussex Medical 

School.   

 

4.4.2 Informed consent procedure  
  

I took the written informed consent from all subjects. The procedure included the explanation 

of aims, rationale, methods, and potential adverse effects of the study and was followed by 

completion of the informed consent form.  The participant was allowed as much time as 

wished to consider the information, and the opportunity to question the Investigator, their GP, 

Consultant or other independent parties to decide whether they will participate in the study. I 

explained to the potential participant that they were free to refuse any involvement within the 

study or alternatively withdraw their consent at any point during the study and for any reason. 

The consent of the participant was recorded and retained at the study site in locked drawers. 

A copy of the signed Informed Consent was also made available to the participant. No study 

procedure was carried out until informed consent had been obtained from the participant.  

 

4.4.3 Screening procedures  
  

I conducted and carried out all screening processes 

The following procedures took place during screening:  

 • Collection of demographic data  

• Medical history and assessment of medication use  

• Physical examination   
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• Psychiatric interview: Administration of the MINI Neuropsychiatric Interview (Lecrubier et 

al., 1997), and rating of clinical symptoms using a self-report questionnaire, Beck depression 

Inventory-Second edition (BDI-II) (Beck et al., 1996) and a clinician-administered interview 

(Montgomery-Asberg Rating Scale, MADRS) (Montgomery SA, 1979).  The MINI is a brief 

psychiatric structured diagnostic interview during which participants were asked to answer 

either ‘yes’ or ‘no’ to the presence of symptoms in the different diagnostic categories.  

Depressive symptoms were rated using the BDI-II and the MADRS. Clinically relevant 

depression was determined by BDI-II scores in the range of 18-63 and MADRS scores > 20.  

I was trained in the use of the MINI and of the clinical scales and I carried out the interviews 

for each participant.  

 

 

• Cognitive testing:  I used  the Brief International Cognitive Assessment for MS 

(BICAMS), recommended by  a panel of twelve neuropsychologists and neurologists adapted 

and recommended a brief battery of tests for the cognitive assessment and evaluation of MS, 

(Langdon et al., 2012). The primary focus of initiating BICAMS was to promote international 

use and standardise comparison across various settings. Selected tests are administered with 

ease and under a short period of time. The BICAMS comprises tests of memory and mental 

processing speed (Benedict et al., 2012), and consists of three components:  

 

Ø The Symbol digit modalities test-SDMT (Smith et al., 1982) which measured the 

participants concentration and decision-making abilities, by asking participants to 

substitute and pair specific numbers for given geometric figures within a given time 

frame (90 seconds). 

 

Ø The Brief visuospatial memory test- BVMT (Benedict et al., 1997) which tested for 

visual and spatial memory and required participants to draw as many figures as 

possible in their correct locations after viewing a given sample for about 10 seconds. 
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Ø The California verbal learning test- CVLT (Benedict et al., 1996) which assesses 

verbal learning and memory. This test required participants to recall as many words as 

possible from a read-out list over five different trials. 

 

 

 

• Clinical questionnaires to measure Fatigue, Sleep and Anxiety. Questionnaires were handed 

out to participants (both MS and healthy controls) during full screening and before baseline 

scans. They were also handed out again to the MS participants that returned for their post 

treatment scans. Individuals who were unable to attend the centre during screening were 

assessed remotely via video links.   

 

Ø The Fatigue Severity Scale- FSS (Krupp et al., 1989) is a questionnaire of 9 

statements ranked on a scale of 1-7, based on strongly disagreeing with the statement 

(1) or strongly agreeing with the statement (7).  

Robust research and clinical evidence indicate a high prevalence of fatigue in MS, 

associated with negative impact on activities of daily living and overall quality of life 

(Nagaraj et al., 2013). Originally devised for patients with MS and SLE (Krupp et al., 

1989), the Fatigue Severity Scale (FSS) which was utilized in this study, is designed 

to measure mental and physical fatigue as well as establish its impact on social 

aspects. It represents a unidimensional generic fatigue rating scale and focuses on the 

function influence of fatigue (Martinez-Martin, 2017). Minimum and maximum 

scores of 9 and 63 respectively could be obtained, with scores between 9 and 35 

considered normal. For this study, scores above 35 were clinically perceived as 

reflecting a high degree of fatigue (Goodwin et al; 2019). FSS scores have been 

linked with functional and structural changes in patients with MS and are credited 

with being quite straightforward to complete (Filippi et al., 2002; Roca et al., 2014). 

Research evidence has shown exceptional test-test reliability when utilized in 

neurological and gastrointestinal related conditions with significant positive 

correlation to depressive symptomatology (Valderrames et al; 2012, Rossi et al., 

2017). A supposed pitfall of the FSS is its lack of distinction between motor and 

cognitive fatigue symptoms.  
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Ø Epworth Sleepiness Scale- ESS (Johns, 1991) is a self-administered questionnaire 

with 8 questions. Participants were asked to rate on a 4-point scale (0-3), their usual 

chances of dozing off or falling asleep while engaged in 8 different everyday 

activities like watching the TV or being stuck in traffic for instance.  

 

Ø Generalized Anxiety Disorder scale- GAD-7 (Spitzer et al., 2006) is a self-

administered 7-point questionnaire which serves a screening tool for anxiety 

symptoms. Participants were asked to rate on a 4-point scale (not at all, to nearly 

every day) how bothered they are with general anxiety symptoms in the past two 

weeks. 

 

• Assessment of Inclusion/Exclusion criteria including the MRI safety questionnaire  

 The screening visit lasted up to approximately 2 hours. All subjects that underwent screening 

were logged into a screening log associated with the study.  If deemed eligible at screening, 

participants were asked to return to CISC for the scanning visit. We ensured that the first 

scanning visit took place prior to beginning the DMT prescribed by the neurologist. 

 

4.4.4 Neurological assessments  
 

The neurological assessments were done prior to the screening visit by the referring or 

treating neurologist, after necessary examinations and using the Expanded Disability Status 

Scale (EDSS).  EDSS scores were provided to us on request, and were part of screening for 

eligibility criteria.   

The Kurtzke Disability Status Scale was a widely used 10 step, objective process designed to 

measure functionality and invariably, the disability status of individuals with MS. Established 

by Dr John Kurtzke in the early 50's, the scale has been further modified severally and 

overtime to a more accurate clinically commemorate representation of levels of disability. 

The now familiar Kurtzke Expanded Disability Status Scale (EDSS) was hence developed in 
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1983, as a product of subsequent refinement to this effect (Kurtzke, 1983).  Currently the 

prior 10 step scale gave way to a 2-part grade like system with lower scores (1 to 4.5) 

reflecting mobility without aid, and scores higher than 4.5 indicating some degree of gait 

impairment. Lower scores are also based on functional impairment in eight systems; 

pyramidal, cerebellar, brainstem, sensory, bowel and bladder, visual, and cerebral; and higher 

scores on both gait abilities and functional system scores. Contemplating future prospects of 

EDSS measures in MS, Cohen et al., 2012 highlighted on potential adjuncts to the disability 

scale. He mentions the use of composite end points, patient reported outcomes and indeed, 

the use of biomarkers for future references. The article also elaborates on the scale's 

underestimation of other relevant and important symptoms such as fatigue, depression and 

cognitive symptoms. The inclusion criteria were an EDSS score < 5.5 to ensure sufficient 

mobility of participants undergoing MR scanning. Though EDSS serves as a principal 

disability measure in this study for eligibility assessment purposes, we employed several 

other scales (FSS, ESS, BDI and MADRS) to account for these other symptoms.   

 

 
4.6 MRI SCANNING PROTOCOL 
 

There was one MRI session for healthy volunteers and two MRI sessions for MS patients to 

take place approximately 4-6 months apart. Scans took place at the CISC, a specialist 

environment for neuroimaging research. The procedures are listed in details in the Table of 

Events (Table 8 below). Prior to the baseline MRI scan, eligibility criteria were reviewed, 

including administration of the MRI safety questionnaire and a pregnancy test if participant 

was female and within child bearing age.  During Post-treatment MRI scanning visits, 

procedures included a review of eligibility criteria, administration of the MRI safety 

questionnaire, pregnancy test as well as psychiatric diagnostic interview (MINI) and rating of 

clinical symptoms using the same questionnaires administered at screening (BDI-II, MADRS, 

FSS, ESS, GAD-7) as well as cognitive testing (BICAMS).  

 While in the scanner, subjects underwent the following MR sequences; High resolution 

anatomical T1 weighted MPRAGE (TR/TE: 2400.0ms/2.22ms); T2 FLAIR (0.4mm 

Isotropic); Diffusion weighted MRS of Hippocampus, MRS of Hippocampus, High 

resolution Diffusion Imaging (Voxel resolution was 1.35mm with B values of 1000 and 3000 
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s/mm2), Resting state Functional Connectivity BOLD, Pseudo-Continuous Arterial Spin 

Labeling (pCASL), post-labelling delay ( PLD 0 = 1800ms), and modified Asymmetric spin 

echo sequence (GASE) to measure irreversible transverse relaxation rate R2’ (≃5min). Voxel 

was placed on the left hippocampus in all three planes (axial, sagittal and coronal). Slight 

variations in VOI positioning across participants was necessary for adjustments to different 

patterns of anterior, posterior curvature. The head and body of the hippocampus which 

contained the selected regions (CA1-4, DG) were targeted. Voxel size: 30 x 15 x 10 mm was 

utilised. 

 

 

 

 

A.                                                                                  B. 

 

Figure 4. 1 Positioning of 3D Voxels on the left anterior hippocampus. Sagittal (A) and 
Coronal (B) views. 
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The total scan duration was approximately one hour, but the option to be split into two MRI 

scans each of approx. 45 minutes on the same day, or separate days within a 2 weeks period 

was also made available. The whole MRI scanning visit, including pre-scan preparation, MRI 

scan, and post-scan checks lasted for a period of approximately 3 hours. After the MRI scans, 

participants underwent brief physical checks prior to discharge. 

 

 

 

 

 

 

 Pre-

screening 

phone 

session 

Screening 

Visit 

MRI   Scanning 

Visit (baseline)* 

MRI Scanning Visit 

(post-treatment) * 

Pre- 

scan 

Post- 

scan 

Pre-scan Post-scan 

Pre-screening eligibility 
questionnaire 

X      

Emotional Thermometer 
(ET) (MS patients only) 

X      

Informed consent  X     

Demographics  X     

Medical History  X   x  

Physical examination  X     

Clinical questionnaires 

(MINI, BDI-II, FSS, ESS, 

GAD-7, MADRS) 

  
X 

   
X 

 

Cognitive Tests (BICAMS)  X   X  

Pregnancy test  X X  X  

MRI safety questionnaire  X X  X  

Table 9: Table of Scanning and Screening events. 
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CHAPTER 5. CLINICAL AND BEHAVIOURAL 
CHARACTERISATION OF RECRUITED PARTICIPANTS 
 

5.1 INTRODUCTION 
 

Hippocampal involvement has been readily linked with manifestations of depression and 

cognitive impairment in multiple sclerosis (Rocca et al., 2018). Along with its well 

substantiated physiological role in memory function, the hippocampus also has established 

roles in processing speed, executive function, intelligence, path integration, spatial processing 

and also in emotional regulation (Papp et al., 2014; Reuben et al., 2011; Yamamoto & 

Tonegawa, 2017; Ruiz et al., 2014). Declarative memory and spatial relationships, both of 

which are heavily reliant on hippocampal circuitry and plasticity (Schinder et al., 2020) are 

the two likely cognitive aspects that are most readily affected during hippocampal 

dysfunction (Burgess et al., 2002); Shrager et al., 2007). In MS, prevalence rates of cognitive 

impairment range from 40-70% (Heaton et al., 1985; Maurelli et al., 1992). Involvement is 

generally around complex attention, episodic memory, information processing speed and 

executive function (Jongen et al., 2014), and all phases of MS are usually implicated. In some 

clinical scenarios, cognitive impairment presents as the first manifestation, and can also occur 

quite early in the MS course (Klonoff et al., 1991, Jensen et al., 1989, Ruggieri et al., 2003). 

SPMS and PPMS are reported to typically display greater severity with tendencies to impact 

more on attention and processing speed (Huijbregts et al., 2004) when compared to RRMS. 

While cognitive reserves are speculated to provide some degree of protection in MS patients, 

other clinical variables such as anxiety, depression, fatigue, disease duration as well as 

medication, can influence the degree and course of cognitive impairment and in co-morbid 

scenarios, could also invariably worsen symptoms (Jongen et al., 2012, Rogers et al., 2007). 

Impact cuts across personal life and vocational status and could initiate social impairment, 

vocational disability and as a whole, induce poorer quality of life (Rogers & Panegyres, 

2007). Therapeutic effects of immunomodulatory treatments are currently not fully 

established (Montalban & Rio, 2006), though most benefit is reportedly observed with RRMS 

(Barak & Achiron, 2002; Fischer et al., 2000) where improvements in processing speed, 

learning, attention and memory have been reported. 
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Depression is predominantly regarded as one of the commonest, largely undetected, 

psychiatric ailments associated with MS, and additionally serves as a significant determinant 

of quality of life in MS patients (Siegert and Abernathy 2005). As seen in prior chapters, vast 

literature reports a lifetime prevalence of depression in approximately 50% of MS patients 

and an annual prevalence of approximately 25%. Worryingly, comorbidity of depression with 

MS is also deemed to be directly related to the increased risk of suicide in individuals with 

MS. A combination of psycho-social and functional related factors has been suggested to 

contribute to the development and high prevalence of depression in MS, however, robust and 

converging evidence are also indicative of the role of underlying neuroinflammatory and 

immune mediated related mechanisms. There is growing evidence that classical mediators of 

inflammation such as IL6, TNFa, and prostaglandins also play significant roles in major 

depression and stress induced disturbances (Khandaker et al., 2018; Pucak et al., 2007). 

