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ABSTRACT 

INTRODUCTION: Multiple sclerosis (MS) affects the central nervous system (CNS) and is 

characterized by multiple demyelinating lesions. It is in this context that a need arises for 

reliable biomarkers such as Magnetic Resonance Imaging (MRI), which could lead to the 

early diagnosis and therapeutic intervention when maximum potential impact is possible. 

This study examines the impact of MRI as a marker and the sequences that give the best 

images to aid in evaluation of disease progression (which can indirectly be seen as disability) 

and the early diagnosis of MS which will, in turn, lead to more effective management of the 

disease.   

METHOD: Sixteen subjects underwent a neurological examination, the Expanded Disability 

Status Scale (EDSS), blood tests for iron parameters and a 3Tesla Magnetic Resonance 

Imaging (MRI) scan. In a study of MS, 11 had MRI data that could be analysed by using 

tract-based spatial statistics (TBSS). Subjects were divided according to the EDSS score (8 

of the subjects had an EDSS score of ≤ 3 while 3 subjects had scores of ≥ 6). Diffusion 

tensor imaging (DTI), the fused Proton Density and Fluid Attenuation Recovery (FLAIR) was 

utilised to compute the lesion numbers and standard laboratory procedures were used to 

measure other biochemical markers (serum iron, % transferrin saturation, ferritin, 

haemoglobin) in subjects with disability and simultaneously assess the disease process.  

RESULTS: The FA of white matter tracts (WMTs) as a parameter of myelin integrity was 

lower in subjects with MS only in those who had high EDSS scores. An association between 

FA and iron parameters, especially percentage transferrin saturation (% Tf) sat were 

observed, which suggests that iron availability to the WM may be a requirement for optimal 

myelin functionality. 

CONCLUSION: The FA of WMTs as a parameter of myelin integrity was lower only in those 

MS subjects who had high EDSS scores. Subjects who had EDSS scores < 3 (i.e. who had a 

“benign” disease outcome) had FA values similar to control values and this finding was not 

related to their age or disease duration. The association found between FA and iron 

parameters, especially % Tf sat, suggests that iron availability to the WM may be a 

requirement for optimal myelin functionality. Results also suggest that serum iron 

concentration, ferritin and % Tf sat had an effect on myelination. The lack of association 

between FA and Hb suggests that the iron in this protein is not available for WM function. 

 

 

 

 

 

Keywords: Magnetic Resonance Imaging (MRI), Multiple Sclerosis (MS), Diffusion tensor 

imaging (DTI), Demyelination, Magnetic Resonance Spectroscopy (MRS) 
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GLOSSARY 

 

The following terms and definitions are relevant to this study: 

 

Affine – technique used in diffusion imaging that aligns images in 12 dimensions. 

Allele – one of two or more alternative forms of a gene that occupy corresponding loci on 

homologous chromosomes. Each allele encodes a feature or a certain inherited 

characteristic. Humans normally have two alleles, one from each parent 

Anisotropic – directionally dependent  

Apoptosis – a natural process of self-destruction or damage in certain cells, such as 

epithelial cells and erythrocytes, which are genetically programmed to have a limited life 

span. Apoptosis can be induced either by a stimulus, such as irradiation or toxic drugs, or by 

removal of a repressor agent  

Atrophy – a wasting or decrease in size or physiologic activity of a part of the body because 

of disease or other influences. Cells of the brain may atrophy in old age because of restricted 

blood flow to those areas  

Concatenated – linked together in a chain or series 

Demyelination – myelin damage  

Disseminated – spread widely 

Dysarthria – poorly articulated speech resulting from damage to a central or peripheral 

nerve  

Leucoaraiosis - white matter hyperintensities 

Locus – a specific place or position, e.g. a locus of a particular gene on a chromosome 

Porphyria – abnormally increased production of porphyrins which could lead to a series of 

genetic diseases  

Tumefactive demyelination – aggressive form of demyelination, usually manifesting as a 

solitary lesion greater than 2 cm that may mimic a neoplasm on imaging 
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CHAPTER ONE 

AN OVERVIEW OF THE STUDY 

 

1.1 Introduction  

Multiple sclerosis (MS) is a chronic disorder related to myelin damage affecting the central 

nervous system (CNS) and is characterized by multiple areas of demyelinating inflammatory 

lesions (Reilmann et al., 2012).  

 

It is in this context that a need arises for reliable biomarkers such as Magnetic Resonance 

Imaging (MRI), which could lead to the early diagnosis and therapeutic intervention when 

maximum potential impact is possible. 

 

This chapter will broadly examine the rationale for the study, the impact that MRI has as a 

marker and what sequences give the best images to aid in evaluation of disease progression 

(which can indirectly be seen as disability) and the early diagnosis of MS that will, in turn, 

lead to more effective management of the disease. 

 

1.2 Rationale 

Current evaluations of MRI scans in the diagnosis of MS involve the appearance of 

hyperintense lesions on T2 imaging. However, it has been noted that these lesions do not 

correlate with disability (Simon & Miller, 2007; Davis, 2013). This concurs with Barkhof’s 

opinion when he speaks about the clinico-radiological dissociation being a paradox. The 

occurrence of axonal damage and white matter changes can be seen prior to being clinically 

evident (Barkhof, 2002). It was found that conduction was blocked in axons when the 

demyelinating lesion was around 5mm in length whereas when the lesion was shorter 

conduction was slowed or still apparent (the lowest impulse train frequency failure was 

observed at 290 Hz). This would then explain why even though patients have a high number 

of lesions their clinical disability does not necessarily correlate (Davis, 2013). 

  

1.3 MRI to measure disease progression 

There are diverging views in the literature on the methods used to assess disease 

progression, and several problems have been identified with regard to MRI as a marker of 

disease progression. It has been shown that the number of enhancing lesions and the rate of 

grey matter (GM) atrophy (on MRI) are a very good predictor of disease progression 

especially in the early stages of the disease (Lavorgna et al., 2014). 

 

A definite diagnosis of MS is often very difficult; therefore a set of diagnostic criteria, updated 

in 2001 by the International Panel on the Diagnosis of Multiple Sclerosis, has been 
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incorporated. These criteria included specific guidelines (the revised McDonald criteria) and 

consist of a set of clinical, radiological and laboratory rules used to make a definitive 

diagnosis for MS (Harris & Sadiq, 2009). According to the revised McDonald criteria 

(Appendix A, that illustrates the MS criteria based on clinical presentation [McDonald, 2001]), 

clinical criteria can be supported, supplemented or even replaced  through the use of MRI as 

it is both sensitive and specific, often resulting in an earlier diagnosis (Polman et al., 2011).  

 

Even though Grossman (1999) said that MRI is by far the best imaging technique available 

for the detection of MS lesions, there are constraints with regard to conventional MRI 

sequences. Conventional MRI sequences such as T1 weighted (T1W), T2 weighted (T2W) 

and Fluid attenuation inversion recovery (FLAIR) images give poor lesion histopathology, do 

not demonstrate the full extent of lesions, do not detect microscopic lesions and cannot 

correlate lesion quantification with regard to clinical findings especially when considering 

progression of disease. 

 

Barkhof (2002) stated that there should not be a reliance on single MRI sequences but that 

the multidimensional information provided by MRI should be used for maximum benefit.  

 

Diffusion Tensor Imaging (DTI) does not only provide information on white matter (WM) 

pathology (Budde et al., 2009) but like Magnetic Resonance Spectroscopy (MRS) it also 

provides data on axonal injury in MS patients (Bjartmar & Trapp, 2003; Budde et al., 2009). 

Due to the fact that DTI provides information on the microscopic Brownian motion of water 

molecules hindered by cell membranes and axonal cytoskeleton, this property makes it 

sensitive to microstructure integrity disruption often seen in MS (Llufriu et al., 2012). MRS 

and DTI form an important part of imaging MS pathogenesis and suggest that axonal 

degeneration may be a determinant of the progressive disability in MS (Bjartmar & Trapp, 

2003).  

 

Advanced techniques like DTI and MRS can be used in conjunction with conventional MRI 

sequences to bridge the gap in order for MRI to truly be recognised as a marker of disease 

progression in order to aid in the diagnosis of MS and in the management of the disease 

(Grossman, 1999).  

 

1.4 Focus of the research 

The study sought to examine the number of enhancing lesions as well as the hypointense 

lesions in the brain and compare the enhanced lesions with the expanded disability status 

scale (EDSS) of subjects at the two extremes of the EDSS score spectrum (subjects with an 

EDSS of ≤ 3 and those with an EDSS of more than ≥6) in individuals with MS.  In addition the 
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study evaluated the DTI and MRS results of the 2 subsets and compared them with 

biochemical markers (obtained from blood results) and EDSS scores at the extremes of 

disease outcome scale spectrums. The thesis also examined whether the lesion number and 

enhancement of lesions (derived from the conventional MRI sequences) were sufficient in 

aiding with the prediction of disability of MS, or whether DTI and MRS provided a better aid in 

predicting disability by evaluating the WMTs of MS subjects ultimately to provide better 

treatment and monitor disease course of MS. Additionally the DTI parameters were 

compared to the iron parameters of MS subjects compared to healthy controls.   