Indeed, raised levels of inflammatory biomarkers, cytokines and the expression of genes 

involved in inflammatory responses have been found to be associated with depression 

(Farooq et al., 2017). Experimental challenges also suggest that psychological distress and 

depressive syndromes in the general population could be induced by treatments that raise pro-

inflammatory cytokines (Felger et al., 2013, Roman et al., 2020). Clinically, the incidence of 

affective disorders in immune mediated inflammatory disease cohorts are observed to be 

increased (Marrie et al., 2017). Clinical presentations range from core symptoms, like low 

mood and anhedonia to more variable and atypical presentations such as irritability, anxiety 

and a profound sense of guilt. Overlapping symptoms that may result from distinct 

neurological manifestations of MS such as fatigue, cognitive difficulties, impaired sleep 

patterns, loss of appetite and poor concentration also make for diagnostic inaccuracies.  

The main objective of this chapter is to provide clinical and behavioural characterisation of 

the recruited participants. I tested statistical significance amongst the depression, cognitive 

and disability scores between controls and MS subtypes and further compared the clinical 

effects of a group of returning participants at baseline and post treatment of DMT’s. This 

chapter will help to prepare for the correlations between clinical and imaging variables in the 

following chapter (Chapter 6). 
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5.2 SUMMARY OF CLINICAL ASSESSMENTS  
 

Study procedures have been described in details (previous chapter). In summary, participants 

had been duly informed of study conditions and informed consents were received. Eligibility 

and clinical assessment were conducted at screening. General Inclusion criteria was newly 

diagnosed RRMS or PPMS by treating neurologists according to the McDonald criteria, and 

currently awaiting disease modifying treatment. Severity of participant depression was 

estimated by BDI-II and MADRS, and confirmation of depressive and other psychiatric 

diagnoses was done using the MINI. Cognition was assessed using the three sections of 

BICAMS (described in 4.4.3). Raw scores of each BICAMS component were accumulated 

and total scores were obtained. Other clinical assessments carried out included the GAD-7, 

FSS and ESS (details in previous Chapter). To mitigate for any evaluation differences, self-

administered, clinician-led and cognitive tests were all performed by me on the same day. 

 

5.3 STATISTICAL ANALYSIS 
 

Statistical analysis of data was accomplished by the Statistical Package for the Social 

Sciences (SPSS 23, IBM Corporation, Somers, New York.) statistical program. Spearman’s 

rank correlation was utilized to test for associations between variables. Generalised linear 

model (Multivariate and Univariate analysis) was used to compare groups (RRMS and 

PPMS), Chi-square test were also employed in the analysis to compare the groups on 

categorical variables. Paired sample t-test was used to compare the depression scores and 

cognitive performance of 5 selected participants at baseline and after commencement of 

DMT’s.  

 

5.4 RESULTS 
 

25 participants in total were recruited into the research project. 15 participants had MS and 10 

participants were healthy controls (HC). Of the 15 MS participants, 9 participants had a 
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diagnosis of RRMS and 6 had a diagnosis of PPMS. The MRI scans of 2 HC’s had technical 

issues and although their clinical data were included, they were subsequently excluded from 

the MRI analysis.  

5 MS participants were asked to return back to the centre for post treatment scans in the 5th 

month after their base line scan. They included 4 males and 1 female. The 4 males were 

PPMS participants while the female had the RRMS subtype. They had all received Ocrevus 

and had had the first dose (comprising 300mg half infusions i.e 600mg in total but given as 

300mg 2 weeks apart.) before having the post treatment scan. Essentially, all MS participants 

who returned for a second scan had their first dose and were awaiting the second dose of 

Ocrevus which is usually prescribed as one infusion (600mg) 6 monthly. Only clinical data 

from the 5 returning participants were analysed. Analysis of Imaging data from this cohort 

are beyond the scope of this thesis.  

Demographic and clinical data are presented in Table 9. Comparisons of clinical variables 

across groups are presented in figure 5.1 and 5.2 

 

Demographics 

The categorical demographic variables were compared using chi-square statistics and no 

differences were detected for gender, p = 0.08, or employment, p = 0.23. There was no 

significant difference in age between MS and HV (mean age difference: 3.39 years) and 

neither between individual MS subtypes and HC.  Mean age varied between PPMS and 

RRMS subtypes, although only at trend-level, and was 49.16 and 36.88 years respectively.  

26% of the MS patients were unemployed (4/15). 

Disability and Fatigue 

The range of EDSS values in the recruited MS patient cohort (n=15) was between 1 and 5.5. 

The mean (±SD) was calculated as 2.2 ±1.5. Within our recruited participants, MS patients 

with PPMS type had higher EDSS values, with mostly visual and muscular related 

symptomatology. Significant main effects were detected between PPMS and RRMS (PPMS > 

RRMS) for EDSS, p = 0.006. Interestingly, mean duration of disease for PPMS was 3.8 years 

while that of RRMS was approximately 7 years. 
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The presence of severe fatigue in our recruited MS cohort was approximately 53% (8/15). 

Mean (±SD) fatigue scores were calculated as 33.3 (±19). Significant main effects were 

detected between MS and HC’s for the FSS, p = 0.001. There was a mixed pattern of scores 

pertaining to MS type with no distinct trend. In post hoc analyses, significant differences 

were found both between the controls and PPMS group, p = 0.000, and controls and the 

RRMS group, p = 0.001.   

 

Depressive symptoms 

Forty percent of participants with MS met diagnostic criteria for current MDD. All patients 

with MDD had RRMS phenotype (6 cases, approximately 66% of RRMS patients), whilst no 

PPMS had a diagnosis of MDD. This appeared in contrast with levels of disability which 

were lower in RRMS relative to PPMS. There were no participants meeting criteria for any 

other DSM diagnosis.  

Significant main effects were detected between MS and HC’s (MS > HC) for the BDI, p = 

0.002, the MADRS, p = 0.004, the FSS, p = 0.001. Subtypes compared to controls found 

significant post hoc differences between the controls and PPMS participants, p = 0.001, as 

well as between controls and RRMS, p = 0.001, for the BDI. Similar post hoc differences 

were found for the MADRS, with significant differences between controls and the PPMS 

group, p = 0.02, and the RRMS group, p = 0.001.  

With regards to contrasts between MS types, there was no significant difference in BDI 

depression scores, t (8) = 0.73, P= 0.49. Mean BDI scores for clinical types of MS was 18.5 

(±2.5) for PPMS and 23 (±18) for RRMS. The difference in scores for MADRS amongst the 

MS groups was also not significant, t (11) = 0.85, P= 0.41. Mean MADRS scores were 13.5 

(±4.9) for PPMS and 17.8 (±14) for RRMS. Group variances for both were unequal. 

Correlation was statistically significant and positive at the 0.01 level (2-tailed) for MADRS 

scores and the levels of fatigue (p<.01) and was also significant for BDI and levels of fatigue 

at the 0.05 level (2-tailed), (p<.05). There was no significant correlation between the 

depression scores and cognition, levels of disability, age and gender. 6/9 (66%) participants 

with RRMS had higher depression scores indicative of depressive illness, and the mean (± 

SD) was 33.6 (±12) for BDI and 26 (±8) for MADRS. All participants with PPMS (40%) did 

not have depression. 
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Of the four MS patients who were unemployed, three were depressed. Four participants with 

diagnosed MDD also had severe fatigue scores.  

 

Cognitive performance 

The raw accumulated cognitive scores ranged from 75 to 201 and mean (±SD) was 137.64 

(±26.21). There was no significant difference in cognitive performance between whole MS 

cohort nor individual subtypes, and healthy controls. I found a trend difference (p=0.08) 

between MS subtypes in the performance in the CVLT component, which was lower in 

RRMS vs PPMS. One participant was unable to complete the BICAMS for personal reasons. 

 

Symptoms change after DMTs initiation 

Post commencement of DMT’s (Ocrevus), 5 participants returned 4-6 months after their 

baseline scans and same protocol procedures as baseline were applied to the returnees (see 

results in figures 5.3, 5.4). With regard to fatigue, FSS Scores did appear to improve for re-

scanned participants (n=5) when they returned for their post-treatment scans (after 4-6 

months).  

Improvements were also observed in the depression scores of returning participants (see 

figures 5.4) in both the BDI and MADRS scales (lower scores). Mean(±SD) scores for BDI 

baseline and returning participants were 24 (10.72) and 14 (8.96) respectively, while 

MADRS mean scores were 18.2 (10.62) and 9.0 (6.32) respectively. There were also 

significant differences between baseline scores and post DMT’s for both. [t(4)= 8.91, p = 

0.001]. 95% CI [6.61 to 12.59] for BDI and [t(4)= 3.59, p = 0.02]. 95% CI [2.10 to 16.30]. 

Regarding cognitive performance, 2 and 4 participants in total had improvements in SDMT 

and BVMT respectively, while all participants saw improvements in the CVLT component of 

BICAMS. There were improvements in total cognitive scores in all participants. Total 

cognitive mean(±SD) was 124.6 (28.85) at baseline, compared to 137.8 (28.45) after 

commencement of DMT’s. On the conducted Paired sample t-test, the results indicate 

significant differences between total BICAMS performance scores at baseline and after 

commencement of DMT’s [t(4)= -4.27, p = 0.01]. 95% CI [-21.78 to -4.62]. Individual 

BICAMS components did not show significant differences (p>0.05). 
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MS 

(whole group) 

MS subtype 

Healthy 

Volunteers 

Statistical test 

 

RRMS PPMS MS vs HV 
RR- vs 

PP-MS 

Subtype 

PP vs HV 

RR vs HV 

 

N. of subjects 25 9 6 10 -  -  -  

Gender (M:F) 8:15 1:8 2:4 3:5 
Chi square: 

0.08 (F) 
- - 

Age (years, mean ± SD) 39.96 (13.40) 
36.89 

(13.90) 

49.17 

(7.81) 
36.57 (15.34) p<0.86 p<0.07 

p<0.20 

p<0.79 

EDSS (mean ± SD) 2.30 (1.6) 
1.29 

(0.56) 
4.0 (1.3) n/a - p<0.01* - 

Disease Duration (years, mean ± SD) 5.65 (5.66) 
7.01 

(7.11) 

3.83 

(2.32) 
n/a - p<0.29 - 

BICAMS Total Raw score (mean ± SD) 137.64 (26.21) 
142.25 

(27.33) 

124 

(26.05) 

143.25 

(24.69) 
p<0.34 p<0.21 

p<0.18 

p<0.94 

 Component 1 (SDMT) 47.91 (14.22) 
49.75 

(18.41) 

41.17 

(10.74) 
48.75(12.88) p<0.52 p<0.29 

p<0.35 

p<0.89 

 Component 2 (BVMT) 25.32 (7.91) 
25.25 

(4.62) 

24.33 

(10.01) 
26.13 (9.64) p<0.92 p<0.84 

p<0.69 

p<0.83 

 Component 3 (CVLT) 64.41 (9.23) 
67.25 

(6.92) 

58.50 

(10.21) 
66.0 (9.53) p<0.18 p<0.08 

p<0.13 

p<0.78 

Diagnosis of Major Depression  

(n. of cases) 
6 6 0 - - - - 

MADRS 16.1 (11.2) 
17.8 

(14.04) 

13.5 

(4.93) 
1.0 (1.07) p>0.004* p<0.38 

p>0.02* 

p>0.001* 

BDI 21.2 (14.1) 
23.0 

(18.29) 

18.5 

(2.59) 
0.75 (1.04) p>0.002* p<0.47 

p>0.01* 

p>0.001* 

FSS 33.53 (19.05) 
30.78 

(18.85) 

37.67 

(20.34) 
1.88 (1.36) p>0.001* p<0.42 

p>0.000* 

p>0.001* 
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Table 10: Demographics and clinical characteristics of recruited patients at baseline. 
Unbracketed numbers-mean, numbers in brackets- Standard deviation, MADRS- 
Montgomery-Asberg Depression Rating Scale, BDI- Becks Depression Inventory, FSS- 
Fatigue Severity Scale, SDMT- Symbol Digit Modalities Test, BVMT- Brief Visuospatial 
Memory Test, CVLT- California Verbal Learning Test. 

 

 

(A) 

 

 

(B) 

 

Figure 5. 1 Scatter plot of BDI (Becks Depression Inventory) and MS type (A), Scatter plot 
of MADRS (Montgomery-Asberg Depression Rating Scale) and MS type (B).  
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(C) 

 

 

(D) 

 

(E) 
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Figure 5. 2 Scatter plot of BICAMS components and MS types. CVLT- California Verbal 
Learning Test (C), BVMT- Brief Visuospatial Memory Test (D) and SDMT- Symbol Digit 
Modalities Test (E).  
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Figure 5. 3 Cluster columns comparing cognitive scores at baseline and post commencement 
of DMT’s in 5 participants. Some improvement in performance noted in the total overall 
BICAMS scores of returning participants (_R) 

 

 

 

Table 11: Comparison between baseline and post-treatment depression scores. (OCR-
Ocrevus, _R- return post treatment) 

 

  

Figure 5. 4 Cluster columns comparing depression scores at baseline and post 
commencement of DMT’s in 5 participants. Improvements also observed in scores of 
returning participants. 

 

5.5 DISCUSSION 
 

Our recruited participants presented with varying levels of disability depending on the MS 

subtype. As expected, participants with PPMS had higher EDSS values, with shorter duration 

of disease, relative to RRMS patients. Interestingly, however, the subtypes were different 

with regard to the prevalence of associated depression. Of the 40% of MS participants in this 

S/N Treatment BDI BDI_R MADRS MADRS_R
1 OCR 17 9 16 8
2 OCR 20 13 12 6
3 OCR 21 12 13 10
4 OCR 19 8 13 2
5 OCR 43 30 37 19
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study with a diagnosis of depression, all belonged to the RRMS subtype. Similar trend have 

been reported in other studies (Dekker et al., 2019; Rocca et al., 2017; Figueiredo et al., 

2020). Mohammadi et al., 2015 reported higher rates of depression in women with RRMS 

compared to more progressive stages, with associated links to increased inflammatory 

components in RRMS. Albeit, other rationales might also be connected to this trend such as 

duration of disease, age, level of support and adjustment capabilities (Dennison et al., 2009), 

or perhaps due to a larger number of participants in RRMS, and hence, greater variance 

measures (Doshi & Chataway, 2017; Zeydan & Kantarci, 2020). Employment status varied 

significantly among the groups, with higher depression scores appearing amongst the 

unemployed.  