 

1.5 Research Problem 

One of the diagnostic criteria for MS is that patients have white matter lesions in their brains, 

caused by inflammation of which cytokines and chemokines are major regulators. 

Chemokines and cytokines determine the degree of inflammatory activity and play a role in 

the immunopathogenesis of MS (Harris & Sadiq, 2009). This study on the use of MRI of the 

brain aimed to identify other imaging indicators together with conventional sequences in 

order to contribute to predicting the severity of disability by evaluating the WMTs of MS 

subjects.  

 

The overall aim of the study was to evaluate the MRI scans (conventional MRI sequences as 

well as DTI and MRS) of female subjects diagnosed with MS for 4 years and more who are 

at the two extremes of the EDSS score spectrum (those with an EDSS score of < 3 and 

those with EDSS scores of > 6). Additionally the MRI results were also correlated with 

laboratory findings (full blood count, serum iron, ferritin, transferrin, Trans fat saturation, C-

reactive protein (CRP), cholesterol, serum folate, Vitamin B12, 25-OH Vitamin D, fibrinogen 

and D-dimer count) as well as clinical outcomes (measured by means of EDSS scores). 

 

1.6 Research Question 

Main study questions:  

1. Can advanced MRI techniques such as DTI and MRS (together with conventional 

sequences) in the WMTs of the brain be used to achieve a better understanding of 

WM function? 

2. Do DTI parameters exhibit associations with disability and blood chemistry (ferritin, 

haemoglobin, % Tf, CRP) in persons with MS?  

 

1.6.1 Research sub questions 

- Does lesion number in the whole brain correlate with the EDSS at the two extremes of 

the EDSS score spectrum and does it correlate with disability? 
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- Does lesion enhancement in the whole brain correlate with the EDSS at the two 

extremes of the EDSS score spectrum and does it correlate with disability? 

- Do DTI findings (fractional anisotropy, mean diffusivity, axial diffusivity and radial 

diffusivity) correlate with myelin patency and function between MS subjects and healthy 

controls in the white matter tracts (WMTs) of the brain?  

- Do DTI parameters correlate with EDSS in the two extremes of the EDSS score 

spectrum? 

- Do MRS findings (N-acetyl-aspartate) correlate with disability (as measured by EDSS) 

at the two extremes of the EDSS spectrum? 

- Are DTI and MRS superior in their evaluation of WM integrity and disability compared 

to conventional sequences? 

- Can DTI be used to measure the effect of iron parameters on the WMTs of MS 

subjects? 

 

1.7 Research Objectives 

1. To evaluate the lesion load in the whole brain by counting the visible number 

of lesions, to assess lesion enhancement, to assess T1 hyper intensity and to 

compare it to EDSS score.  

2. To compare myelin patency and function in the brain between MS patients 

and healthy control subjects using the DTI parameters, fractional anisotropy 

(FA), axial diffusivity (AD), radial diffusivity (RD) and mean diffusivity (MD).  

3. To correlate DTI parameters (FA, MD, RD, AD) in the WMTs with the EDSS in 

MS subjects and controls. 

4. To correlate MRS outcomes with EDSS and biochemical markers (full blood 

count, serum iron, ferritin, transferrin, Trans fat saturation, CRP, cholesterol, 

serum folate, Vitamin B12, 25-OH Vitamin D, fibrinogen and D-dimer). 

5.  To evaluate whether iron parameters influence the functioning of WMTs by 

comparing MS subjects to a control group. 

 

1.8 Summary 

Subjects with MS have various episodes of relapse and remission. The use of MRI continues 

to be an effective, non-invasive modality to monitor response to treatment and disease 

progression in MS patients. Even though conventional sequences like T2W, T1W, FLAIR and 

Proton Density (PD) are routinely used for screening, MRS and DTI may represent a 

potentially more effective approach. Thus, the objective of this study is to correlate MRI 

results (DTI and MRS), biochemical markers and clinical results in subjects with MS at the 2 

extremes of the EDSS score spectrum (those with benign outcome of MS - scoring < 3, and 

those with malignant outcome of MS scoring > 6 on the EDSS scale). DTI and MRS 
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measures provide a non-invasive approach to the state of myelin and axonal integrity and 

may provide better correlation with the above markers (Hasan et al., 2005). 

 

1.9 Overview of thesis 

A brief overview of the thesis is presented. 

 

In Chapter 2 an in-depth literature review follows – starting with a description of Multiple 

sclerosis including the different causes of the disease. The chapter concludes with the role of 

MRI in visualizing the disease and its progression. 

 

In Chapter 3 the research design and methodology of the study will be explained. The data 

measurement tools, sample design, method of sampling, data collection and analysis as well 

as the limitations will be discussed. 

 

In Chapter 4 the results will be discussed in detail. Details of the results will be presented in 

graphs, tables and diagrams. The different data pertaining to the objectives will be outlined. 

 

Chapter 5 presents a discussion of the findings and concludes with a brief summary and 

relevant links between the results and literature will be reviewed. Recommendations for 

future research will be provided. 
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CHAPTER TWO 

LITERATURE REVIEW 

 

2.1   Introduction 

In this chapter a review of relevant literature is presented as a theoretical framework to 

enhance the understanding of issues surrounding MRI, MS and how they relate to one 

another. 

 

The chapter starts with an overview of MS and the MRI protocols used in the study. This 

thesis aims to give an account of how the selected imaging parameters contribute to the 

study of WM functionality and pathology, as a measure of demyelination and axonal damage 

in the various WMTs thus improving the long term management of MS. Special mention is 

made of the CC as it is the largest fibre bundle that connects the two hemispheres of the 

brain (Hasan et al., 2005) and a common target in the early stages of the disease frequently 

showing demyelinating lesions and atrophy. Therefore the CC will give insight into the impact 

MS has on cognitive and physical disability (Llufriu et al., 2012). The CC transfers auditory, 

sensory and motor information and is often associated with human behaviour, cognition, 

aging and different pathologies (Hasan et al., 2005).   

 

2.2   Multiple Sclerosis 

Multiple sclerosis (MS) is a chronic disease of the CNS with an exacerbating pattern. It 

normally affects young adults, and is twice as common among women as it is among men 

(Byun et al., 2008; Hitti, 2005; Chilcott et al., 2003).  

 

There is common agreement that lesions are heterogeneous and differentiated by 

inflammation, demyelination, and variable extent of axonal and oligodendrocyte (cells 

responsible for myelin formation) damage (e.g. Lassmann, 1998; Trapp et al., 1999; Bjartmar 

et al., 2003). The 4 clinical forms of MS were proposed by Lublin and Reingold in 1996: 

relapsing remitting, secondary progressive, primary progressive and progressive. However, it 

remains difficult to diagnose patients into subtypes due to the heterogeneity of the disease.  

 

2.2.1 Neuropathology of MS  

The lesions of MS are foci of demyelination secondary to inflammation (Trapp et al., 1999) 

and can be observed with Magnetic Resonance Imaging (MRI) scans (Lassmann, 1998; 

Trapp et al., 1999) (Figure 2.1).  The progressive loss of the myelin sheath enfolding the 

axons results in slow or complete loss of nerve impulse transmission (Reipert, 2004).   

“The plaque is the hallmark of MS” (Vogel & Bouldin, 1995:737). Plaques are characterized 

by loss of myelin in regions where axons might still be preserved. Other features include a 
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few lymphocytes that are present that cluster around small veins and arteries, an influx of 

macrophages as well as considerable oedema. Due to the fact that these plaques age, they 

can damage astrocytes after a while and cause scarring which may impair the structural 

integrity of the axons (Vogel & Bouldin, 1995:738). 

 

 

       

                             

Figure 2.1: MRI Scan of a patient with relapsing remitting Multiple Sclerosis. The arrows 
indicate lesions formed due to demyelination of the axons and the regions with inflammation. 
Achieved by T2 FLAIR MRI scans  

(Scans with permission of Van Rensburg, 2006) 

 

2.2.2   Pathophysiology 

MS is characterized by episodes of progression interspersed by periods of stability. However, 

some patients do not experience any periods of stability and the disease follows a relentless 

course without any improvements. Each attack on the myelin is an indication that new 

plaques are forming. Peripheral nerves are not affected and the areas most vulnerable to the 

disease are the visual system (Ozturk et al., 2010) and the paraventricular areas. The patient 

with MS therefore may present with double vision, blurred vision and loss of vision in one eye 

and/or vertigo. These symptoms are normally associated with plaques in the brain stem and 
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optic nerve. When plaques occur in the spinal cord it will cause weakness in one or both legs 

and sensory symptoms in the form of numbness in the lower extremities. Most patients 

experience a chronic relapsing and remitting course. Functional impairment ranges from 

minor disabilities to severe incapacity which includes paralysis, dysarthria, severe visual 

defects, incontinence and dementia (Vogel & Bouldin, 1995:738). Dähnert (2007:310-311) 

gave a more extended list of symptoms that includes: fatigue, numbness, burning sensation, 

walking imbalance and co-ordination problems, signs of brain neoplasm (headache, 

seizures, dizziness, nausea and altered mental status), sexual dysfunction, emotional 

changes, depression and spasticity. 

 

According to the autoimmune hypothesis on MS, peripheral immune cells penetrate the brain 

and attack normal myelin. Improvement in disease condition does not restore these 

damaged cells, nor does it restore function loss, nor disability acquired in the wake of this 

damage (Ozawa et al., 1994).  