The prevalence of fatigue in our recruited MS cohort was approximately 53% (8/15) which is 

consistent with available literature (Nagaraj et al., 2013; Kaya Aygünoğlu et al., 2015; 

Tarasiuk et al., 2022). Mean (±SD) fatigue scores were calculated as 33.3 (±19).  Amongst 

MS related symptoms, fatigue is very frequent, and is understood to be contributory to 

distress and poorer quality of life (Fisk et al., 1994; Frankel et al., 2006; Krupp et al 2006). 

Severe fatigue has been portrayed in large studies to be predictive of worsening EDSS scores 

(Vaughn et al., 2020) and is perceived as one of the most serious symptoms impacting on 

quality of life and everyday activities (Tarasiuk et al., 2022). In line with predictions, 4 out of 

6 MS participants in this study with diagnosis of depression also had severe fatigue 

(approximately 66%) which supports suggestions of co-morbidity or co-occurrence (Tarasiuk 

et al., 2022). However, the difference in MDD diagnosis prevalence amongst subtypes was 

not paralleled by similar differences in fatigue levels, as PPMS had numerically higher FSS 

scores than RRMS. This is an interesting finding as both depression and fatigue are viewed as 

having contributory immuno-inflammatory mechanisms behind their aetiology in MS, and in 

some cases, are difficult to differentiate. They could both present symptomatically with 

anhedonia and amotivation, hence comprise similar symptoms that match criteria for clinical 

depression. However, though both conditions (Depression and Fatigue) overlap with one 

another comorbidly in MS, they represent two distinct syndromes. Increased serum and CSF 

proinflammatory cytokines (interferon, interleukins and neopterin) have been implicated 

(Pokryszko-Dragan et al., 2012). Converging studies also report robust correlation between 

depression and fatigue (Patrick et al., 2009), including our study which showed correlations 

of fatigue with both BDI and MADRS scores. It is possible that underlying mechanisms 

contribute to depression and fatigue in a differential manner amongst MS subtypes. 
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Considering cognitive performance, there were no statistically significant differences 

amongst groups (MS and controls).  There were also no definite relationships of cognitive 

scores with disease burden or progression. When analysing phenotypes separately, there was 

slightly poorer performance scores in the PPMS subtype compared to HC, though not 

statistically significant. This was not the case with the RRMS subtype whose mean 

performance scores was similar to HC’s (see table 9). Lower PPMS performance scores 

compared to controls were observed in the SDMT (p=0.35) and the CVLT (p=0.13) 

components of the BICAMS. Performance Scores were also lower in PPMS compared to 

RRMS in the CVLT component, but again not statistically significant (p=0.08). As seen in 

the systematic review of the literature (Chapter 2), Herranz 2016 noted an increase in 

diffusion-based MD parameter correlated negatively with SDMT and CVLT scores in MS 

and CIS and was able to distinguish between memory preserved and memory impaired CIS 

patients. Both scales could thus be sensitive enough in characterising and distinguishing 

cognitive impairments between PPMS and HC’s as highlighted in this study, though larger 

population sizes would be required to validate such evidence. 

Some Research literature describe a cognitive reserve hypothesis in MS (Stern, 2002, 2012; 

Sumowski & Leavitt, 2013), that depicts extensive efficiency and capacity of neural networks 

(Stern et al., 2005; Sumowski et al., 2010), and is associated with enriching life experiences. 

Age could also be a determining factor in terms of cognition. The highest raw cognitive total 

score in the study was 210 which was from a 22-year-old RRMS participant, diagnosed with 

depression and employed. Fatigue and depression are also reported to impact on cognition 

(Takeda et al., 2021). However, there was no correlation of cognition to either FSS, BDI or 

MADRAS scores within our study. 

Post baseline scans, treatments (first infusion) with Ocrevus were given around the 5th month 

by treating Neurologists and this may have coincided with the period following necessary 

assessments and prior necessary investigations (Hepatitis B, HIV and white blood cell count). 

The mechanism of action of Ocrevus is by B-cell depletion of monoclonal antibodies. CD20-

positive-B lymphocytes are selectively targeted by binding to cellular surface proteins, which 

inevitably destroys the cells and protects myelin against damage from such cell lines. Clinical 

effects include decreased relapse rates in RRMS, and lower rates of progression in PPMS 

(Mulero et al., 2018). The inhibition of the secretion of proinflammatory cytokines by B-

Cells could ideally be the pharmacodynamic mechanism and rationale behind improved 
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depression scores and enhanced total cognitive scores but establishing significant evidence 

would require standardised clinical trials on a much larger scale. Interestingly, there was also 

statistical significance associated with better total cognitive performances in the returning 

participants after first dose of Ocrevus, which may in effect, bolster suggestions that 

reductions in depressive scores could be tantamount to enhanced psychological performances 

or a general improvement in wellbeing that may follow initiation of life changing disease 

modifying treatment. One returnee participant, according to the MINI assessment, went from 

experiencing major depression symptoms to only mild symptoms, albeit, she had also begun 

cognitive behavioural therapy (CBT). 
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CHAPTER 6. DIFFUSION-WEIGHTED MR STUDY OF 
MICROSTRUCTURAL ALTERATIONS IN HIPPOCAMPAL 
SUBFIELDS ACROSS MS PHENOTYPES 
 

6.1 INTRODUCTION 
 

In prior chapters (Chapter 2), and as part of a Systematic review of the literature, I reviewed 

and discussed alterations in hippocampal quantitative neuroimaging measures derived from 

various imaging modalities of RRMS, PPMS and healthy controls, as well as their specific 

clinical and functional relevance. I have also further looked at clinical manifestation of 

depression and cognitive dysfunction in both MS types (Chapter 5). I now intend to explore 

the presence of microstructural changes (diffusion-weighted MRI parameters) and volumes in 

the right and left hippocampal subregions of our recruited MS data, contrasting patients to 

healthy controls, and also comparing PPMS and RRMS phenotypes whilst exploring potential 

correlations with clinical parameters.  

 MS is principally viewed as an immune mediated neuroinflammatory condition, while PPMS 

is generally portrayed as a clinical variant (Hohlfield et al., 2016). Albeit, when considering a 

more primary neurodegenerative disease mechanistic process, as suggested by some 

researchers, this could then indeed indicate the reverse, placing PPMS as the primary 

condition and RRMS as a modified inflammatory process (Trapp et al., 2018). Some studies 

suggest an overlap of pathogenic mechanisms (Rice et al 2013, Abdelheck et al., 2017), with 

pre-existing lesions expanding gradually from the white matter and diffuse neurodegenerative 

processes occurring in the normal appearing white or grey matter (Lassman et al., 2012).   

The separate study of MS subtypes will potentially contribute to better characterisation of   

the etiopathogenetic processes that are specific of each MS phenotype 

 

Whilst this chapter focuses on DW-MRI in individual subfields, the next chapter (Chapter 7) 

will analyse diffusion of hippocampal metabolites (choline, NAA and Cr) obtained from 

DWMRS study of the anterior hippocampus, separately for RRMS and PPMS patients. 
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6.2 DEMOGRAPHICS AND SAMPLE. 
 

Total recruited sample size (n=25) where split into 3 groups based on diagnosis and type of 

MS. PPMS (n=6), RRMS (n=9), HC (n=8). All participants were recruited via the University 

Hospital Sussex Neurology departments and from the University of Sussex. All participants 

completed an informed consent form. Clinical features and characteristics are further 

displayed in Table 8 as well as Chapters 4 and 5. 

 

6.2.1 Image analysis 
 

For the purpose of this thesis, only the DW-MRS and the diffusion imaging data were 

analysed. 

Diffusion imaging data were pre-processed as follows. First they were denoised using the 

Marchenko-Pastur principal component analysis (MPPCA) algorithm (Veraart et al., 2016) 

implemented in the dwidenoise command in MRtrix (http://www.mrtrix.org). Next, they were 

corrected for susceptibility distortions using ToPUP and eddy-current and motion induced 

misregistration using ‘eddy’. The resulting dataset was processed with the IQT scripts, in the 

same way described in Chapter 3. The same training dataset was used for the locally acquired 

data, as the MAPMRI model is not sensitive to the specific set of b-values, as long as the 

acquisition protocol is sufficient to provide a good estimation of the model parameters. As 

described in Chapter 3, a full dataset with increased resolution (0.673 mm) was synthesised 

from the MAPMRI coefficients and used to fit both, DTI and NODDI models. The 

directionally averaged b=1000 set was used for subfield segmentation. The segmentation was 

performed automatically in this case, using VolBrain and ASHS. Reason for utilizing 

automatic segmentation methods on prisma data was as a result of slightly lower contrast 

compared to HCP data. This affected the visibility of vital manual segmentation initiating 

land marks in the medial temporal regions, like the VHS (Vestigial Hippocampal Sulcus). 

These may stem from pathologically induced tissue effects in the region of interest 

(Hippocampus). Computation and analysis of diffusion parameters was done using ITK-

SNAP software (Version 3.8).  
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Figure 6. 1 Imaging Analysis Pipeline 

 

 

6.2.2 Image Acquisition 
 

MRI was obtained via a Siemens MAGNETOM Prisma 3T MRI Scanner. The protocol 

included a high-resolution T1 weighted volume (0.8 mm isotropic resolution, TR= 2400.0 

ms, TE=2.22 ms, TI=1000 ms) , T2 weighted TSE sequence and T2 weighted-Fluid-

Attenuated Inversion Recovery (TR=2400.0 ms, TE= 2.22ms, FOV= 256 x 256 x 256 mm3, 

flip angle= 8 deg, matrix size = 192 x 192). All acquired in sagittal orientation and 

reconstructed in 3 orthogonal planes. Diffusion-weighted MRI was acquired with a multi-

band pulsed gradient spin echo EPI (TE=2000 ms, TR=49.20 ms) with a voxel size of 

1.35mm isotropic. The protocol was set up to match as closely as possible the HCP one. Only 

2 b values of 1000 and 3000 s/mm2, respectively, were used, each with 64 diffusion-weighted 

directions.  
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6.2.3 Post acquisition computational image processing 
 

The resulting dataset was processed with the IQT scripts, in the same way described in 

Chapters 3 and 4. The same training dataset was used for the locally acquired data, as the 

MAPMRI model is not sensitive to the specific set of b-values, as long as the acquisition 

protocol is sufficient to provide a good estimation of the model parameters. As described in 

Chapter 3, a full dataset with increased resolution (0.673 mm) was synthesised from the 

MAPMRI coefficients and used to fit both, DTI and NODDI models. The directionally 

averaged b=1000 set was used for subfield segmentation. 

 

6.2.4 Hippocampal Subfield Segmentation 
 

An automated segmentation pipeline was used (See figure 6.1). 

HIPS and volBrain; This automatic advanced pipeline was utilized to segment monomodal 

T1w data and obtain reports of the different individual hippocampal subfield volumes (CA1, 

CA2/CA3, DG/CA4, SLRM) from both left and right sides. The segmentations are based on 

multi-atlas patch-based label fusion segmentation adaptations (Manjón & Coupé, 2016); 

Zamani et al., 2020). 

Developed by Yushkevich (Yushkevich et al., 2015), Automatic Segmentation of 

Hippocampal Subfields (ASHS) is a software tool designed specifically for the automatic 

segmentation of medial temporal lobe (MTL) structures, including the subfields of the 

Hippocampus. Accurate and reliable results of the segmentation are usually obtained, and 

these techniques have been validated in prior studies (Yushkevich et al., 2015a, b, de Flores 

et al., 2015). However, there were minor errors noted in a few data, which were identified 

and corrected manually using ITK-SNAP software tools. The error was mostly with voxels 

slightly exceeding subfield boundaries and may have derived from the deformable image 

registration process of Joint label fusion, the ASHS procedure where expert labelled 

segmentations (atlases) are automatically transferred to novel images (Wang et al., 2013). 

These errors were identified during quality checks. The Main Toolbar function of ITK-SNAP 
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was employed to manually redefine these boundaries based on neuroanatomical knowledge, 

and parameters derived were then automatically adjusted. 

 

ASHS.  

ASHS was utilized in obtaining diffusion parameters from the imaging data. Usually, the 

technique requires T1 and high resolution T2 MRI images (Cong et al., 2018). We adapted 

this procedure by replacing T2 with our high-resolution diffusion weighted image (MB1000), 

which had been pre-processed with IQT, further enhancing resolution. Multi-atlas 

segmentation was achieved by corrective learning (Wang et al., 2011) and Label fusion 

method (Wang et al., 2013). Segmented regions included CA1, DG, Subiculum, entorhinal 

cortex, perirhinal areas (BA35, BA36), Parahippocampal cortex (PHC), and Sulcus. I 

subsequently focused on relevant CA1 and DG subregions as well as PHC, which has been 

implicated in MS in some literature (Guerts et al., 2007) and is known to play vital roles in 

cognition (Aminoff et al., 2013; Bohbot et al., 2015). Obtained segmented masks were fitted 

on derived Diffusion maps to compute parameters for analysis, via ITK-SNAP 3.8.0 

software.  

VolBrain performs automatic segmentation on T1 weighted images using an advanced 

pipeline. Preprocessing utilizes the following steps to achieve automatic segmentation; 

Denoising, affine registration in MNI space, inhomogeneity corrections and normalization of 

intensity. A path based multi-atlas method is applied. HIPS is the VolBrain pipeline required 

for subfield segmentation of monomodal (T1) derived from multimodal (T1 + T2) MRI data 

(See figure 6.4 C). We obtained volumes from T1W data and compared these with both the 

volumes obtained from ASHS and manual segmentation. 

 

6.2.5  Statistical analysis 
 

The study used analysis of covariance (ANCOVA) to test for differences in hippocampal 

imaging measures between MS patients and non-affected participants, and between PPMS 

and RRMS, whilst correcting for age, levels of disability as well as other clinical and 

neuroimaging parameters was carried out between patient subtypes.  Pearson’s correlation 

test was used to investigate the relationship between imaging and clinical variables. 
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Statistical analyses involving multiple regions of interest within the hippocampus involved 

correction for multiple comparisons using false discovery rate (FDR) at 10%.  