 

This view was challenged by Barnett and Prineas (2004) who showed that apoptotic 

oligodendrocytes are phagocytised by microglia which strip away myelin from axons. After 

this process, new oligodendrocytes appear which then remyelinate the axons. The blood 

brain barrier (BBB) becomes compromised if the inflammation caused by the microglia is not 

kept under control, which in turn activates the peripheral immune system to infiltrate the 

brain. This ultimately leads to the formation of lesions which can be detected by MRI (Van 

Rensburg et al., 2006a). 

 

2.3 Disease Classification 

Several subgroups of MS have been classified as the disease affects each individual with a 

different combination of symptoms, differing in severity (and also at different times).  The four 

clinically distinct subgroups include relapsing remitting, secondary progressive, progressive 

relapsing, and primary progressive MS (Lublin & Reingold, 1996). Symptoms such as 

impaired movement and disability become apparent in the early stages aiding in disease 

diagnosis (Miller & Leary, 2007). 

2.3.1 Relapsing-remitting Multiple Sclerosis   

Relapsing remitting MS can be described by means of patients experiencing episodes or 

relapses of the disease. Each stage may set off new symptoms or exacerbate the existing 

ones. Subjects may also undergo remission which fluctuates greatly in this time period as 

well as the level of severity (Millefiorini et al., 1997). During this stage, which may proceed for 

days to months, the symptoms often decrease or become absent (Lublin & Reingold, 1996; 

Pittock & Rodriquez, 2008).  
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2.3.2 Primary-progressive Multiple Sclerosis 

In progressive Multiple Sclerosis patients experience a slow progressive, downhill course 

without any clinical episodes and tend to have fewer MRI lesions (Hafler, 1999). It has been 

suggested by Rovaris et al. (2006) that the median time between onset of disease and 

progression to the secondary progressive stage is 19 years. One third of relapsing-remitting 

disease patients go on to have progressive disease (Hafler, 1999). 

 

2.3.3 Secondary-progressive Multiple Sclerosis 

This phase is characterised as a progression from the initial relapsing-remitting phase. There 

are no occasional relapses, plateaus or remissions (Lublin & Reingold, 1996). 

 

2.3.4 Progressive Multiple Sclerosis 

A small amount of patients (10%) begin with the progressive form of the disease without ever 

having any previous episodes of the relapsing-remitting events (Hafler, 1999). Clear acute 

relapses occur with or without a full recovery (Lublin & Reingold, 1996). 

 

2.4 Epidemiology 

MS is a complex disease driven by several factors rather than a single cause. The 

epidemiology is underpinned by genetics and contributing environmental factors. Other 

theories concerning the cause of MS include viral infection and autoimmunity (Donati & 

Jacobson, 2002).  

 

2.4.1 Genetics and hereditary aspects of MS 

The major histocompatibility complex (MHC), a group of genes, plays an important role in 

immune responses and autoimmune diseases such as MS. In MS susceptibility is linked to 

the HLA gene complex (HLA-DR2 haplotype DRB1*1501, DQB1*0602). It is thus clear that 

MHC and in particular the HLA-DRB1 locus plays an important role in MS and contributes to 

disease activity (De Luca et al., 2007). 

 

According to widespread research done on genetic association with MS in Northern 

Europeans the HLA gene complex was the most consistent genotype found. This gene was 

also responsible for survival in the pre-antibiotic age, since it has an effect on the enhanced 

response to infection (Van Rensburg et al., 2006b). 

 

2.4.2 MS and the environment 

It is known that environmental factors also contribute to MS. Factors such as deficiency in 

Vitamin D from UV radiation (the prevalence of MS decreases in regions along the equator 

as exposure to daily sunshine increases) and cigarette smoking have been indicated to be 
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risk factors for MS development in individuals (Ascherio & Munger, 2007). In a study done by 

Cullen et al. (2012) on smoking in schizophrenia subjects they reported that there was a 

reduction in FA (a measure of WM integrity). This finding corroborates Ascherio and 

Munger’s (2007) indications about cigarette smoking being a risk factor for MS as this also 

causes the WM integrity to be compromised. It has also been hypothesised that MS is an 

infectious disease, caused by Chlamydia pneumonia, human herpes virus-6 (HHV-6) (Korn, 

2008) and Epstein-Bar virus (Ascherio & Munger, 2007; Korn, 2008), which was based on 

genetic material and proteins of microbial agents derived from MS lesions. However, the 

significance of this association is unclear (Korn, 2008).  

 

Ascherio and Munger (2007) even proposed the poliomyelitis hypothesis, suggesting that a 

virus increases the risk of MS if acquired in late childhood as opposed to infancy. This led to 

the hygiene hypothesis which postulates that multiple exposure to infections at a young age 

is protective against MS. At this stage it was suggested that MS was an autoimmune reaction 

triggered in individuals as a result of infection by multiple organisms, with an increasing risk 

at age of infection. In many ways this hypothesis was more acceptable as it explained the 

latitude gradient issue and individuals born in low-risk areas (Asia, Africa and West Indies) 

migrating to high-risk areas (Canada, Europe and North America) (Dean et al., 1967) as well 

as MS being more prevalent in those with higher educational backgrounds and income 

(Ascherio & Munger, 2007). However, in a study done by Ramagopalan et al. (2008), an 

analysis of genes related to autoimmunity that might influence the prognosis of disease 

outcome found no evidence that any of these genes, in the 45 participants, had an effect on 

disability in MS. 

  

2.5 Nutrients and myelination 

Selzer et al. (2003) believe that minerals and nutrients are essential for functioning of many 

pathways in the body. According to Hallgren and Sourander (1958) and Ropele et al. (2011), 

the brain has been indicated as one of the most iron rich organs in the human body. Iron is 

needed for energy in the mitochondria as a production mechanism. In order to produce 

myelin, oligodendrocytes need iron which are essential for the functioning of certain groups 

of cells (Gally et al., 2005). Therefore according to Connor et al. (1993) and Levine (1991) 

oligodendrocytes are rich in iron as it is found abundantly in brain tissue. Oligodendrocytes 

located in white matter regions of the brain, are primarily responsible for myelin production 

and regeneration and require iron both directly and indirectly (Connor & Menzies, 1996). Iron 

is also an important component of biosynthesis in order to produce cholesterol and lipids that 

are key components of the myelin sheath (Larkin & Rao, 1990).  
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Iron-requiring enzymes and coenzymes, which catalyse the two pathways both for synthesis 

and degradation of lipids and cholesterol, are enriched in oligodendrocytes (Cammer, 1984; 

Tansey & Cammer, 1988). Oligodendrocytes carry out the biosynthesis of cholesterol and 

lipids at a higher rate than any other cells in the brain (Cammer, 1984). Enzymes such as 

glucose-6-phosphate dehydrogenase, succinic dehydrogenase, NADH (Nicotinamide 

adenine dinucleotide) and cytochrome oxidase also require iron for their catalytic action in 

oxidative metabolism (Cammer, 1984). 

    

The above highlights the importance of iron in the myelination process. Its deficiency affects 

activities being carried out in the oligodendrocytes and thus myelin production. 

 

In a study done on a single patient with MS who took iron supplements daily including other 

nutrients, she experienced stabilisation of her disease as well as no further degeneration 

(Van Rensburg et al., 2006a).  

 

Van Rensburg et al. (2006b) also report that vascular damage has been indicated in MS 

subjects who have high homocysteine levels, and iron deficiency may also be linked to 

increased homocysteine levels. This concurs with what Davis et al. (2014) say in their article, 

which is that raised homocysteine levels are caused by various factors such as obesity (with 

a body mass index (BMI) of 27kg/m2 at age 20 years), age (increases with age), alcohol, 

smoking, impaired renal function and certain drugs. The authors also mention that elevated 

homocysteine levels are often associated with dysfunction of the CNS, neurodegenerative 

diseases and cerebrovascular diseases and could thus have a link with cognitive 

dysfunction. The elevated homocysteine levels cause an increase in cholesterol levels as it 

stimulates the secretion of cholesterol in the hepatic cells.  

 

If iron deficiency occurs over a long period of time it could result in gastritis followed by 

atrophy of glands in the stomach that produce intrinsic factor. The outcome of this is the 

reduction of vitamin B12 uptake (Van Rensburg et al., 2006b). The folate vitamin B12-methyl 

transfer cycle needs to function effectively as it is necessary for the production and 

maintenance of myelin (Van Rensburg et al., 2006b). Therefore the folate-vitamin B12 

methylation pathway needs essential co-factors like folate (vitamin B9), pyridoxine (vitamin 

B6) and cobalamin (vitamin B12) for functioning of several enzymes, otherwise it can also 

give rise to increased homocysteine levels which is a marker of dysfunctional methylation 

(Davis et al., 2014).  

 

In contrast to what Van Rensburg et al. (2006a) said, Zamboni (2006) found in his research 

that iron deposition in the brain may cause MS. This author states that periventricular iron 
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deposits formed in and around the brain, resemble those seen in and around the veins in 

chronic deep vein thrombosis, causing oxidative damage. 