The assumption of normality for each continuous distribution was checked using Shapiro-

Wilk tests. The statistical assumption of homogeneity of variance was checked using 

Levene’s test. If both statistical assumptions were met, ANCOVA analysis was used to 

compare the controls and the two MS groups on continuous parameters. Post hoc testing 

using Tukey’s test was employed when a significant main effect was found. Means and 

standard deviations were reported and interpreted for the ANCOVA analyses. If one or both 

statistical assumptions were violated, non-parametric Kruskal-Wallis tests were performed to 

test for significant effects (See Chapter 5). Dunn’s tests were used in a post hoc fashion if a 

significant main effect was detected. Means and standard deviation were reported and 

interpreted for the analyses. Chi-square analysis was used to compare the groups on 

categorical variables (See Chapter 5). Frequency and percentage statistics were reported for 

the chi-square analyses. Statistical significance was assumed at an alpha value of 0.05 and all 

analyses were performed using Social Sciences (SPSS 23, IBM Corporation, Somers, New 

York.) 

 

6.3 METHODS 
 

Both data sets were processed with IQT scripts (as described in chapter 3). Same training data 

set was employed for both acquired data. On both occasions, spatial resolutions of acquired 

images were improved by IQT, but HCP data did appear more visually enhanced with 

hippocampal neuroanatomical landmarks more appreciable on the HCP data (see Fig 6.2 and 

Fig 6.3 as illustrative example). It was much more difficult to appreciate the Vestigial 

hippocampal sulcus (VHS), an important landmark for commencing hippocampal 

segmentation (Dalton et al.,2017) on the data acquired from the Prisma. The algorithm which 

works on single images recover information via extrapolation and image reconstruction and is 

spatial domain based. The pre-processed images had initially been acquired by high 

resolution. Any trade-offs between spatial resolution, SNR and acquisition times would have 

already been established prior to processing with IQT. Fig 6.4 demonstrates the different 

segmentation modalities and procedures employed (manual and automatic). 
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A.                                                                                 B.         

   

Figure 6. 2 Comparing results of images after application of IQT to HCP data (A) and data 
acquired on the Prisma (B) 

 

 

A.                                                                      B. 

  

Figure 6. 3 Zooming into relevant region of interest (yellow arrow) on both sets of data at 
6.5pixel/mm does away with blurring, but subregions of the hippocampus appear better 
appreciated on the HCP data (A) compared to the Prisma data (B). 
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A.                                                      B.                                                             C 

 

Figure 6. 4 Left hippocampus manual segmentation of HCP data (A) with representations of 
automatic segmentation (ASHS (B) and VolBrain (c)) of data from Prisma. HCP data- Data 
obtained from the Human Connectome Project. Prisma data- Data obtained from diffusion 
weighted imaging. 

 

 

6.3.1 Between group differences 
 

Some of the continuous outcomes violated statistical assumptions, so non-parametric 

analyses were used for some of the between-subjects comparisons (see table 9, Chapter 5). 

Non-parametric comparisons were employed for BDI, MADRS, FSS and in the analysis of 

mean diffusivity (MD) of the left hippocampal CA1. For the outcomes that met both 

assumptions, and to compare ordinal and continuous outcome variables, ANCOVA found 

significant main effects between PPMS and HC’s (PPMS > HC) mostly on the left, but also 

on the right hippocampus. This occurred in the left CA1 MD p = 0.019, left DG MD, p = 

0.015 and right PHC, p = 0.032. There was also significant group contrast in the right CA1 

MD p = 0.022. Similarly, there were significant differences amongst left and right DG 

volumes (p = 0.003, p = 0.023 respectively) and left CA1 volume p = 0.014. Post hoc testing 

found a significant difference between controls and PPMS, p = 0.025. With age introduced as 

covariate, effects of MD in left CA1 and DG were still significant if left uncorrected, p = 0.05 

or less. Significant effects remained after multiple corrections using FDR. There were no 

other significant main effects detected for any other continuous parameters. FA was not 
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altered and there were no significant findings with the diffusion indices in RRMS relative to 

PPMS or healthy controls. There were also no correlations to clinical variables. See fig 6.5 

below for the distribution of diffusivity parameters in the left hippocampus across the three 

significant subfields (CA1, DG and PHC), across the three groups. 
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Figure 6. 5 Box and Whiskers plot comparison of MD and FA in the left hippocampal 
subfields (CA1, DG and PHC) in PPMS, RRMS and HC groups. (*p< 0.05, PPMS > HC). 

 
 

6.3.2 Calculation of Cohen’s d effect size and Sample size determination for    
future studies. 
 

Effect sizes were estimated by calculating the Cohen’s d, which was determined by 

calculating the mean difference between two groups and dividing obtained result by the 

standard deviation. Cohen’s d = (M2 – M1)/SD. We chose the subfield with the strongest 

effect (CA1) and focused on MD, with a view to interpret the effect size between PPMS and 

HC. Sample size employed was 14, (PPMS, n=6, HC, n=8). Cohen’s d estimate was 

calculated at approximately 0.5, depicting a medium effect size. The estimate derived was 

then used to inform power and sample size calculation for future studies, using the G*Power 

sample calculation software (Kang, 2021). Power was set to 80% (0.8), a percentage 

commonly applied to detect an effect size of 0.5 (Kang, 2021). An even ratio for the two 

selected groups was utilized (same number of participants in MS and control groups). Power 

calculation deduced a total of 64 participants in each group, a suggested sum total of 128 

participants. Demonstration of distribution of plot is displayed below in Figure 6.6. 
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Figure 6. 6 Distribution of plot, Power sample size calculation. 

 

 

6.4 DISCUSSION 
 

Compared to controls, apart from the significant differences of BDI, MADRS and FSS which 

were applicable to both MS types (PPMS and RRMS) (see Chapter 5), the other major 

significant findings were only pertinent to PPMS and controls, only affected MD, and were 

predominantly seen in the left hippocampus. These findings were consistent with notable 

findings from the systematic review (Chapter 2), where significant increases in MD were 

observed in the left hippocampus of MS patients compared to controls (Roosendaal et al., 

2010). There were increases in diffusion-based MD parameters in relevant included studies 

which correlated with progression in MS and reflected more sustained and progressive 

neurodegenerative pathology possibly elicited by microscopic barrier disruptions and 

extracellular fluid expansion. The lack of statistically significant changes in FA possibly 

further supports scope for a more significant role of FA in the earlier forms of MS pathology 

(CIS) where reductions are noted (Planche et al., 2016), or could indicate declining sensitivity 

during measurement, linked to grey matter neuro- axonal losses which are characteristic of 

MS disease progression. Arguably, it may also generally be due to inadequate population 

size. Mean diffusivity measures the rate and direction of water molecules within the brain 

tissue and is suggested to reflect indirect measures of structural integrity. Values obtained 

from MD are used to describe microstructural properties in cortical grey matter (Kwon et al., 

2015) and serve as potential biomarkers for neurodegenerative processes (Andica et al., 

2019).  

The finding of MD alterations in hippocampal grey matter of PPMS patients exclusively is 

noteworthy and support the idea of separate pathogenetic mechanisms underlying PPMS and 
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RRMS respectively. There have been varying discussions on the patho-aetiological 

significance of PPMS, with reference to being either a piece of a broader spectrum of the 

actual clinical disorder (MS), or perhaps, an entirely distinct phenomena existing on its own 

(Trapp et al., 2008; Mahad et al., 2015). Distinguishing PPMS from the more prevalent 

RRMS is vital both clinically and radiologically, due specifically to the underlying 

contrasting pathological mechanisms, clinical and radiological features and in particular, a 

consequent difference in therapeutic response and application of pharmacological 

interventions. Currently, Ocrelizumab, a monoclonal antibody that eliminates specific B cells 

is the only treatment licensed for PPMS in the UK. Generally, PPMS is clinically viewed as a 

phase or type of MS that typically lacks recurrent remissions and exacerbations and is 

characterised by increasing neurological deficits. Compared to RRMS, PPMS has a much 

lower prevalence (10-15%), higher disability, equal female/male ratio, and onset is usually 

around the 5th decade, unlike RRMS which is more common in the 3rd decade and has a 

higher female predominance (Ebers, 2004; Rice et al., 2013; Scalfari et al., 2018). 

Radiologically, lesions are observed to be more prominent on the spinal cord in PPMS 

compared to presence in the brain as seen in RRMS.  Further, and with respect to 

pathological mechanisms and pharmacological response, research evidence also suggests that 

substantial differences exist between PPMS and RRMS (Lassman et al., 2012; Claes et al., 

2015; Dargahi et al., 2017). RRMS is known to cause more active, acute inflammation 

compared to PPMS (Lassmann et al., 2018). Substantially, acute and relapsing MS is 

reflected by intense BBB leakage chiefly affecting white matter, characterised by focal bulk 

invasion of T and B lymphocytes, whereas progressive MS depicts a more gradual 

neurodegenerative process appearing in either grey or white matter, characterised by intact 

blood brain barrier, and a moderate build-up of T and B lymphocytes in the connective tissue 

spaces (Lassman et al., 2012).   

Indeed, PPMS is generally believed to affect the deep grey structures (Mesanos et al., 2011; 

Anderson et al., 2010). In keeping with available literature, grey matter pathology in MS is 

largely identified as more profound with PPMS and affects both cortical and subcortical areas 

(Filip et al., 2021). Atrophy, neuronal death and microglial activation are all synonymous 

with cortical pathological damage in comparison to white matter pathology where there is 

more vigorous and active inflammation (Peterson et al., 2001, Fisher et al., 2008). The left 

hemisphere of the brain has also been implicated more commonly in inflammation induced 

cognitive pathology (Harrison et al., 2015); Haroon et al., 2014). Interestingly, there was no 
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significant differences seen in the BICAMS cognitive scores amongst MS types and controls. 

MD in the CA1 and DG subfield of the left hippocampus, were the areas sensitive to changes, 

and were significantly different amongst the PPMS and control groups as observed in our pair 

wise comparisons, and possibly indicative of microstructural alterations in these areas. MD 

represents a directional average of diffusion coefficient and tends to increase when there is 

tissue loss or an increase in the content of free water. Expansion of extracellular fluid and 

micro-barrier disruptions as reflected by increases in MD are also indicative of progressive 

MS neurodegenerative pathology. Increases in MD are also known to correlate with 

neurological disability in MS. As indicated in the results, there were significant increases in 

statistical mean of MD in the above regions. Other regions showed group microstructural 

variations in diffusion parameter mean, but these were not statistically significant.  Geurts, 

2007 post-mortem studies does report hippocampal demyelination occurring in CA1, and also 

in the parahippocampal gyrus, with the presence of type III subpial cortical lesions (21.6%). 

Essentially, inflammation occurring in PPMS is reported to involve connective tissue spaces 

such as the meninges and large perivascular spaces (Lassman et al., 2018). Mixed lesions are 

also reported to extend from the PHC to CA1 in histological studies (Guerts et al., 2007). 

Finally, there was also statistical significance (p = 0.03) amongst groups (HC < PPMS) of 

differences in volumes of the left dentate gyrus. Mean volume was found to be larger in 

PPMS compared to controls. Interestingly, literature looking at DG expansion in MS via 

surface-based mesh modelling techniques, reported morphological alterations in DG, more 

prominent on the left side, corresponding to a larger radial distance when compared to 

controls (Rocca et al., 2015). Surface expansion in this regard has been suggested to reflect 

an inflammation adapted reactive subgranular zone attempting to remedy hippocampal 

circuitry functions (Rocca et al., 2015). 

Overall, the specificity of alterations to the PPMS subtype we observed in our study, albeit 

limited by the extremely small sample size, is relevant to the distinction in aetio-pathogenesis 

of different MS subtypes. A potential limitation when considering IQT-enhanced 

pathological images compared to healthy brains, is the inability to capture very subtle 

parameter variations most especially with regards to multi-shell modalities like NODDI 

(Alexander et al., 2017), hence focus was mainly on DTI parameters in the Prisma data.  
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6.5 CONCLUSION 
 

This study provides preliminary evidence of the sensitivity of diffusion MRI in distinguishing 

progressive MS from healthy controls on the basis of microstructural alterations and volume 

changes in hippocampal subfields. Notably, and of particular interest are group variations in 

CA1, and the dentate gyrus, demonstrating a key role of these regions in MS progression. 

Further research with larger population samples and other diffusion parameters would be 

useful.  
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CHAPTER 7. EXPLORING NEURONAL AND GLIAL 
MORPHOMETRIC ALTERATIONS IN THE ANTERIOR 
HIPPOCAMPUS OF MULTIPLE SCLEROSIS PATIENTS USING 
DIFFUSION-WEIGHTED MR SPECTROSCOPY. 
 

7.1 INTRODUCTION 
 

As elaborated in prior chapters, substantial experimental, clinical and postmortem evidence 

indicate hippocampal predilection and involvement in Multiple sclerosis (MS) neuro-

inflammatory pathology, with consequential cognitive and affective sequalae. Excessive 

levels of demyelinated lesions have been Identified and subsequently reported within the 

hippocampus of a staggering 78% (15/19) of chronic postmortem MS brains (Geurts et al., 

2007). Indeed, both immunochemical staining procedures and translocator protein PET 

imaging studies have clearly revealed additional elevated glial activity around hippocampal 

lesions and have thus been indicative of ongoing cellular neuroinflammatory or 

neuroprotective processes (Colasanti et al., 2016, Nistico et al 2013). MS experimental 

studies in mouse models have further shown elevated growth factors and progenator cellular 

activities reflective of astrocytic and oligodendrocyte involvement in the inflamed 

hippocampus (Azin et al., 2015).  Elevated Glial fibrillary acidic proteins (GFAP) which are 

markers of astrocyte activation have also been reported in the hippocampus of EAE mice 

(Jukkola et al., 2013). Further, there is observed significant microglial involvement in 

synaptic pathology in the postmortem hippocampus of MS patients evidenced by lysosomal 

digestion and microglia engulfment (Tsouki & Williams, 2021), leading to a disruption in 

excitatory/ inhibition balance within the hippocampal synapses. More so, morphological 

changes in microglial cells have also been extensively reported in MS hippocampus, crucially 

in the early stages of the disease processes and have been further linked to specific 

hippocampal sub compartments or subregions. For instance, microglia hypertrophy in CA1 

and hyper ramification in CA2/3, have been experimentally observed in early demyelinative 

processes (Roufagalas et al., 2021). Ultimately, metabolic dysfunction involving glial-

neuronal dysregulation are perceived to drive neuronal death, and progressive disability in 

MS. Given its sub regional role in neurogenesis and apparent limited perfusion, further 

exaggerated in neuroinflammatory pathology, hippocampal subfields like CA1 and DG are 
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particularly and uniquely vulnerable to metabolic demands. In view of specific cellular 

responses (including changes in morphology and motility) which also apparently appear to be 

characterized by region specific heterogeneity within the hippocampus, cellular profiling with 

both sensitive and specific invivo techniques targeted towards analyzing regional quantitative 

microstructural measures becomes highly relevant as markers in early pathological 

identification, and also as future therapeutic mechanistic targets (Roufagalas et al., 2021). 