 

Zamboni (2006) called this chronic cerebrospinal venous insufficiency (CCSVI), which could 

be improved by cerebral venous drainage. Even though the medical community rejected this 

hypothesis it generated much optimism among those with MS, as cerebral venous drainage 

was said to rapidly improve disability in MS subjects. Considering that, Van Rensburg et al. 

(2012) mentioned that standard treatments like interferon-β might cause worsening effects in 

patients due to the fact that even though it reduces relapses, it has a limiting effect on 

disability. Also opposing the explanation of Zamboni, Rooney et al. (1999) found porphyria-

like symptoms and a history of iron deficiency anaemia in his study of a family of Scottish 

descent. Additionally Van Rensburg et al. (2006a) found low serum iron concentrations in 

50% of patients with MS. This could mean that neurodegenerative diseases which cause 

demyelination, like MS, could be affected by iron deficiency. 

 

In addition to iron, one of the pathways involved in myelin production, is the folate-vitamin 

B12-methyl transfer pathway. Several polymorphisms in this pathway have been found in MS 

patients. Therefore deficiency in these nutrients could play an important role in myelin 

production (Selzer et al., 2003) which in turn has an effect on poor cognition in school going 

children (Jahanshad et al., 2012). In the absence or deficiency of minerals such as iron, 

vitamin D and folate-vitamin B12 genetic defects can be triggered resulting in the onset of the 

disease. Additionally, inhibition of these pathways through mutation, the use of nitrous oxide 

during anaesthesiology and increase in the level of homocysteine may result in 

demyelination and neurodegeneration (Van Rensburg et al., 2006a).  

  

It is also not known whether blood iron parameters correlate with FA; however, Mahajan et 

al. (2011) found that a Tf sat of <16% was associated with behavioural deficits in Indian 

children with attention deficit hyperactivity disorder (ADHD). Piñero et al. (2000) showed that 

when systemic iron delivery is altered in brain regions of developing rats they regulate their 

iron concentration in response to the environment, as changes in the levels of dietary iron 

affect the metabolism of brain iron.  

 

2.6 Fatty acids and their role in myelination 

According to Peters et al. (2012) polyunsaturated fatty acids (PUFAs) contribute to 

myelination and are the building blocks of all cell membranes and the oligodendrocyte 

membranes which form myelin sheaths around the axons. 
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In studies done in rats it was determined that a PUFA deficiency changes the myelin 

structure, but when these rats were supplemented with linoleic acid (LA - omega-6 fatty acid) 

they showed marked protective effects. 

 

Peters et al. (2012) say a diet supplemented with omega 3-fatty acids will promote the 

stimulation of myelin proteins in rat brains and decrease the disability rate in humans whose 

WM integrity is compromised or those that have MS. 

 

Erythrocyte membranes have been used extensively as a model for brain cell membranes 

(Van Rensburg et al., 2009). Peters et al. (2012) previously reported a relationship between 

total erythrocyte membrane PUFA concentration and WM integrity, which leads to psychosis 

and first-episode (early onset) schizophrenia which also happens in MS.  

 

Peters et al. showed that there was a decrease in radial diffusivity (RD) which was an 

indication of disturbances in myelination. Moreover, PUFA concentration was reduced which 

could be related to the WM integrity being compromised as a result of inflammation or 

oxidative stress. Nervonic acid (NA - mono-unsaturated omega-9 fatty acid) proved to be an 

important building block of myelin membranes during the first years of brain development, 

indicating that a decrease in NA concentrations could negatively affect myelination (Peters et 

al., 2012). 

 

2.7 MS in Africa  

In South Africa the prevalence of MS is relatively low. According to a study done by Modi et 

al. (2008), South Africa is known as a medium-frequency region with 5-30 MS patients per 

100,000 population. In a report done by Rosati he found that in 1960, after an extensive 

survey among clinicians and hospitals, there was a prevalence of 13 English speaking white 

South Africans diagnosed with MS and 4 Afrikaners, with no Black people diagnosed, 

suggesting that there are differences in susceptibility (Rosati, 2001). Previously Dean in 1960 

reported six MS cases in Black South Africans and in a study done in Cape Town in 1985, 3 

coloured South Africans were reported. 

  

Furthermore, contrary to the claims by physicians that MS does not exist among Blacks in 

Africa (Rosati, 2001), in 1987 Dean reported 12 patients in total with 7 in South Africa and 5 

in Zimbabwe (Dean et al., 1994). Subsequent research has shown that there are only a few 

cases in Sub-Saharan Africa (Rosati, 2001).  

 

In Modi et al.’s (2008) study it was reported that the respondents were predominantly female 

and white which correlates well with literature. In patients with mixed ancestry and of Indian 
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descent only 3 of the population studied were reported as affected (Modi et al., 2008). In the 

Canary Islands MS was reported in 6 patients in Las Palmas and 15 in Lanzarote, lower than 

reported in Spain in 1990. This suggests that there is a significant influence of location on the 

risk of MS for people of the same ethnicity (Rosati, 2001). Researchers found that there are 

some uncertainties surrounding the aetiology of MS with regard to migration studies. People 

who move from high risk areas like Europe to low risk areas like South Africa carry with them 

their original risk factors, which are more prevalent after the age of 15 years (Brassington & 

Marsh, 1998). This was interpreted by Ascherio and Munger (2007) as signifying that viral 

infections early in life could protect an individual from MS (see 2.4.2). 

 

2.8 Disability 

Disability in MS is measured by an objective instrument, the Expanded Disability Status 

Scale (EDSS; Kurtzke, 1983), which is used in all clinical studies as a “gold standard”. The 

EDSS scores range from 0 to 10, with higher scores indicating higher disability. Thus 0 (for 

no disability) to ≤ 3 is regarded as “benign”, while 5 to 6 indicates moderate impairment and 

> 6 indicates more severe impairment. The EDSS is divided into eight functional systems: 

pyramidal, cerebellar, brainstem, sensory, bowel and bladder, visual, cerebral and “other”. 

Half point scores are also allocated from 0.0, 0.5, 1, 1.5, 2,….9.5 and 10 for death with MS 

as a cause (Appendix B). With a score of 0.0–4.0, people are able to walk without assistance 

and scores from 4.0–7.5 are determined by how far the person can walk and whether 

assistance is necessary. Point 6 on the scale is allocated to persons walking with a cane. 

When a patient has a score of 7.5–10.0 it mainly determines the person’s ability to transfer 

from a wheelchair and to take care of him-/herself (Jelinek, 2010). 

  

The associations between lesion load on T2W MRI and clinical disability are often weak, 

therefore DTI has been investigated by many authors to determine whether this modality 

would provide improved associations between structural WM changes and disability 

(Lyksborg et al., 2014; Hasan et al., 2005). 

 

Liu et al. (2012) found significant inverse correlations between diffusion metrics and the 

EDSS in the CC splenium, left cingulum bundle and bilateral corticospinal tracts. Llufriu et al. 

(2012) found lower average FA in MS patients than controls in the CC; however, no 

correlations were observed with the EDSS. Memory deficits correlated with DTI in the fornix 

(Koenig et al., 2013). Altered cognitive scores were significantly associated with decreased 

FA and increased MD in all examined WMTs (Cesar et al., 2015). 
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2.9 Magnetic Resonance Imaging 

MRI is a non-invasive imaging modality which provides information on tissue structure and 

function and is an important adjunct to clinical assessment and monitoring of MS that 

manifests in the brain and spinal cord. Quantitative MRI technique sequences are highly 

sensitive for the definition of lesions and, in addition, have an excellent ability to detect 

multifocal lesions, diffuse disease and macroscopic atrophy. MRI has also become an 

important part of clinical imaging to assess disease progression (Gauthier et al., 2009).  

 

MRI is based on the principle that positively charged hydrogen nuclei (protons) emit signals 

that produce images. The presence of hydrogen atoms available in intra- and extracellular 

water, lipids and other molecules, found in MS plagues in the body facilitates the use of MRI. 

In response the magnetic field, the protons in an individual align with the longitudinal or z-

axis of the magnet in a state of equilibrium. The protons spin around the z-axis in a state 

called precession. There is a proportional relationship between precession frequency and 

magnetic field strength that can be calculated by using a constant known as the Larmor 

equation. In order to disturb the protons from their state of equilibrium a radiofrequency (RF) 

pulse equal to the precession frequency is applied. The RF pulse rotates the protons from 

the longitudinal/ z-axis to the transverse (XY) axis. A 90º RF pulse rotates the protons into 

the XY plane whereas a 180º RF pulse produces twice the degree of rotation (Stone et al., 

2005).  

T1 weighted image (also referred to as T1WI or "spin-lattice" relaxation time) is one of the 

basic pulse sequences in MRI and demonstrates differences in the T1 relaxation times of 

tissues. A T1WI relies upon the longitudinal relaxation of a tissue's net magnetisation vector 

(NMV). This means that spins aligned in an external field (B0) are put into the transverse 

plane by an RF pulse. They then slide back toward the original equilibirum of B0. Not all 

tissues get back to equilibirum equally quickly, and a tissue's T1 reflects the amount of time 

its protons' spins realign with the main magnetic field (B0). T1 weighting tends to have short 

TE and TR times (Greenberg, 2010:129-134; Westbrook, 2015:21-34).  