However, current modalities (TSPO-PET, DWI), though relatively sensitive, are either too 

dear, fraught with methodological complexities or are generally not specific enough with 

respect to compartmentalized cellular responses (De Marco et al., 2022). 

Diffusion weighted MR Spectroscopy (DW-MRS) has been reported to be quite unique and 

provides a distinctive approach to investigating compartment specific microstructural 

changes in diseased tissue environments (Ronen et al., 2013, Kan et al., 2012). By directly 

measuring the apparent diffusion coefficients (ADC) of intracellular neuronal and glial 

metabolites with sufficient concentrations to establish MR signals, DW-MRS is reported to 

provide specific patterns of spectroscopy and information about cellular morphology in MRS 

experiments. NAA, for instance, is almost entirely located in the neurons, while choline is 

generally accepted to be more concentrated within glia cells (Choi et al., 2007). NAA has 

critical roles in myelin formation, being vital precursors in the synthesis of steroids and fatty 

acids (Wood et al., 2012), and is also widely accepted as a biological marker of neuronal 

health and density. Choline compounds are considered biomarkers in cellular proliferation 

and demyelination (Allaili et al., 2016). With regards MS pathology, mitochondrial 

dysfunction or neuronal axonal loss in thalamic grey matter has been associated to a decrease 

in the ADC of NAA, while cellular energy metabolic impairments have also been associated 

with decreases in total creatine (tCr) (Bodini et al., 2018). DW-MRS has also been used to 

successfully investigate changes in glial and axonal microstructure in the corpus-callosum of 

SLE patients (Ercan et al., 2016), and revealed group disparities in brain metabolites (creatine 

and choline) amongst SLE patients and healthy controls. However, the DW-MRS technique 

is not without limitations, as low concentrations of metabolites, especially applicable to 

certain regions of interests, do equate to lesser sensitivity and similar issues with spatial 

resolution when compared to other quantitative imaging modalities. Likewise, diffusion MRI 

on its own, lacks specificity of signal source due to the ubiquity of water in living tissue. 

Hence, despite the hippocampus being vastly implicated in neuroinflammatory/ 

neurodegenerative disease conditions, it has scarcely been evaluated with MRS modalities, 
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possibly due to a smaller surface area, its anatomical location (poor homogeneity) and 

apparent complexities (lower spectral resolution), as well as other potential technical 

challenges that span poor signal to noise ratios (Allaili et al., 2016) to issues with partial 

volume effects. This is further compounded with apparent difficulties in positioning of the 

voxel. 

This study provides the first insight into the use of DWMRS on the hippocampus, and as an 

exploratory measure, utilizes the technique in measuring changes in the apparent diffusion 

coefficients (ADC) of glial (CHO) and neuronal (NAA) metabolites in the anterior 

hippocampus of MS participants and healthy controls. We also measured ADC’s of Cr 

metabolites. Resultant peak analysis was carried out and the area under the peak for the above 

metabolites was recorded and calculated for analysis. Our principal aim as indicated in 

Chapter 1, was to foster a multi-modal approach, combining initial diffusion tensor 

measurements with diffusion measurements from DW-MRS, hereby enhancing on both 

sensitivity and specificity in effectively analyzing and comparing microstructural and cellular 

changes in recruited MS participants (grouped into subtypes: PPMS, RRMS) as well as 

healthy controls.  

 
 
7.2 DW-MRS ACQUISITION/ANALYSIS 
 

Supine position was adopted for participants during scanning and participants were 

encouraged not to move during the process. MRI and DW-MRS data were acquired with 3T 

(Siemens Magnetom Prisma, Siemens Healthineers, Erlangen, Germany). Acquired in sagittal 

orientation, and reconstructed in three orthogonal planes, T1W MPRAGE was acquired 

following a standard localizer (TR= 2400 ms; TE= 2.22 ms, TI= 1000 ms, flip angle = 8 deg, 

FOV 256 X 256 mm2, matrix size 192 X 192). Voxel resolution of 1.35mm was placed on the 

left hippocampus, on the head, the body and parts of the hippocampal tail. VOI was selected 

based on prior experimental and clinical research depicting microglia activation in the 

hippocampus of MS brain (Colasanti et al., 2016, Politis et al., 2012). The DW-MRS 

sequence was a bipolar sequence based on a semi-LASER sequence and was utilized for DW-

MRS (Genovese et al., 2021) with TE= 100 ms, TR= 3000 ms, band width= 2500 Hz, Vector 

size= 1024. Weighting conditions b= 0 s/mm2 and the other three b= 3500 s/mm2. The 

number of diffusion weighting directions were set at 3 and the number of gradient amplitude 
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values was set at 1. Diffusion gradients were applied in three orthogonal directions [1, 1, -0.5, 

1], [-0.5, 1, 1], [-0.5, 1, 1] in the VOI co-ordinate system. B0 shimming using FASTMAP 

(fast automatic schimming technique by mapping along projections) with echo planar signal 

trains were used for adjustments after the beginning of each voxel measurement (Gruetter and 

Tkac, 2000). 

Spectral analysis was performed offline using Matlab (Mathworks, Natick MA, USA) and 

with Linear prediction singular value decomposition (LPSVD). Peak estimates at high b 

value were averaged and ADC computed from resulting mean values. tNAA,  tCHO and tCr 

were estimated at b= 0 s/mm2 spectra. 

The preprocessing Matlab package consisted of two stages; 1) Based on water data, the 

generation of eddy current correction (ECC) file. 2) The generation of output spectroscopic 

files and preprocessing of DWS data. Key subprocesses were also necessary which included 

the generation of weighted average FID data, frequency drift correction, zero-order phase 

correction, eddy current correction and water peak removal. 

For eddy current correction, the Matlab command script ecc_siemens was utilized to generate 

the appropriate dialogue for the selection of gradient directions (3 for this study), number of 

gradient values, and also for determining SVD parameter and bandwidth. Command script 

dws_siemens was required for metabolite DWS data processing, to determine gradient 

directions, gradient values, zero filling factor, ECC water file, spectral registration, inclusion 

range, where to threshold and water removal. 

Processing pipeline was then commenced, and panel of figures containing corrected spectra 

was generated for analysis. 

 

 

7.2.1 Statistical Analysis 
 

Statistical analysis of data was accomplished by the Statistical Package for the Social 

Sciences (SPSS 23, IBM Corporation, Somers, New York.) and the StataCorp LLC, College 

Station, Texas 77845 USA statistical program. Generalised linear model and Mann-Whitney 

u-test was applied in the analysis. 
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Data was expressed as Mean values and standard deviations. Parameters included were NAA, 

Cr, and CHO. Due to exploratory nature of study and in order to avoid type 2 errors, no 

correction for multiple testing was performed, as is conventional in such types of studies. 

Pearson correlation analysis was used to examine the relationship between metabolite 

concentration and diffusivity parameters. p-values of less than 0.05 were deemed significant 

statistically. 

 

 

7.3 RESULTS 
 

Mean metabolite ADC values, as well as their SD's, for all three groups (PPMS, RRMS and 

HC's) are shown in Table 11, and group ADC distribution for all three groups are 

demonstrated in Fig. 7.2. When the mean ADC's of all three groups were compared with 

ANOVA, there were no significant differences among the groups (tCho) (P = 0.5071), 

(tNAA) (P = 0.9728) and (tCr) (P = 0.32471). Pairwise comparisons showed that in the 

PPMS group, (tCho) was higher than in HC's (mean ADC (tCho) in PPMS = 8.0894E-05 ± 

1.6404E-05 μm2/ms, mean ADC (tCho) in HC = 6.0359E-05 ± 2.4923E-05 μm2/ms, P = 

0.1891), showing a moderately higher difference but not significantly so. There were also no 

statistically significant differences found in mean ADC (tNAA) and mean ADC (tCr) values 

between MS phenotypes and healthy controls. No significant differences were found between 

PPMS and RRMS metabolite mean ADC's. No correlations were found between metabolite 

ADC's and diffusivity indices. 
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A                                                                  B 

 

 

 C                                                                               

   

Figure 7. 1 Voxel location and Spectra (C). Sagittal (A) and Coronal (B). A and B show 
voxel location and angulation on the anterior hippocampus. C demonstrates the whole 
spectrum averaged before (blue) and after correction (red). 
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As represented in fig 7.1, the ADC of selected metabolites was quantified via a small 3mL 

voxel placed on the left hippocampus, covering the head, body and parts of the tail. These 

areas were particularly selected because they contain the relevant subfields investigated in 

prior chapters. Angulation of voxel was along the anterior-posterior axis of the hippocampus. 

Positioning of voxel was left-right 30mm, superior-inferior 10mm and anterior 10mm with all 

of the hippocampal head and body included. For interparticipant replication, voxel placement 

and location of the very first process was recorded and applied in other subsequent sessions. 

High quality spectra without external contamination from the exterior, alongside effective 

water suppression was achieved in all cases, and the ADC’s of NAA, Choline and Cr were 

computed using LPSVD (De Marco et al., 2022). (See 7.1, C, D).  

                                                                                                                 

 

 

 

Figure 7. 2 ADC distribution of NAA, CHO and Cr in healthy controls, RRMS and PPMS 
participants. 
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Table 12: Sample data, showing table of spectral quality, including Amplitude (Amp), 

Frequency, Linewidth (LW) and ADC values of NAA, CHO and Cr. ?-failed spectra, MS- 

Multiple Sclerosis, HV-Healthy Controls. 

 

 

As seen in fig 7.2, Cr ADC appears to have the highest variability in diffusion coefficients 

across the three groups excluding the two outliers encountered in the NAA metabolite ADC. 

Choline coefficients are also greater in PPMS compared to RRMS and HC’s. Results 

indicated that mean ADC’s of all three metabolites (NAA, CHO, Cr) were not statistically 

significantly different between the three groups (p= 0.96, 0.21, 0.77) respectively.  

Respective ADC means and standard deviations are reported in table 12 below. 

 

ID NUMBERS
ID NAA CHO CR NAA CHO CR NAA CHO CR

30637MS 55475 49562 41112 2.0 3.2 3.0 1.44x10-4 1.11x10-4 5.99x10-4

17352HV 39487 34412 32527 2.0 3.2 3.0 1.66x10-4 2.05x10-4 2.22x10-4

31013MS 55593 Poor LW Poor LW 1.9 5.27x10-4

30447HV 60295 46801 41413 1.9 3.2 3.0 1.65x10-4 4.32x10-5 1.38x10-4

30822MS 38834 29839 23712 2.0 3.2 3.0 1.87x10-4 2.62x10-4 3.28x10-4

28564HV 40173 31384 27090 1.9 3.2 3.0 1.74x10-4 1.42x10-4 1.41x10-4

30745MS 50087 42066 42287 1.9 3.2 3.0 1.76x10-4 1.56x10-4 1.26x10-4

24000HV 25203 ? ? 1.9 9.07x10-4

31332MS 38253 30006 24814 1.9 3.2 3.0 1.98x10-4 1.88x10-4 2.59x10-4

28544HV 33131 29248 14809 2.0 3.2 3.0 2.33x10-4 1.72x10-4 3.75x10-4

31303MS 38993 27407 28651 2.0 3.2 3.0 9.15x10-5 1.68x10-4 1.78x10-4

25HV 40167 49563 37129 1.9 3.1 3.0 1.94x10-4 9.88x10-5 1.74x10-4

30770MS 43520 36810 22205 2.0 3.2 3.0 1.86x10-4 1.93x10-4 2.35x10-4

30805MS 39854 25452 34700 2.0 3.2 3.0 2.12x10-4 Poor LW on B=0 Poor LW on B=0

AMPLITUDE FREQUENCIES ADC
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Table 13: Mean and Standard deviations of NAA, CHO and Cr ADC’s. HC- Healthy controls 
(n=8), PPMS- Primary Progressive Multiple Sclerosis (n=6), RRMS- Relapsing Remitting 
Multiple Sclerosis (n=9). 

 

 
7.4 DISCUSSION 
 

This is one of the first studies examining compartment specific alterations in the 

microstructure of the hippocampus of MS patients scanned with 3 Tesla MRI. The study 

particularly explored diffusion related measurements of NAA, a predominantly 

neuronal/axonal metabolite and Choline, a glial metabolite, as well as Creatine which is 

thought to represent gliosis. There were observed differences in Choline ADC measurements 

amongst the three groups (RRMS, PPMS, HC), particularly identifiable in the PPMS group, 

but not statistically significant. These differences could be suggestive of activation and 

morphological changes of glial cells in hippocampal inflammation of this subgroup. 

Growing research evidence stipulates glial activation as the central activity defining the 

neuroinflammatory process. Specifically, Microglial and Astrocytic morphological 

alterations, along with elevations in density are seen to be accordant with post-mortem data in 

a variety of prototypical autoimmune neuroinflammatory and neurodegenerative conditions 

(De Marco et al., 2022). Neuropathological mechanisms of functional conditions have also 

been linked with microglia and astrocytic alterations. Both neuro-resident immunocompetent 

cells are reported to undergo morphological and functional changes during the 

Groups Mean Std. Dev
NAA HC 8.0204E-05 1.038E-05

PPMS 7.7594E-05 2.4474E-05
RRMS 7.9476E-05 2.6221E-06
Total 7.9188E-05 1.4824E-05

CHO HC 6.0359E-05 2.4923E-05
PPMS 8.0894E-05 1.6404E-05
RRMS 7.9429E-05 1.0125E-05
Total 7.1018E-05 2.1553E-05

Cr HC 9.7805E-05 3.7835E-05
PPMS 0.00010173 3.2089E-05
RRMS 8.4071E-05 2.561E-05
Total 9.6366E-05 3.2328E-05
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neuroinflammatory processes, thus making it somewhat difficult and abstruse to distinguish 

which or the other was sensitive to the measurement of choline ADC in this study.  

When activated, glia release proinflammatory cytokines, nitrogen and oxygen species; 

neurotoxic factors that impact on neurogenesis and transmission across neurons. 

Morphologically, activated microglia assume an amoeboid shape portraying retraction and 

thickening (Davis 1994), while astrocytes become larger and gain processes that overlap. 

Experimentally, Lignuel et al. 2019 linked myoinositol sensitivity to astrocytic hypertrophy 

perhaps signifying a more microglial/ Choline sensitivity as Choline was unaffected during 

Lignuel's research. The Cuprizone model of neuroinflammation also supports the phenomena 

of increases in myoinositol ADC's to changes in astrocytes while increases in choline 

corresponded more to changes in microglial (Genovese et al., 2021b). 

  Prior studies; preclinical, clinical and post-mortem have implicated the hippocampus in MS 

neuroinflammatory pathology. Indeed, histopathological research evidence further depicts 

activation and reactivity of microglia in the hippocampal inflammatory process. In addition, 

there have been suggestions of direct connections between gliosis and elevated 

concentrations of total choline (Brooks et al., 2010). Mixed lesions were identified as the 

predominant lesion type in a post-mortem study (15/19 MS brains), showing significant 

hippocampal involvement in MS pathology. Ongoing chronic inflammatory activity and 

demyelination were also reflected using immunochemistry studies, as was observed by the 

presence of HLADR-positive microglia at the lesion edges (Geurts 2007).  

In similar studies looking at 45 recruited chronic MS participants, 28 were found to have 

extensive demyelination of the hippocampus. Microglial activation was observed in a few of 

the affected regions with chronic lesions being in the majority (Papadopoulos et al., 2009). In 

this study, significant hippocampal atrophy was identified and was evidenced by notable 

neuronal losses in the CA1/2/3 regions of the hippocampus spanning about 27-30%. 

Essentially, there are more slowly expanding lesions in PPMS which is linked to chronic 

inflammation that continues to cause myelin and axonal damage (Arnold et al., 2021). On 

pathological exam, PPMS is also described as having high proportions of mixed lesions and 

an accumulation of activated microglial (Singhal et al., 2021). The resultant 

neurodegenerative Sequela in PPMS, composed of atrophic changes as well as loss of 

neuronal structure and function entails immuno-inflammatory processes that give rise to 
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neuronal damage and vascular injury. Glial reactivity which is evoked consequentially from 

tissue injury include microglial hypertrophy (Graeber & Streit, 2010). 

Glial intracellular diffusivity is reported to be congruous with inflammation induced 

microglial activation and activities. There is expansion of cytosol diffusivity following 

increases in intracellular space and reduced intracellular tortuosity that results from 

morphological changes (soma thickening and cellular hypertrophy) which are linked to 

inflammation instigated microglial responses (Sofroniew, 2009).  

Despite extensive identification of microglial activation at MS lesional sites by in vivo 

quantitative imaging using mostly TSPO-PET modalities (Colasanti et al., 2016, Politis et al., 

2012), It is still generally and widely unclear as to their specific role. While often involved in 

the pathologic mechanistic process, they are also known to play neuroprotective and tissue 

repair roles (Davalos et al., 2005; Melton et al., 2003; Nimmerjahn et al., 2005; Taylor et al., 

2005). Morphological changes akin to length and size reductions, reduction in arborization 

and decreased branching have been reported in post-mortem studies of neurodegenerative 

conditions (Davies et al., 2017). Changes have been classified as being rod like, amoeboid, 

activated and ramified (Leyh et al., 2021), with cellular functions (surveillance and 

maintenance in the brain) shown to be invariably associated with these changes (Giordano et 

al., 2021). Pre-clinical animal studies have specifically depicted the presence of rod microglia 

in CA1 in status epilepticus with hippocampal pathology (Wyatt-Johnson et al., 2017) also 

signifying the possibility of hippocampal subfield specificity with links to glial morphometric 

changes. 

Compared to controls, reductions in NAA (creatine referenced in some reports) have been 

identified in grey matter mixed and unspecified lesions in relation to RRMS and progressive 

MS (Chard et al., 2002; Inglese et al., 2004; Kapeller et al., 2001; Tiberio et al., 2006; 

Wylezinska et al., 2003). Quantification of Cr metabolite during MS pathology is still widely 

indefinite as there are variations in the alteration of CNS concentrations during MS 

pathology. Reports indicate Cr reductions in the grey matter in RRMS lesions and also in the 

progressive grey matter (Bodini et al., 2018; Helms, 2001; Sijens & Oudkerk, 2005). 

Ercan et al (2016) carried out similar studies to this, but using 7T MRI, and using a 

combination of DWMRS and DTI on the anterior body of the corpus callosum of patients 

with neuropsychiatric lupus (NPSLE), comparing to systemic SLE and controls. The study 

also considered average diffusivity measurements of similar metabolites (NAA, Choline and 
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Cr), and found significantly increased diffusion of total creatine and total choline, compared 

to HC's. This was in contrast to my study, were there was slight reductions in creatine ADC 

values during pathology more so in RRMS, than in PPMS. Contrasting diffusivity co-

efficient patterns, perhaps, could be attributable to systematic contributions (ischaemia, 

micro-infarcts and strokes), and the role of astrocytes in SLE. Analogous to findings in this 

study and in general, there were indications of glial reactivity in response to inflammation. 

Notably, and also similar to this study, the Ercan study also had increases in mean diffusivity 

on DTI.  

  

 
7.5 LIMITATIONS 
 

There are several technical challenges associated with the medial temporal region of the brain 

in which the hippocampus is located (Choi & Frahm, 1999; Knight-Scott et al., 2003). For 

instance, several sinuses and the petrous bone are located adjacent to the hippocampus, and 

these result in larger susceptibility gradients with linewidths that are broader and associated 

with poorer homogeneity of bo magnetic field, and in relation to other brain regions like the 

corpus callosum, a reduction in spatial resolution.  

Further, spectral quality as well as data reliability and reproducibility tend to be impacted 

upon due to the combination of poor SNR, reduced spectral resolution and the apparent 

difficulties in positioning voxels. 

 
7.5 CONCLUSION 
  

In this study, we show that obtaining DWMRS spectra in the hippocampus was achievable, 

enabling computation of Choline, NAA and Cr ADC in a small group of RRMS (n=6); PPMS 

(n=4) patients; and controls (n=7). Results show that application of DWMRS choline ADC is 

of interest, particularly in the PPMS group where there seems to be an early signal in a 

direction consistent with the hypothesis.  
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CHAPTER 8. SUMMARY, LIMITATIONS, HINDERANCES AND 
FUTURE DIRECTIONS 
 

8.1 SUMMARY 
 

The studies reported in this thesis were directed at investigating the use of Multi-modal MRI 

techniques in the characterization of hippocampal neuroinflammatory pathology in patients 

with MS. Chapter 2 of the thesis consisted of a systematic review of the literature which is 

currently published in the Journal of Clinical and Experimental Immunology (British Society 

of Immunology). The focus of the review was on imaging measures of hippocampal 

neuroinflammation in three selected prototypical autoimmune neuroinflammatory conditions 

which included the primary condition of focus, MS. A summary of the findings highlighted 

significant differences between MS patients and controls particularly with more progressive 

forms of MS. There were also notably, the exclusion of separate subfields in the analysis of 

microstructural alterations and immunocompetent cell density in MS hippocampal 

inflammation. Key observations were contrasting changes in radial distance in CA1 and DG, 

increases in diffusion-based MD parameters and reductions in diffusion-based FA consistent 

with ECF expansion and microscopic barrier disruptions. There were also correlations of 

these quantitative imaging markers with cognitive and affective alterations. 

My second analysis reported in Chapter 3 initially highlighted the issues surrounding 

hippocampal imaging such as problems with neuroanatomical location and complexities of 

the hippocampal structure such as the inhomogeneity of the hippocampal interior. Partial 

volume effects, reductions in spatial resolution and diffusion weighting and problems with 

co-registration post-acquisition were also identified as issues with diffusion imaging in the 

hippocampus. In this chapter, I focused on a novel innovative approach (IQT), an algorithm 

that effected the resolution enhancement of acquired images from the Human Connectome 

Project (HCP). I then subsequently performed manual segmentation of selected hippocampal 

subfields using obtained directionally averaged b=1000smm-2 images and was able to deduce 

and compare diffusion parameter estimates (DTI and NODDI) separately across hippocampal 

subfields. The key findings of the analysis in this chapter was the difference in DTI and 

NODDI parameter distribution across the designated hippocampal subfields. I was also able 

to infer that the characterisation of microstructural alterations in hippocampal pathology 
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might be more accurate and precise at subfield levels compare to the more generally applied 

global analysis of the hippocampus. 

In Chapter 4, I introduce my clinical study and present the methodology employed to apply 

clinical and imaging assessments to a cohort of patients with MS and healthy control 

subjects. 

In Chapter 5, I did a clinical and behavioural study of all my recruited participants with the 

aim of characterising the clinical measures derived from cognitive and affective domains that 

reflect involvement of the hippocampus. I achieved this by administering and rating 

neuropsychiatric diagnostic questionnaires, and reported depressive, cognitive, fatigue and 

disability related scores across MS subtypes and healthy controls. I also compared cognitive 

and affective scores at baseline to post treatment with DMT’s (Ocrevus). The summary of 

findings during this analysis included significant differences between MS subtypes and 

controls for BDI, MADRS and fatigue scores. Higher disability scores and a shorter duration 

of disease were noted amongst PPMS compared to RRMS and interestingly, rates of 

depression were only observed amongst the RRMS subtype (40%). There were also positive 

correlations between fatigue and depression scores. 

In the fourth analysis (Chapter 6), I explored potential microstructural alterations (significant 

changes in diffusion parameters) with the right and left hippocampus of recruited MS 

subtypes, as well as with healthy controls. I also looked at significant changes in subfield 

volumes within these groups. I then explored possible correlations to clinical and 

demographic variables. I found mean diffusivity changes mostly in the left hippocampal 

subfields (CA1 and DG) and right parahippocampal gyrus (PHC). There were also some 

significant variations in volumes. 

In the fifth and final set of analysis (Chapter 7), I explored the use of DWMRS in measuring 

the ADC’s of three selected metabolites (NAA, CHO and Cr) within the hippocampus of the 

three established groups (PPMS, RRMS, HC’s). I was able to obtain DWMRS spectra in the 

hippocampus of the above three metabolites and compute their ADC’s from each group. The 

result of this analysis showed some early signals in the application of DWMRS choline ADC 

in the PPMS subtype which was consistent with evidence that depicts sensitivity to glial 

morphometric changes during neuroinflammation. 
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8.2 LIMITATIONS 
 

In general, technical challenges deriving from the complexities of structures within the 

medial temporal lobes and limbic regions have limited and influenced the use of diffusion 

weighted imaging and spectroscopy techniques in highly specialised structures such as the 

hippocampus. Some of such limitations may have also had impacts on this study. 

Firstly, the neuroanatomical location of the hippocampus for instance, places it in close 

proximity to other structures, including the CSF, and this could have led to partial volume 

effects that may have invalidated some of our quantitative measurements in diffusion. 

Additionally, the sinus and petrous bone located adjacent to the hippocampus could have had 

an impact on spectral resolution due to poor homogeneity of the bo magnetic field and large 

susceptibility gradients. To mitigate against the former, thorough checks were carried out on 

diffusion parameters obtained and, where excessive deviations were computed or observed as 

was the case in a few data; subfield delineation and segmentation of affected data were 

thoroughly re-inspected, and adequate soft-ware tools applied to manually correct these 

errors. For the later, B0 shimming was performed using a fast-automatic shimming technique, 

FAST (EST) MAP (Gruetter and Tkac, 2000) for the minimization of B0 variation. For high 

quality spectral results, analysis of spectra was transferred offline using customised software 

implemented in Matlab (Mathworks, Natick MA, USA). Linear prediction singular value 

decomposition (LPSVD) was applied for spectral analysis, with aspects of processing such as 

line broadening to increase SNR, Zero-filling factor for increased spectral resolution, water 

removal and correction methods for phase/frequency drift corrections. 

Secondly, the minute size of the hippocampus and again its midbrain location was expected 

to contribute to lower SNR’s. Indeed, uncertainties and difficulties with voxel positioning 

across participants may have put reliability of acquired results in question. Hence, records of 

exact voxel positioning and measurements were saved for initial data to ensure exact 

reproducibility on subsequent scans. A moderate to large voxel size was adopted compared to 

the size of the hippocampus to also ensure feasibility. 

Thirdly and with regards to the clinical scales utilized in this study, adopting open designs 

meant that participants were not blinded to any procedures. These applied mostly to returnee 

participants and also to the cognitive scales. Already having experienced baseline processes, 
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participants who returned for post-treatment procedures may have invested more time and 

effort to enhance their performances prior to visiting the imaging centre to re-take the 

cognitive tests. Observer bias could have also been introduced due to the necessary 

interactions between investigator and participants, as well as due to non-blinding of the 

investigator. However, the cognitive tests purposely selected for the study, the BICAMS, is 

relatively immune from potential bias as it offers objective measures of cognitive 

performance (J. Campbell et al., 2016). 

Lastly, the unavoidable and insufficient sample size of recruited participants to the study 

could have in effect reduced the statistical power of the study and limited my ability to draw 

any strong conclusions. It is possible that the inability to see significant effects in FA, RRMS, 

around the right hippocampus and in aspects of the DWMRS study in general, could be 

linked to being underpowered. 

The important specific criteria which sought to recruit participants that were naïve to disease 

modifying treatments (DMT's) was somewhat problematic in recruitment (more so with the 

impact of Covid), but was equally crucial to determining pathologically induced changes 

unaltered by pharmacological interventions and free from confounds. Hence, a trade-off 

between recruitment of drug naïve, low EDSS, MS patients, to having a reasonable sample 

size, was preferred to keep the sample free and clean from drug and very high disability 

confounds.  

I have also mostly focused on PPMS which is quite rare and difficult to recruit. A 

combination of time constraints with a limited window for recruitment which spanned first 

diagnosis to the start of DMT's left little room for manoeuvre in this regard.   