Fat quickly realigns its longitudinal magnetization with B0, and it therefore appears bright on 

a T1 weighted image. Conversely, water has much slower longitudinal magnetization 

realignment after an RF pulse, and therefore has less transverse magnetization after a RF 

pulse. Thus, water has low signal and appears dark (Westbrook, 2015:21-34).  

If T1WIs did not have short TRs, then all the protons would recover their alignment with the 

main magnetic field and the image would be uniformly intense. Selecting a TR shorter than 

the tissues' recovery time allows one to differentiate them, for example tissue contrast. T1-

weighted sequences provide the best contrast for paramagnetic contrast agents (e.g. 

gadolinium-containing compounds) (Westbrook, 2015:21-34). 
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T1-weighted sequences include: 

 • T1W spin echo (SE) 

 • T1W gradient echo (GRE) 

 • gadolinium postcontrast sequences (gradient echo sequences) 

 • time of flight 2D or 3D MR angiography sequences 

 • contrast-enhanced MR angiography 

 • dual echo sequence (in-phase and out-of-phase) (Westbrook, 2015:21-34). 

 

T2 weighted image (also referred to as T2WI "T2 weighted image") is one of the basic pulse 

sequences in MRI. The sequence weighting highlights differences in the T2 relaxation time of 

tissues. A T2WI relies upon the transverse relaxation (also known as "spin-spin" relaxation) 

of the net magnetisation vector (NMV). T2 weighting tends to require long TE and TR times 

(Greenberg, 2010:129-134; Westbrook, 2015:21-34). 

 

One way to think about T2 relaxation is as follows: 

• after an RF excitation pulse, there is relaxation of the spins from the transverse 

plane toward the main longitudinal magnetic vector (B0). This is T1 weighting. 

 • At the same time, spins are decaying from their aligned precession in the transverse 

plane. Differences in this decay are captured in T2 weighting (Greenberg, 2010:129-134; 

Westbrook, 2015:21-34). 

 

The amounts of T2 decay a tissue experiences depends on multiple factors. Each tissue has 

an inherent T2 value, but external factors (such as magnetic field inhomogeneity) can 

increase the T2 relaxation time. This additional effect is captured in T2*. The refocusing 

pulse in spin-echo sequences helps to mitigate these extraneous influences on the T2 

relaxation time, trying to keep the image T2 weighted rather than T2* weighted. 

Paramagnetic contrast agents (e.g. gadolinium-containing compounds) do not cause the 

same bright tissue contrast as they do on T1WI. Gadolinium shortens T2 relaxation time and 

actually results in hypointense signal. If the TE is extended out over a very long time, only 

tissues with a very long T2 relaxation time will retain signal (Westbrook, 2015:21-34). 

 

2.9.1 MRI in MS  

A substantial amount of literature exists around MRI and its role in the diagnosis of MS.  

Before the advent of MRI, diagnosis of MS was based solely on clinical indicators. This 

resulted in delayed diagnosis as well as misdiagnosis. For example, acute porphyrias may 

mimic MS (Rooney et al., 1999). Therefore, the development of MRI which identified lesions 

in the brain is seen as a breakthrough in MS diagnosis and follow-up. Additionally advanced 
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approaches like DTI and MRS have been extensively utilised in assessing WMT analysis in 

the brains of MS subjects (Liu et al., 2012). 

 

2.9.2  Routine Sequences for MS 

 

Figure 2.2 MRI of MS lesions. Arrows point to demyelinating lesions. (a) Axial T1-weighted, 

lesions has decreased signal intensity. (b) T1-weighted post contrast image. (c) The axial T2-

weighted, lesions oriented perpendicular to the lateral ventricle is an example of Dawson’s 

fingers. (d) MS lesions are hyperintense on PD images.  

(e) Axial T2-weighted FLAIR (fluid-attenuated inversion recovery) image. Note that the free fluid 

(cerebrospinal fluid) appears dark with FLAIR.  

(Permission given by subject MS05) 

 

2.9.2.1    Proton density  

Image contrast where the T1 and T2 weighting is minimised so that the contrast of the image 

is determined by the number of proton spins (amount of water). Requires a short TE and long 

TR. Proton density or PD (unlike T1 and T2) is not measured routinely. Proton-density 

weighted images maybe used for native tissue T1 correction in contrast enhanced data. They 

also demonstrate the white and grey matter differences in the brain. At long TR (12 s), CSF 
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appears bright (100% PD), followed by grey matter (78%) and white matter (70%). PD may 

differ from true water content due to short T2 components, which are not seen in MRI 

(Westbrook, 2015:21-34). 

 

2.9.2.2 Fluid attenuated inversion recovery (FLAIR) 

FLAIR imaging has an increased sensitivity for MS lesions especially white matter 

abnormalities. The majority of MS patients have the typical MRI scan findings of oval lesions 

with well-defined margins on either side of the two ventricles. This pattern is known as 

Dawson’s fingers in and around the CC or in the subcortical white matter, middle cerebellar 

peduncle, pons, or medulla (Stone et al., 2005) and can be clearly seen on FLAIR 

sequences (Figure 2.2). 

 

2.10 Advanced metrics  

The use of advanced MRI sequences in MS is becoming more common especially with the 

increasing use of higher strength magnets. 

For neurodegenerative diseases like MS a standard set of sequences (T1, T2 weighted, PD 

and FLAIR) are generally used (Stone et al., 2005). Song et al. (2005) suggest that 

conventional techniques are not sufficient to differentiate between axonal and myelin 

pathology in WM disorders. These authors advocate that other advanced technologies like 

DTI should be used to assess WM and axonal damage as it is highly sensitive to microscopic 

structural changes in tissue. Abe et al. (2010) agree that DTI is the neurological imaging 

sequences of choice as it gives information on the physiologic state of lesions not seen on 

T1W, T2W or PD images, while MRS provides information on the biochemistry of selected 

brain tissue (Ponnada & Narayana, 2005).  

 

2.10.1 Diffusion tensor imaging (DTI) 

DTI, a derivative of Diffusion weighted imaging (DWI), is a form of MR imaging based upon 

measuring the random Brownian motion of water molecules within a voxel of tissue. A great 

deal of confusion exists in the way the clinicians refer to diffusion restriction. The first 

problem is that the term "diffusion weighted imaging" is used to denote a number of different 

things:  

 • isotropic diffusion map (what most radiologists will refer to as DWI) 

 • sequence which results in generation of DWI, b=0 and ADC maps 

 • a more general term to encompass all diffusion techniques including diffusion tensor 

imaging (Hagmann et al., 2006; Moritani et al., 2009:1-43). 

 

DTI, specifically, has been widely applied in imaging of the CNS for tissue morphology and 

pathology (Song et al., 2002) as it provides important insight into the neurobiological basis 
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for normal development, aging and disease processes of the brain and spinal cord (Abe et 

al., 2010) based on the diffusion of water (Price et al., 2005). 

   

The normal direction of flow in the brain tends to be parallel to the nerve fibre tracts. When 

the myelin and axons undergo destruction, the rate of diffusion and direction of flow are 

altered significantly (Stone et al., 2005). 

  

The interaction of water molecules with sub cellular structures is called “diffusion anisotropy”, 

where diffusion occurs parallel rather than perpendicular to an axon or myelin sheath (Abe et 

al., 2010), as it is easier to move along the fiber axis than traveling across (Song et al., 

2002).  

The characteristics of diffusion are also influenced by several CNS tissue components, cell 

membranes and organelles. Therefore if there is any pathological process causing restrictive 

barriers it could lead to an increase of diffusivity and decreased directionality (implying more 

space for diffusion to occur; Ge, 2004). As the diffusivity is dependent on the magnitude of 

the direction in which it is measured, the diffusion tensor (a matrix correlating the molecular 

displacement along an orthogonal direction), is the only manner in which to obtain its full 

character.  From the diffusion tensor value the mean diffusivity (MD) can be derived, which is 

independent of the tissue. This can also be done for other indices like anisotropic diffusion 

which includes fractional anisotropy (FA) (Rovaris et al., 2008), the most commonly studied 

diffusion parameter (Imfeld et al., 2009). FA values are an indication of the damaged lesions 

(Shen et al., 2014) and an index of decreasing WM integrity (Kochunov et al., 2007; Imfeld et 

al., 2009) that is often utilised to separate the WM from the non-WM tissue. A decrease in FA 

values could indicate demyelination of the neuronal tissue (Shen et al., 2014) as it indicates 

the directional selectivity of water molecule movement within tissue. High FA values 

(maximum value 1.0) will be observed in heavily myelinated WM tracts. In CSF and grey 

matter (GM) water motion is random and can thus be described as isotropic diffusion (FA 

values is close to 0). Therefore when water motion is restricted anisotropic diffusion occurs. 