I did employ some statistical applications to correct for any errors. While using complex 

analytical procedures (MANCOVA), I have avoided non-essential variables and also applied 

non-parametric tests for non-normally distributed data where necessary. I have also carried 

out false discovery rate analysis (FDR) to correct for multiple comparisons. I also estimated 

effect size in selected subfield and group, using deduced mean diffusivity parameters, to 

inform power and sample size calculations for future studies. 
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8.3 HINDERANCES, AND IMPACT OF COVID-19 
 

This project had a few hinderances. Firstly, and most importantly, sample size, which mostly 

resulted from the impact of the COVID pandemic. This hampered planned recruitment 

strategies already put in place. Remote measures were immediately adapted to salvage the 

impact but having a clinical component requiring initial assessments and pre-screening did 

not allow for complete mitigation. Hence contact with eligible patients were limited. It took 

vigorous efforts to recruit and establish the current sample size. This included obtaining an 

honorary contract with the neurology department and weekly attendance at neurology multi-

disciplinary team meetings. Efforts were also made to establish primary contacts with MS 

specialists who were having direct contact with recruitable MS patients. This worked to an 

extent but was also subject to too many intermediaries in terms of consultant neurologists, 

clinical fellows and specialist nurses, which ultimately had an effect on recruitment. There 

was also some degree of reluctance on available neurologists and specialist nurses to recruit 

patients with recent diagnosis of MS into the study possibly because of the immediate impact 

of learning of such a severe diagnosis.  

The impact of the pandemic also had other silent effects, psychologically and emotionally 

which seemed to affect morale in general. Social distancing meant that scan appointments 

had to be rationed or delayed, and some pre-scan screening and procedures had to be adapted 

remotely. 

 

Secondly, there were technical lapses which had some effects on the speed of data analysis, 

especially computational aspects. There was only one neuro-science server which was being 

utilised by several researchers, resulting into rotational use at various instances. Processing of 

commands or codes in itself were slowed to an extent and errors would amount in some 

instances due to this effect with re-coding where necessary.  This slowed down data analysis 

in general and did not allow for processing of some diffusion parameters. To mitigate, 

technical support was sort from MRI physicists and other technical alternatives were also 

partly utilised. In future perhaps, multiple computational systems and servers could be 

employed.  
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8.4 CONCLUSION 
 

The study initially and extensively investigated ‘state of the art’ quantitative imaging 

modalities used to investigate and analyse hippocampal inflammation in prototypical 

autoimmune neuroinflammatory conditions, via systematic review methodology. I was able 

to highlight on current imaging modalities in use, post-acquisition procedures and the 

relevance of subfield specificity and vulnerability to neuroinflammatory pathological 

mechanisms. 

 

This work further demonstrated the sensitivity and specificity of multimodal quantitative 

imaging techniques in characterising hippocampal pathology in the subtypes of MS. The 

focus was on Diffusion weighted MRI and MRS modalities with the aim of investigating 

subfield volumetric, tensor derived and spectroscopy neuroimaging properties. Unique 

resolution enhancing procedures (IQT) were also employed post acquisition, and preliminary 

studies with data from the human connectome project were processed to elaborate on 

individual hippocampal subfield differences. 

 

The severity of depression as well as other clinical and neurological scales were also 

measured and correlations sought amongst subtypes of MS and a control group. 

 

I was able to show statically significant differences in diffusion parameters and regional 

volumes amongst hippocampal subregions, particularly between the PPMS cohort and 

controls, and within CA1 and DG and the PHC, which was not only consistent with MS 

literature, but also contributory as considerations of subfield specificity in MS hippocampal 

pathology is quite limited in the research literature. 

Uniquely, and the possibly for the first time, I was also able to show sensitivity of choline 

ADC to glial morphometric changes in the hippocampus of a relatively small cohort of PPMS 

patients, using DWMRS techniques. 
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8.5 FUTURE WORK 
 

This work has shown the relevance of the analysis of sperate hippocampal subfields in 

neuroinflammation with a primary focus on MS. It showed the sensitivity of two diffusion 

modalities (DWI and DWMRS) combined with an innovative post acquisition resolution 

enhancing algorithm (IQT) in detecting microstructural alterations in the MS hippocampus 

compared to healthy controls. Significant differences in mean diffusivity was observed in 

pathophysiological relevant subfields (CA1, DG) and also in PHC, with variations in 

computed parameters also noticeable across selected subfields. 

Future applications of above methods and measures could have a role in clinical practice for 

more accurate and rapid disease diagnosis, and/or in the development of therapeutic 

endpoints for relevant clinical trials. 

The distinct cytoarchitecture, neurochemistry and cellular functions of the hippocampal 

subfields are considered to be responsible for the unique roles involving multiple cognitive 

processes, including spatial navigation and episodic memory (Yassa et al., 2011, Bakker et 

al., 2008, Brown et al., 2014). Physiologically, and related to aging, the CA3 subfield has 

been linked with object recognition, while the granular cells of DG have also been linked to 

pattern separation (Dillon et al., 2017). Hence, there is reported selective vulnerability to 

notable neurodegenerative processes as seen in Alzheimer's disease (Braak, 1991).  

Differential and selective subfield vulnerability have been equally defined in affective 

pathology such as with depressive disorders (Small et al., 2011), and in essence, could indeed 

be determined by quantitative measurements of neuroinflammatory induced microstructural 

alterations, as demonstrated in this study, and by using our selected imaging modalities with 

the analysis of neuroimaging correlates.   

Therefore, reliable and valid sub regional segmentation of the hippocampus, a vital post 

acquisition analytical procedure, is thus highly essential to the study of cognitive and 

affective correlates in MS, and could in effect be key to the production of beneficial 

biomarkers for early diagnosis, better understanding of neuroinflammatory pathological 

mechanisms (such as MS), and indeed, provide therapeutic end points for clinical trials in this 

regard. 
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Regarding a future in diagnostics, and clinical usability; When hippocampal segmentation is 

manually orchestrated, the determination of relevant anatomical land marks within the 

hippocampal interion can be an excruciating venture, due to structural complexities and 

insufficient resolution, and even though generally regarded as gold standard, issues resulting 

from biases also unfortunately abound. With much larger datasets, the process could also be 

labour-intensive and very time consuming as I readily realised while implementing my 

protocol on initial physiological data. Unless skilled, dedicated and credible manpower is 

available, I do not recommend the application of manual segmentation in daily medical 

diagnostics. 

With automatic segmentation however, though partial volume effects, costs and intensity 

non-uniformity of gray levels due to over inclusion of surrounding CSF and boundary voxels 

can equally invalidate automated methods of segmentation; a careful selection of images in 

Atlas based methods (utilised in this study), as well as proper evaluation procedures to 

validate methods and applied software, including manual oversight, could in effect, prepare 

grounds for the utilization of these methods in clinical environments. 

In general, and considering possible applications of end points to potential clinical trials, I 

strongly recommend a focus on hippocampal imaging measures when assessing the efficacy 

of DMT's on secondary affective and cognitive symptoms. In essence, this research showed 

sensitivity of the selected imaging modalities to detect changes in mean diffusivity 

parameters and glial activation in PPMS but not in RRMS, which was possibly indicative of 

extracellular fluid expansion and cellular activity in the former. Compared to levels in 

controls, increasing mean diffusivity within CA1 and DG, as depicted in this study, may 

indeed correlate with disease progression, and could ultimately shed more light on treatment 

response. Being indirect measures of microstructural integrity, hippocampal diffusivity 

parameters as measured in this study could represent disease specific biomarkers and inform 

on whether relevant medications (DMT's) impact on their proposed targets or potentially alter 

the supposed course of the disease or even symptoms of the disease. 

In future, further studies may explore additional hippocampal sub regions and a wider range 

of diffusivity parameters as seen with NODDI, as well as investigate other clinical correlates. 

In addition, a much larger recruitment of MS participants would greatly increase statistical 

power to detect significant subtle changes. 



164 

 

Future work could also take into consideration, data from other diffusion MRI techniques 

such as ASL and ASE and explore oxidative metabolism within the inflamed hippocampal 

subregions as well as additionally examine metabolite concentrations with Single-voxel 

proton MRS. The exploration of other metabolites (myoinositol, lactate) and any potential 

significant changes associated with inflammation in the hippocampus could also be 

examined. The effects of subfield analysis can also be compared to that of global analysis of 

the hippocampus in terms of sensitivity to detect microstructural changes. 
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APPENDICES 
 

 

i) Role of COVID-19 in Neuro-inflammation and Demyelination: A possible    

viral post-delayed neuro-biological link to Multiple Sclerosis and 

Depression. 

 

Introduction 

Neuroinflammation is a complex biological, immune mediated response, which stems from 

biochemical and cellular processes within the nervous system, and has been implicated with 

depression, stress, injury, infection and neurodegenerative conditions. The process of 

neuroinflammation has been linked experimentally with the Coronaviruses over time and has 

been observed in isolated cases after infection with COVID-19. Combined with the intense 

and overwhelming psycho-social stressors involved, the post pandemic era is predicted to see 

a massive rise in psychiatric illnesses, especially depression, as well as a possible potential 

increase in demyelinating conditions like Multiple Sclerosis (MS).  

Current Covid-19 cases worldwide stand at a staggering 521 million with recorded death 

figures currently at 6.26 million and recovery figures as at 2020 was 25,446,698. These 

figures and demographics continue to change even as this article is being written up. Global 

spread has been swift with almost every country of the World now having reported at least 

one case of COVID-19. Modelling predictions as once reported by researchers at the Imperial 

College London estimated the reproduction number (RO) to be between 2 and 2.6, with the 

capability of spread within 12 hours even before showing symptoms. The assumption at the 

time of the imperial report was that the rate of infection per country would increase 

exponentially, a doubling time of 5 days. The grim prediction, according to analysts from the 

Economic Intelligence Unit is that approximately 50% of the global populace will be infected 

due to the Pandemic. As it stands, millions of cases have been officially reported worldwide.   
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It goes without saying that the financial, social, economic, and most importantly, health 

impact have been catastrophic, and has continued to be felt worldwide with far reaching 

implications and consequences.   

An important predictable effect from the entire ordeal experienced by all affected was an 

expected impact on psychological health, with the already vulnerable being more impacted 

than others (Druss, 2020). When exacerbated by an additional drastic reduction in access to 

already underfunded psychiatric and psychological services plus an expected rise in the risk 

of the prevalence of depression and anxiety; the potential fallout from the pandemic, mental 

health wise, was truly devastating (Holmes et al., 2020). Thus, there have been pockets of 

debates and reflections by both scientific and clinical communities alike, on what the likely 

long-term mental health related consequences of the pandemic could mean and potential 

measures to mitigate against the impact.  

Reported major adverse consequences which stem from isolation, loneliness and direct 

contact with the virus include; anxiety, depression, undue distress, trauma driven stress 

responses, impairment in social and occupational functioning, self-harm and at the extremes; 

suicide (Holmes et al., 2020). 

Alongside the psychosocial consequences of the COVID pandemic on global mental health, 

the direct neurobiological effects of COVID infection, and their potential etiopathogenetic 

role in the development of major psychiatric illness should also be considered.     

Therefore as part of the remit of this thesis and considering the ongoing global impact of the 

pandemic, I will review existing evidence on the neurotropic characteristics of COVID19, 

and refer to rapidly growing literature reporting neurological sequelae of COVID19 infection. 

I will summarize laboratory findings from studies of other neurotropic coronaviruses 

illustrating the particular ability of triggering delayed neuroimmune responses that closely 

resemble those observed in neuroinflammatory autoimmune demyelinating diseases such as 

MS.   Finally, I will refer to converging evidence from human and animal research indicating 

that those neuroimmune responses are involved in the genesis of affective and cognitive 

disorders and moderate the effects of stress on CNS integrity.  I will also aim to provide 

mechanistic grounds for the hypothesis that the Covid19 will have direct and long-lasting 

detrimental effects on brain tissue integrity and function likely to result in  the emergence of 

affective and cognitive sequelae in a significant proportion of affected individuals. 

Furthermore, I propose that the neuroimmunological response to COVID infection will 
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impact the susceptibility of affected individuals to the detrimental and pathogenetic effects of 

psychosocial stress. 

 

 

Evidence that COVID-19 is neurotropic 

Multiple cases with demonstrated acute CNS infections have been reported:  the first case of 

viral encephalitis was reported by Beijing Ditan Hospital. The 56-year-old patient in question 

had severe symptoms including decreased consciousness and failed to respond to regular 

treatment. CT scan was uneventful, but gene sequencing of cerebrospinal fluid (CSF) sample 

confirmed the presence of the novel coronavirus. Neurological symptoms resolved after he 

was treated for viral encephalitis.  

Another recorded case from the Henry Ford Health system in Michigan (USA) was of acute 

hemorrhagic necrotizing encephalopathy associated with COVID-19. In this case, the 58-

year-old female patient involved had initially presented with a 3 day history of the tale signs 

of COVID-19 infection (fever, cough, muscle aches). She would later develop signs of 

confusion, lethargy, and disorientation. After a positive COVID-19 test, further 

Neuroimaging tests, which included a Brain CT revealed symmetric hypoattenuation within 

the bilateral medial thalami. Brain MRI also showed hemorrhagic rim enhancing lessions 

within the bilateral thalami, medial temporal lobes and subinsular regions. Patient was treated 

with intravenous immunoglobulins. 

Reported evidence of the presence of neurological symptoms are also backed by various 

studies in recent literature. Presence of headaches (8% of 38 patients), nausea and vomiting 

(about 1%) have been reported (Li et al., 2020).  A recent retrospective review by (Mao et al., 

2020) looking at the neurological manifestations of 214 COVID-19 patients in Wuhan, 

China, also found central nervous system symptoms including headaches, epilepsy, impaired 

consciousness, cerebrovascular disease and muscle injury in 78 patients (36%). Seemingly, 

neuroimaging findings have also provided evidence. There have been recorded accounts of 

notable MRI findings reported in a group of patients (12/27 with acute findings and 10/27 

with cortical FLAIR signal abnormality), during a retrospective study of 749 patients across 8 

hospitals. Specifically, a contrast enhanced cranial 1.5T MRI of a 59-year-old patient 

involved in the study showed symmetric white matter hyperintensity and right frontal cortical 
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hyperintensity. There was also prominent linear hyperintensity within the frontal sulci. 