Anisotropic diffusion can be represented by FA, relative anisotropy (RA) and volume ratio 

(VR), which are eigenvalues that can be applied mathematically to produce formulas and 

calculations on which diffusion tensor measurements are based in order to make 3-

dimentional images (Liu et al., 2007). Therefore, as mentioned, when FA values decline it is 

indicative of degenerative changes in the structure of WM tracts. Based on the latter, FA is 

sensitive to various progressive WM disorders such as MS that result in axonal loss and the 

destruction of myelin (Kochunov et al., 2007) and thus has the potential to detect WM 

integrity early on in the disease course (Hasan et al., 2005).  
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Other indices of diffusivity are axial diffusivity (AD – diffusion along the axons) and radial 

diffusivity (RD – diffusion perpendicular to the axons). In this instance FA is based on the 

relation between RD and AD (Imfeld et al., 2009). Mean diffusivity (MD), a third index used 

when tracing a tensor, is a reflection of the magnitude of the diffusion (Cassol et al., 2004). In 

order to investigate the changes in WM integrity in the brain Tract Based Spatial Statistics 

(TBSS) was employed to analyse the data. TBSS is an innovative technique for whole brain 

analysis. It uses voxel-wise statistics in conjunction with conventional voxel-based analysis 

on diffusion metrics, minimising the effects of misalignment (Liu et al., 2012).   

 

2.10.1.1 DTI in the assessment of WMTs of the brain 

The cerebellum communicates with other brain areas via the superior, middle and inferior 

cerebellar peduncles and is connected to the cerebral cortex, limbic system and thalamus. 

According to Wang (2003) the cerebellum has always been a region which coordinates motor 

function. It was also discovered that the cerebellum could be the main focus of higher 

cognitive processes (Wang et al., 2003). According to Martini (2006), the brainstem fibres are 

involved in programming and fine-tuning movements controlled at conscious and 

subconscious levels. 

 

Association fibres include the superior longitudinal fasciculus (SLF), inferior longitudinal 

fasciculus, inferior fronto-occipital fasciculus (IFOF) and the uncinate fasciculus (UF) 

(Wakana et al., 2004). 

  

The SLF is association fibre bundles connecting the frontal, occipital, parietal, and temporal 

lobes (Wakana et al., 2004) and is especially important as it has a link with expressive 

language areas (Bernal & Altman, 2010).  

 

These fibres connect the temporal areas of the brain that are involved in lower and higher 

order hearing processing, with frontal brain areas involved in the control of several important 

functions (including memory and attention). The SLF is also known as the primary pathway 

for processing and production of speech and music (Imfeld et al., 2009).  

 

The UF is the major fibre tract connecting the inferior frontal and anterior temporal lobes (of 

which the amygdala is a part). The UF plays a role in the formation and retrieval of memories 

(Diehl et al., 2008). Together all these association fibres interpret incoming information 

coordinating a motor response (Martini, 2006). 

 

Projection fibres connect many areas of the cortex with the brainstem and include the 

internal capsule, posterior thalamic radiation, cingulum and optic radiation (Wakana et al., 
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2004). These fibres control autonomic functions which integrate conscious and unconscious 

sensory information as well as motor commands (Martini, 2006). 

 

Limbic System Fibres include the cingulum (Cg), cingulum (hippocampus), fornix (F) and 

stria terminalis (Wakana et al., 2004). The limbic system controls the emotional state, linking 

conscious intellectual functions of the cerebral cortex with the unconscious and autonomic 

functions of the brainstem (Martini, 2006).  

 

Callosal Fibres connect and permit communication between the corresponding areas of the 

opposite hemispheres (Martini, 2006). This includes the corpus calossum (genu and 

splenium); forming strong projections that collectively form the tapetum (Wakana et al., 

2004). 

 

DTI is becoming increasingly available and provides neuroradiologists and other 

investigators with the ability to assess white matter abnormalities and characterise white 

matter fibre bundles (Mori et al., 2005). The 48 WMTs are based on a WM atlas by Mori et al. 

(2005). The atlas was used to identify the tracts in FSL (FMRIB Software Library) and to 

extract values that could be statistically analysed using Tract Based Spatial Statistics (TBSS) 

to extract values that could be statistically analysed. Therefore these 48 WMTs were 

selected for inclusion in this study due to their involvement with movement and cognition. 

These are also the only tracts that can be accurately identified with the DTI resolution 

currently available at CUBIC.  

 

Through better understanding of the WMTs the clinical management of patients with specific 

neurological or psychological deficits can be improved (Hasan et al., 2009).  

 

2.10.2 Magnetic resonance spectroscopy (MRS) 

MRS has been widely used to assess WM integrity and axonal loss. Concentrations of N-

acetylaspartate and N-acetylaspartylglutamate (NNA), creatine and phosphocreatine (tCr), 

choline-containing compounds (Cho), myo-inositol (mi) and lactate (Lac) could indicate 

metabolic disturbances of neuro-axonal damage (Dreha-Kulaczewski et al., 2009).   

 

The brain spectrum on MRS studies shows 3 peaks representative of the components of 

creatine (CR), which gives an idea of cellular energy metabolism, choline (Cho), associated 

with cell membranes and N-acetyl-aspartate (NAA), a marker of neuronal integrity as this 

metabolite is localised in the neurons and neuronal processes of the mature brain 

(Grossman, 1999; Ramin et al., 2003; De Stefano et al., 1998).  According to Ramin et al. 

(2003) the NAA peak in spectroscopy will be decreased if there is neuronal loss. The 
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presence of NAA resonates at 2.02 parts per million (ppm). CR peaks at 3.02ppm/ 3.94ppm 

and is mainly present in the grey matter. Cho is concentrated in the white matter and peaks 

at 3.2ppm. 

 

Arnold and Matthews (1996) reported a rise in Cho resonance early in the demyelinating 

process followed by a drop in NAA concentration if the lesion was severe.  Literature states 

that low levels of NAA normally reflect axonal damage in the brain, associated with clinical 

disability that occurs secondary to inflammation and demyelination (Richert & McFarland, 

1998; De Stefano et al., 1998). Therefore most recent studies suggest MRS may provide 

indices that are more closely linked to neurological impairment in MS patients and as such 

would be a good marker for disease progression (Narayana, 2005).  

Even though contrast enhanced images are of great value when used with conventional 

imaging, techniques like MRS have the specificity to detect and differentiate between 

neuronal and glial abnormalities in the absence of visible injury (Alam et al., 2011), and it is 

also strongly correlated with disability (Blamire et al., 2007). By looking at the Cho/Cr and 

Cho/NAA ratios lesions can be characterised as neoplastic and non-neoplastic (Alam et al., 

2011). 

 

2.11 MRI and contrast 

Simon et al. (2006) recommend that gadolinium-chelate always be used for suspected MS 

patients, because a diagnosis may be less well visualised or even missed without contrast 

administration. According to Ge (2006) contrast enhanced T1W images are able to detect 

disease activity more often than clinical evaluations when relapses occur. This could mean 

that most of the lesions that enhance are silent during the clinical examination. Gass and 

Richards (2013) agreed with Ge, stating that grey and white matter that appears normal on 

conventional MRI may be affected in the early phases of the disease and therefore only 

enhance with contrast. 

 

The brain normally contains paramagnetic substances such as hydrogen, and when a 

contrast medium is administered it shortens the relaxation times of the protons (thus 

changing the signal intensity), an effect called proton relaxation enhancement. The MRI 

agent most often used to enhance visualisation of lesions is gadolinium-chelate. Gadolinium 

as a contrast agent is said to be much safer than iodine based contrast media as it is non-

toxic due to the fact that it is bound to DTPA (diethylene triamine pentaacetic acid) in a 

process called chelation. However it should be noted that Gadolinium is toxic in its free state, 

as it is a rare earth substance (Schild, 1990).  
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It was established that enhancement of active lesions are due to breakdown of the blood 

brain barrier (BBB) that occurs at sites of inflammation (Kermode et al., 1990) allowing 

Gadolinium to cross the BBB from the blood into brain tissue. This correlates with impaired 

function shown by neuropathological studies where Gadolinium was administered (Kappos et 

al., 1999). Breakdown of the BBB is the first event that can be detected on conventional 

imaging and is seen as a measure of inflammatory activity (Ge, 2006).  

 

A common hypothesis of MS is that it is due to an acute onset of inflammation, and it has 

always been the focus of MRI to measure the inflammatory process. It is also a known fact 

that when contrast agents are administered to patients with MS it could indicate new lesions 

as the contrast enhancement is related to acute inflammation (Ge, 2006). Ge also stated that 

the T1 lesion load (enhancing lesions and non-enhancing lesions) correlated better with 

disability than T2 lesions. 

 

2.12 MRI lesion number  

According to Barkhof (1999) MRI is one of the imaging modalities that sensitively shows how 

lesions are spread in the CNS. Lesion number is known as the number of T1W Gadolinium 

enhancing lesions, new T2 lesions or active (which are new or enlarging T2 lesions). 

Location of the lesion is critical; lesions that occur in the spinal cord contribute 

disproportionately to disability as measured by EDSS (McFarland, 1998). However according 

to Arnold and Matthews (1996) clinical measures alone reflect lesion load poorly and 

underestimate disease activity. Llufriu (2012) reported that abnormally reduced FA within the 

motor part of the CC may be found even without the presence of lesions. MS lesion load (i.e. 

volume of lesions) is determined with computerised techniques that reflect an objective and 

precise measure of counting the extent of disease abnormality (Ge, 2006). This does not 

necessarily relate to the physical lesion number. The lesion number involves manually 

counting the number of enhancing lesions and non-enhancing lesions and is a sensitive way 

of assessing MS activity. Lesions that enhance upon administration of contrast (clinically 

silent lesions) occur five times more often than clinical relapses and may not always 

accompany symptoms (Barkhof, 1999; Rovaris & Filippi, 2000). The poor relation between 

clinical disability and lesion loads seen on T2-weighted MRI has motivated the search for 

other MRI markers which may reveal the disease-related structural changes leading to 

disability (Lyksborg, 2014).  

 

2.13 Limitations of MRI 

MRI is the imaging method of choice in MS (Ge, 2006). However Levine et al. (2007) raised 

awareness of the risks associated with MRI. This generally arises from the three components 

used to produce images: a static magnetic field pulsed RF fields and the time-varying 
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gradient electromagnetic fields (EMF). For large static magnetic fields, the hazards are 

mainly biological effects, projectiles, implant malfunction and movement, and monitoring 

device malfunction and movement. The RF hazards are tissue heating and implant heating. 

For the time-varying gradients, the main concerns are peripheral nerve stimulation and 

acoustic noise, as well as potential implant or monitoring device interference (Levine et al., 

2007).  

 

Therefore screening of the patient before scanning is of utmost importance in order to 

minimise the risk to the patient. This involves questioning patients on whether they have 

implants such as aneurism clips, cochlear implants and metallic prosthetic joint implants. 

Dental implants or orthodontic wires and tattoos, body rings or even mascara could cause 

heating effects, but would not be life threatening, whereas jewellery and hair accessories will 

cause artefacts on the images. More seriously, drip stands, wheelchairs, scissors and any 

weapons have the potential to become projectiles. Patients are therefore instructed to 

disrobe and put on hospital clothing before they are imaged (Bushong, 2003). 

 

2.14 Summary 

In this chapter MRI as a tool in predicting the severity of disability in the WMTs of MS 

subjects was discussed. The main focus was on how imaging sequences like DTI and MRS 

complement conventional sequences in making a better diagnosis. The literature suggests 

that using advanced MRI approaches in conjunction with conventional imaging will provide 

valuable information about the similarities and differences between the MRI imaging results, 

biochemical tests and EDSS scores. All of these tools are useful in studying the structural 

and functional changes associated with the clinical characteristics found in MS.  

Chapter 3 will focus on the methods used for this study. 
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CHAPTER THREE 

MATERIALS AND METHODS 

3.1 Introduction 

This chapter describes the research process for this study. To contribute to the management 

of MS in South Africa this study sought to determine the role of conventional MRI measures, 

DTI (fractional anisotropy, radial diffusivity, mean diffusivity and axial diffusivity) and MRS in 

the WMTs of MS subjects as well as the effect of the different iron parameters on these 

tracts. 

 

3.2 Ethical consideration 

This study contributes to an existing study done by the University of Stellenbosch. A protocol 

on MS, including MRI scans, was approved by the Ethics Committee of the University of 

Stellenbosch (N07/09/203) (see approval letter N10/01/021 – Appendix C). The details of 

the MRI procedures as outlined in the protocol were also sent for approval to the Health and 

Wellness Science Research Ethics Committee of Cape Peninsula University of Technology 

(CPUT). Ethics approval was granted in September 2009 by CPUT according to the ethical 

guidelines provided by the Declaration of Helsinki [(World Medical Association, 2013), 

(approval letter – Appendix D)]. Permission, in writing, to scan the MS subjects at Cape 

Universities Brain Imaging Centre (CUBIC) has been granted (Appendix E). 

 

Informed written consent was obtained from all study subjects (see informed consent form – 

Appendix F) for undergoing MRI examinations and for review of their records and images. 

All forms were translated from English into Afrikaans and Xhosa to ensure that the 

information was clearly understood by all the subjects. However, all of the subjects were 

Afrikaans or English speaking so the Xhosa version was never used. 

 

All subjects in the study had adequate information regarding the research, were capable of 

comprehending the information and were capable of making an autonomous choice, thus 

enabling them to consent to or decline participation in the research voluntarily. Only those 

who signed the consent form and completed the screening form were included in the study. 

The subjects had the right to decide at any point to terminate their participation, or to refuse 

to give information, or to ask for clarification about the purpose of the study or specific 

procedures. Both the MRI and the administering of contrast media pose a low risk to the 

subjects (Shellock & Spinazzi, 2008) and were done by registered professionals who 

explained the procedures and conveyed all the risks involved. Together with the consent 

form subjects also had to fill in an MRI screening form (Appendix G1 [master] and Appendix 

G2 [example of completed form]). The subjects underwent a thorough screening procedure 

as they should not have any metallic implants and devices that would interfere with the 
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magnetic field or cause harm to them (Shellock & Spinazzi, 2008) (see screening form – 

Appendix G1). Most important to the issue of patient safety during MRI examinations is the 

maxim that no harm be done (Shellock & Spinazzi, 2008). If there was any question as to the 

safety of the MRI study, the examination was not done and the subject was excluded. The 

subjects could make a voluntary decision on their participation in the study, without the risk of 

harm or prejudicial treatment (Berg & Latin, 2004). 

  

Individual results were confidential and the information and results were locked away in a 

password protected cabinet in the research centre. The names of subjects were only known 

to the researcher for quality assurance purposes. Personal information will only be released 

with the subjects’ consent should the need arise.  

 

3.3 Overview of the study 

This study was conducted to add the dimension of MRI to an existing study on MS, 

biochemistry and EDSS done by the University of Stellenbosch. The biochemistry and EDSS 

data was collected and made available to the researcher, who added the MRI component. 

According to estimates, 80% of all new MS lesions seen on MRI are clinically silent; therefore 

the researcher drew on the EDSS and blood chemistry of the existing study in order to do 

comparisons. A delay in the definitive diagnosis of MS has a detrimental effect on the long 

term outcome of the disease; therefore early diagnosis and appropriate timely therapeutic 

intervention is critical (Harris & Sadiq, 2009).  

 

3.4 Study design  

An “extremes of outcome” study design was employed to enhance the statistical power of the 

present pilot study. Two sub-sets, within the same sample, with EDSS scores at the lower 

and higher ends of the disease spectrum (EDSS scores of ≤ 3 and ≥ 6) were compared. This 

therefore considered the two opposite extremes of the distribution of long-term outcome 

(DeLuca et al., 2007).  

 

Women diagnosed with MS that met the entry criteria were between the ages of 37 and 57 

years. Subjects were recruited from the existing study that had been referred by neurologists 

at an academic hospital in the Western Cape. 

 

Subjects had to be willing to undergo an MRI examination on the 3Tesla (3T) research Unit 

at Stellenbosch Medical School. Prior to the collection of MRI data all procedures regarding 

the examination were explained to the participants by the researcher and informed consent 

was obtained. 
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Control MRI scans were sourced from another research study at the research centre and 

used for comparison of DTI results. 

 

3.5 Research Question 

The main research question was: Can advanced MRI techniques such as DTI and MRS 

(together with conventional sequences) in the WMTs of the brain, be used to achieve an 

improved correlation with disability and blood chemistry (serum ferritin, haemoglobin, % Tf, 

CRP, serum iron) in persons with MS?  

 

3.5.1 Research sub questions 

- Do lesion numbers and lesion enhancement in the whole brain correlate with the EDSS at 

the two extremes of the EDSS score spectrum and does it have an effect on disability? 

- Do DTI findings (fractional anisotropy, mean diffusivity, axial diffusivity and radial diffusivity) 

correlate with myelin patency and function between MS subjects and healthy controls in the 

white matter tracts (WMTs) of the brain?  

- Do DTI parameters correlate with EDSS in the two extremes of the EDSS score spectrum? 

- Do MRS findings (N-acetyl-aspartate) correlate with disability (as measured by EDSS) at 

the two extremes of the EDSS spectrum? 

- Are DTI and MRS superior in their evaluation of WM integrity and disability as opposed to 

conventional sequences? 

- Do iron parameters have an effect on DTI findings in the WMTs of MS subjects compared 

to controls? 

 

3.6 Study Sample 

The study population consisted of 114 unrelated Caucasian MS patients, 98 females and 16 

males. For this study the sample consisted of subjects between 37 and 57 years of age at 

the two extremes of the EDSS score spectrum in subjects diagnosed with MS for four years 

and more. Because of the small number of subjects and to obtain homogeneity in the study 

group, only female subjects were recruited.  

 

3.6.1 Sampling 

The study sample included subjects recruited from an academic hospital in the Western 

Cape. The sample size calculation was done by a qualified statistician using the free 

software called GPower.  

Exact - Proportion: Difference from constant (binomial test, one sample case) 

Analysis: Post hoc: Computer achieved power  

Input: Tail(s) = One 

Effect size g = 0.19 
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α err prob = 0.05 

Total sample size = 14 

Constant proportion = 0.01 

Output: Lower critical N = 2.0000000 

Upper critical N = 2.0000000 

Power (1-β err prob) = 0.8020879 

Actual α = 0.008401244 

Therefore a sample size of 14 will provide 95% confidence (less than 99%) and an effect size 

of 0.19, which will give a power of 80%. 