Another similar contrast enhanced image from the study, in a 48-year-old COVID patient 

with neurological symptoms showed bifrontal cortical hyperintensity. Pial subarachnoid 

prominent linear hyperintensity was also scattered in some of the right frontal sulci in the 

image of this patient. Withal, cerebrospinal fluid (CSF) obtained in 4 of the patients with 

cortical signal abnormalities showed elevated total proteins (Kandemirli et al., 2020).  

 

Can Coronavirus help in understanding the CNS Immuno-effects of COVID-19?  

Other Human coronaviruses have been found to have effects on the CNS that could 

potentially help frame a bio-mechanistic model of neuro-immune reactions to COVID-19.  

The SARS-COV for instance, responsible for a prior epidemic in 2003, which shows close 

genetic similarities to COVID-19 (SARS-COV-2), exhibited the propensity to induce 

neurological disease. With regards SARS-COV, points of entry into the nervous system could 

be directly through the olfactory nerve or indirectly, through blood circulation and neuronal 

pathways. Post-mortem studies show infiltration of monocytes and lymphocytes in the vessel 

wall, ischemic changes of neurons and demyelination of nerve fibers. Following on, patients 

affected with COVID-19 have also exhibited neurological symptoms such as epilepsy, 

headaches, disturbed consciousness, sudden loss of smell and taste, which are all indicative of 

intracranial infections. In both SARS-COV and SARS COV-2 infections, utilizing genomic 

sequencing, viral presence have been duly confirmed in the cerebrospinal fluid (CSF), further 

supporting the notion of their capabilities to cause CNS damage, potentially via 

neuroinflammation (Wu et al., 2020). 

More mechanistic explanations can be derived from several experimental models and 

research studies that demonstrate involvement of other Human Coronaviruses in the 

pathophysiology of autoimmune demyelinating neurological conditions, such as MS. 

The mouse hepatitis virus (MHV), a member of the enveloped Coronaviridae, which shares 

similar nucleocapside protein properties with SARS-COV (Ding et al., 2017), have been 

implicated in ongoing myelin loss and have been shown to establish and sustain chronic CNS 

infection by cleverly avoiding CD8+ T cells which are important in controlling the acute 

phase of infections.  
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Experimentally, intracerebral innoculation of adult mice with MHV results in the infection of 

both glial and neuronal cells, resulting in encephalomyelitis and chronically, in the 

development of white matter pathology associated with focal CNS demyelinating lesions. 

Following infection, there is subsequent remyelination and recurrent demyelination, similar 

to MS like brain pathology. Intriguingly enough, MHV infection of rodents can amplify the 

course of Experimental autoimmune encephalomyelitis (EAE) (Talbot et al., 2001). 

A potential coronavirus post-delayed neurobiological mechanistic approach spanning 

infection pathway to demyelination can thus be elaborated based on an MHV experimental 

model. Based on the MHV model, and on gaining entry into the CNS, infection and 

replication will occur in the ependymal cells lining the lateral ventricles (LV). This would be 

accompanied by spread of the virus into the parenchyma and subsequent infection of the glial 

cells (astrocytes, oligodendrocytes, and microglia). The glial cells (especially microglia) 

become activated, increase in number and undergo morphological changes. The activated 

cells signal and enhance the entry of innate components (neutrophils, macrophages, and 

natural killer (NK) cells) via the secretion of proinflammatory cytokines (TNF-α, IL-6 and 

CXCL10) and disruption of the blood brain barrier (BBB). Viral replication in the ependymal 

cells and drainage of viral antigen into the cervical lymphnodes through the cerebrospinal 

fluid is thought to activate the adaptive immune response. The adaptive phase ensues with 

further spread of the virus within the parenchyma. Virus specific CD4+and CD8+ T cells are 

called into play. They secrete IFN-ϒ and enhance the secretion of proinflammatory 

chemokines (CXCL9, CXCL10, CCL5) from astrocytes. These aim to reduce viral replication 

in the glia cells. There is a subsequent decrease in the number of inflammatory cells. 

However, viral persistence is associated with the retention of immune effectors in the CNS.   

Host control of the MHV infection result in a slowly resolving but chronic CNS disease that 

is associated with neuroinflammation. The chronic pathological change is likened to the 

neuroinflammatory disease processes observed in Multiple Sclerosis (MS), the prototype of 

cellular immune mediated CNS disorders (Bergmann et al., 2006).  

The neurotropic JHM strain of MHV is a well-accepted model of viral induced neurologic 

disease that imitates the histopathological and clinical characteristics of MS. In addition, the 

Human corona viruses, HCOV group (229E and OC43) have exhibited neurotrophic 

properties and have been detected in neural tissue, in some cases of MS patients, using 

various scientific and investigatory procedures in identification (Talbot et al., 2001). 
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Potential COVID-19 Neuroinflamatory/ Immunological effects 

 

 

We thus speculate on the possibility of a rise in post-delayed virus-host auto-immune 

mediated demyelinating conditions such as MS, and further hypothesize that these neuro-

inflammatory processes will lead to the genesis of affective and cognitive symptoms. 

 

Immunological mechanisms leading to depression associated to autoimmune encephalitis 

The Experimental autoimmune encephalomyelitis (EAE) is a known complex model in 

rodents during which neuro-immuno pathological mechanisms lead to inflammation, 

demyelination, axonal loss and gliosis; which are indeed key characteristics of MS like 

pathology (Constantinescu et al., 2011). Following interleukin -1β (IL-1β) perfusion, EAE 

models have been associated with synaptic pathology, alterations in GABAergic 

transmission, disruption of long-term potentiation (LTP) and alterations of synaptic plasticity 

in the hippocampus (Nisticò et al., 2013). Hippocampal neurogenesis in the rodents with EAE 

is also affected due to alterations in neuronal progenitor proliferation in the subgranular zone 

of the dentate gyrus (Giannakopoulou et al., 2013). Accumulating evidence from post-

mortem analysis further implicates microglial mediated complement (C1q and C3) deposition 

in the loss of synapses and reduction in synaptic density (Michailidou et al., 2015). 
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Putative Interactions between COVID19-induced psychosocial stress and 

neuroinflammation  

Central and additional to the interplay of the above biological factors is the impact of 

apparent psychological or life stressors, which have been imposed by COVID-19 infections 

in addition to the psychosocial impact of lock down. Based on the current scenario, probable 

evidence suggests that the intense psychological stress in everyone affected, as clearly 

experienced as a direct or indirect consequence of COVID-19 infections, will predictably 

promote the development of depressive disorders. Psychological stress is known to activate 

neuro-endocrine pathways that alter immune response. Stress on its own has been proposed to 

potentiate immunological priming during neuroinflammatory processes, via a signal cascade 

in the brain (HMGB-1, NLRP3) that amplifies neuroinflammatory response, modifies 

behavioral reaction and indeed, predisposes individuals to psychiatric disorders (Frank et al., 

2016). Experimental pro-inflammatory challenges induced by viral infection alongside prior 

stressors can exacerbate neuroinflammatory reactions and manifest endophenotypic 

presentations tenable in psychiatric disorders such as changes in cognition and mood (Frank 

et al., 2016). Microglial, which secrete an array of inflammatory mediators including 

proinflammatory cytokines, chemokines, prostaglandins and reactive oxygen/nitrogen 

species, are reported to be set in a primed activation state by exposure to psychological 

stressors and are indicated as key in further inducing an exaggerated neuroinflammatory 

response. Essentially, microglia that become altered by stress-induced factors, display 

morphological and immunophenotypic cellular changes, that potentially lead to aberrant 

peripheral and central inflammatory processes. These processes have been seemingly 

demonstrated by observed monocyte trafficking to the brain in experimental models 

involving mice that underwent prolonged stress exposure and began to show anxiety like 

behaviors.  Furthermore, though there is the lack of a clear-cut evidence indicating its role in 

the development and persistence of MS, existing literature continues to support a strong link 

of MS with stressful life events. Animal and human data reviewing the interaction of two 

major stress response systems (the hypothalamo-pituitary-adrenal axis and the autonomic 

nervous system) have been implicated, and are hypothesized to be associated with the 

pathogenesis and progression of MS (Gold et al., 2005). 
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Current research evidence also suggests that treatments or experimental challenges that raise 

pro-inflammatory cytokines induce symptoms of psychological distress, and potentially lead 

to depressive syndromes in the general population. Depression is found associated with 

higher levels of inflammatory biomarkers, cytokines, and expression of genes involved in the 

inflammatory response (Farooq et al., 2017). Furthermore, there is an increased incidence of 

affective disorders in immune mediated inflammatory disease cohorts (Marrie et al., 2017). 

These findings suggest that immune dysregulation and the activation of the inflammatory 

response system might play a causal role in the development of major depression. 

Mechanisms underlying the link between inflammation and depression include role of 

cytokines directly crossing the blood brain barrier, crosstalk between peripheral and central 

immune systems and the dysregulation of the hypothalamic-pituitary-adrenal axis (Miller and 

Raison, 2016). 

Based on this evidence, we speculate that the vast number of Covid-19 infections globally, 

via a combination of both psycho-social and biological factors (Neuroinflammation), will 

lead to neuropsychiatric sequele, a depression Pandemic of some sort. 
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Basic diagram displaying potential interplay between combination of psychological and biological factors 

 

 

 

 

                                                                    

 

 

 

 

 

 

 

 

 

Conclusion and suggestions for future research 

Coronaviruses have been previously implicated to delayed auto-immune responses which 

have been shown, using experimental models, to lead to neuroinflammation, 

demyelination and CNS tissue damage. Peripheral and central inflammation are 

biologically linked to Major depression. Chronic neuroinflammation, axonal damage and 

demyelination also characterise MS.  

SARS-COV and currently, COVID-19 show similar neurotrophic pathologic potentials. 

Having pandemic status, the psycho-socio-economic impact alone has been devastating 

and will also induce stress mediated neuroinflammatory responses in the CNS.      

Based on prior evidence and biological models, microglial activation and priming is 

thought to play a key role in mediating and exaggerating these overlapping processes. The 

hippocampus is also particularly affected and has been implicated in the cognitive and 

affective pathologies surrounding demyelinating conditions such as MS. 

NEUROINFLAMMATION MULTIPLE 
SCLEROSIS 

DEPRESSION 

PSYCHOLOGICAL                 
STRESSORS 

COVID-19 



174 

 

 

 

ii) NeuPsychPal: Proposed novel online computer app, as a psychological 

intervention for chronic neuroinflammatory and disabling illness. 

 

Introduction 

Neupsychpal was founded in 2021 and is projected to be a jointly owned UK based mobile 

and online computer app which would be geared to address the psychological pitfalls that are 

secondary to chronic debilitating neurological conditions, with an initial focus on MS. 

 

Problem Statement: There are over 2.5 million people across the globe currently suffering 

with MS.  

Over 1 million in the US and 100 000 in the UK alone. Robust research evidence suggests a 

very high prevalence of depression amongst people living with MS, about 50% life time 

prevalence and 25% annual prevalence. Research evidence also further suggests worsening 

morbidity, prognosis and quality of life when both conditions occur co-morbidly.  

Current or conventional psychological methods aimed at treating such complexes combined 

with a potential treatment resistant mode of depression is insufficient. Albeit, waiting times 

are fraught with difficulties and lengthy periods, making the general wellbeing of an already 

chronic and debilitating situation, even more gruesome.  

In addition, these therapies seem too general, and appear not to be personalised enough.  

  

Value Preposition: Neupsychpal is proposing to offer targeted psychotherapeutic modalities 

via a mobile app for long- term and debilitating health conditions (MS) which will comprise 

the; 

• Coping with Pain and stress 

• Behavioural activation 
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• Social Prescribing 

• Psychoeducation 

 

Proposed Methods 

 

Description  

Potential psychotherapeutic packages for those with chronic autoimmune neuroinflammatory 

conditions with MS as a prototype (see appendix for selected literature) 

 

Terms used (PICO Elements) 

  

Patient/Population/Proble

m 

Intervention Comparison Outcome 

Multiple sclerosis, MS, 

depression, depressed, 

depressive, comorbidity, 

comorbid 

Psychotherapy, 

psychiatric 

treatments, 

counselling, mental 

health services, 

support packages, 

self help 
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Limits applied 

Age group Language Publication Type Time limit 

Adult Humans English No limit applied 1980 onwards 

  

Summary of resources searched and results 

Source Number of results 

Medline 110 

Embase 260 

PsycINFO 119 

HMIC (Health Management Information 

Consortium) 

16 

Cochrane Central Register of Controlled 

Trials (CENTRAL) and Cochrane Database 

of Systematic Reviews (CDSR) 

124 

Total before de-duplication 629 

Total after de-duplication 460 

 

 

Observations, market opportunities and competitive advantage  

It's evident that there's a rising demand for digital healthcare amidst the pandemic and digital 

era 

Digital healthcare seems to target urban dwellers as they seem to live the 'busy life'- hence 

disposable income or class could play a role and should be considered within this sector. 

Notions of a costly and self-interested 'commercialised self-care' is also apparent.  
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Focus seems to be on treatment and not prevention. As many digital wellness apps are not 

able to target root causative effects of individual challenges, focus is more on 'management' 

of these conditions. 

To be distinct, Neurospsychpal can go beyond being 'just another app', especially within the 

digital space and can offer more interpersonal solutions even within a virtual world. - Hybrid 

offerings to better cater to varying generational audiences, and possibility of more 

interpersonal offerings may be a competitive advantage.  

Wellness is defined in different ways to different people, thus Neurospsychpal must clearly 

define its wellness offerings and unique benefits should be clearly identified- not only to 

better identify target customers, but also to set itself apart within the market. 

Many of the wellness apps are generic, thus a niche focus on MS-related mental health may 

be a unique strength 

MS societies and national health organisations such as the NHS are reference points for MS 

patients and more general users, hence partnerships with these organisations may be 

benefitcial in reaching a greater audience and building trustworthiness.   
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iii) Emotional Thermometer 
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iv) Montgomery and Asberg Depression Rating Scale (MADRS) 
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v) Generalized Anxiety Disorder 7-item (GAD-7) scale 
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vi) Fatigue Severity Scale (FSS) 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 



182 

 

 

vii) Epworth Sleepiness Scale 
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viii) BICAMS 
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ix) Becks Depression Inventory_II 
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x) MRI Safety Questionnaire 
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