3.6.2 Inclusion criteria 

- Women diagnosed with MS according to the criteria of MacDonald 

- Subjects diagnosed with MS for 4 years and more 

3.6.3 Exclusion criteria 

- Male MS subjects  

- MS patients with Neuromyelitis Optica or other neurological diseases   

- Standard MRI exclusion criteria 

3.7 Biochemistry and Disability measures 

3.7.1 Biochemical Analysis 

Laboratory analysis comprised intravenous blood collection in the morning between 9h00 

and 10h30 to standardize for diurnal variation for evaluation of full blood count, serum iron, 

ferritin, transferrin, % transferrin saturation, CRP, cholesterol, serum folate, Vitamin B12, 25-

OH Vitamin D, fibrinogen and D-dimer by using a Siemens Advia 1800 auto-analyser. 

Plasma homocysteine levels were measured using a Siemens Centaur XP auto-analyser. 

Blood for homocysteine determination was collected on ice and was centrifuged as soon as 

possible to ensure the stability of the homocysteine. The tests were performed by a qualified 

technician at the National Health Laboratory Service (NHLS), Tygerberg Hospital. 

The above data were obtained from the main study and were disclosed to the researcher 

after the MRI scans were completed. 

 

3.7.2 Disability status 

The disability status of subjects was assessed by participating clinicians using the Expanded 

Disability Status Scale (EDSS). The patients were in remission when their EDSS scores 

were measured, so that the scores reflected the residual disability when patients were not in 

relapse.  
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3.8 MRI data collection  

All subjects were scanned with a Siemens, Magnetom Allegra 3.0 Tesla (T) MRI at CUBIC, 

Tygerberg scanner. A standard head coil was used for all subjects. The MRI scans were 

carried out by trained radiographers and each examination lasted for about 40 minutes.  

 

3.9 Statistical Analysis 

One-way ANOVA was used to compare mean FA values between the groups. Fisher least 

significant difference (LSD) tests were used for post hoc comparison. Non-parametric Mann-

Whitney U and Kruskall-Wallis tests were also conducted parallel to the ANOVA (F-tests), 

but in general the data was found to conform reasonably to the normality assumptions, and 

interpretations were done using the ANOVA F-test p-values. Spearman correlations were 

used for testing relationships between biochemical variables and various brain WMTs. No 

adjustments were made for multiple testing across analyses of FA variables, and this in 

conjunction with the small samples size is recognized as a restriction in the interpretation of 

the results. 

3.10 MRI Protocol for this study 

3.10.1 Routine Sequences 

The MRI sequences performed included the following routine sequences, which is standard 

protocol at CUBIC: 

T1 and T2 relaxation sequences were done in the sagittal plane (with TR = 600ms, TE = 

11ms and 5mm slice thickness). A T2W sequence in the axial plane was done (with TR = 

4200ms, TE = 95ms and 5mm slice thickness) and an axial T1 sequence. A T1 axial was 

also done 5 minutes after a 10 ml gadolinium (DTPA) injection administration. 

The PD sequence had the following parameters - TR 2000ms, TE 12ms, 5mm slice 

thickness in the axial plane. 

The FLAIR with TR 9000ms, TE 96ms and 5mm slice thickness was done in the axial plane.  

 

3.10.2 Software used in analysis of lesions 

The MRI scans were analysed for lesion load on the T1, T2 and FLAIR image by a 

consultant clinical neuroanatomist who has extensive experience in clinical neuroimaging.  

OsiriX is developed as a stand-alone application for the MacOSX operating system. The 

program is an image processing software dedicated to DICOM images (".dcm" / ".DCM" 

extension) produced by imaging equipment (MRI, CT, PET, PET-CT, SPECT-CT, 

Ultrasounds). It is fully compliant with the DICOM standard for image communication and 

image file formats.  

 

OsiriX is able to receive images transferred by DICOM communication protocol from any 

PACS or imaging modality (C-STORE SCP/SCU, and Query/Retrieve: C-MOVE SCU/SCP, 
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C-FIND SCU/SCP, C-GET SCU/SCP, WADO). OsiriX has been specifically designed for 

navigation and visualization of multi-modality and multidimensional images: 2D Viewer, 3D 

Viewer, 4D Viewer (3D series with temporal dimension) and 5D Viewer (3D series with 

temporal and functional dimensions). The 3D Viewer offers all modern rendering modes: 

Multiplanar reconstruction (MPR), Surface Rendering, Volume Rendering and Maximum 

Intensity Projection (MIP).  

 

All these modes support 4D data and are able to produce image fusion between two different 

series (PET-CT and SPECT-CT display support). OsiriX is at the same time a DICOM PACS 

workstation for imaging and image processing software for medical research, functional 

imaging, 3D imaging, confocal microscopy and molecular imaging. The OsiriX software was 

developed based on an open architecture built on existing open-source components and 

offers all the basic image manipulation functions of zoom, pan, intensity adjustment, and 

filtering with real-time performance.  

 

Additional functions such as multiplanar projection, convolution filters, variable slice 

thickness adjustments, volume rendering, minimum and maximum intensity projections, and 

surface rendering are also accessible in quasi-real-time.The program enables the rapid 

review of very large sets of images and does not rely on pre-loading of the images from the 

disk to memory before review. As soon as an image series is selected, images will 

automatically be displayed on the screen in a cine loop using a ‘‘streaming’’ technique, 

enabling direct display of the images at a very rapid pace. 

  

3.10.3 Lesion Analysis and Characterisation of Lesion Load 

To accurately characterise the lesion load of patients with MS, a specific protocol was 

developed to accurately identify lesions, and quantify their extent. The protocol follows 

several steps to (1) increase lesion visibility and conspicuity by fusing various sequences, (2) 

determine the lesion load by quantifying the number of lesions per anatomical lobe of the 

brain for each hemisphere, (3) characterise the extent of white matter lesions by assessing 

lesion confluence, (4) assess enhancement to determine whether lesions were undergoing 

active demyelination, and (5) assess hypointensity of lesion on T1WI to characterise the 

extent of demyelination in existing lesions. The sagittal midline on T1WI was also evaluated 

to assess for midbrain atrophy. 

  

a) Image Fusion: 

T2W axially acquired images were used as a standard for identifying white matter 

hyperintense (WMH) lesions. T2WI were preferred to FLAIR due to its superiority in spatial 

resolution on our acquisitions. However, we encountered difficulty to accurately identify 
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lesions in the subcortical arcuate fibers on T2WI due to visual interference of the high CSF 

signal intensity. To overcome this problem, proton density weighted images (PDWI) were 

fused with the T2WI so that lesions became more conspicuous. As a consequence of 

demyelination, gliotic scarring occurs. Collagen is used in the process of astrogliosis, which 

contains higher quantities of hydrogen protons. PDWI are exquisitely sensitive in picking up 

these changes in hydrogen proton concentration in WMH. The effect of this is demonstrated 

in Figure 3.1.  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: Left: T2WI in the axial plane at the level of the splenium of the corpus callosum. 

Blue circle indicates a subtle WMH. Right: Fusion of T2WI and PDWI. Blue circle indicates the 

same lesion as seen in the left image, however the visualization of the lesion is greatly 

enhanced.  

(Permission granted by patient MS05) 

 

b) Lesion Number: 

The number of lesions was counted for each of the anatomical lobes of the brain and 

cerebellum as well as the brainstem. Lesions lateralization was also noted.  

 

c) Confluence: 

MS presents on T2WI as multiple punctate hyperintense lesions distributed within the white 

matter of the brain and spinal cord. As the disease progresses, these punctate lesions 

become confluent. As confluence and bridging of lesions occur, the number of distinct 

punctate lesions apparent on imaging gives way to large solitary confluent lesions. The 

appearance on imaging, if only the lesion number was being quantified, is that the lesion 

number is actually decreasing. It was therefore important to determine lesion confluence as a 

measure of charactering lesion load and severity. The Fazekas-scale (Wahlund et al., 2001) 

provides an overall impression of the presence of WMH in the entire brain.  
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It characterizes lesions as follows: 

Fazekas 0: None or a single punctate WMH lesion 

Fazekas 1: Multiple punctate lesions 

Fazekas 2: Beginning confluency of lesions (bridging) 

Fazekas 3: Large confluent lesions 

The Fazekas score was determined for each lobe of the cerebrum, the cerebellum and 

brainstem per hemisphere. This process is demonstrated in Figure 3.2.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: The image on the left demonstrates a fused PDWI/T2WI in the axial plane, with 

several circumscribed white matter lesions indicated. The lesions in the image on the left 

represent solitary discrete lesions. The image on the right in a different patient demonstrates 

three large confluent lesions. Though the lesions appear distinct, they are comprised of 

several confluent solitary white matter lesions. The image on the right therefore represents 

more advanced disease and lesion load.  

(Permission granted by patient MS05) 

 

c) Enhancement: 

Due to the biphasic nature of MS, it was important to determine the extent of active 

demyelination in the current data set. Classically, to determine whether a lesion is active or 

inactive, post contrast administration images are evaluated for enhancement of lesions. 

During active demyelination, the inflammation localised to a specific area of active 

demyelination and various other pathophysiological cascades result in intravascular and 

interstitial enhancement of the lesion. Post contrast images were evaluated for the number of 

enhancing lesions in all of the lobes of the brain, per hemisphere as well as for the 

cerebellum and brainstem. 
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d) Hypointensity: 

In a recent paper by Tam et al. (2011), white matter lesions in MS that demonstrated greater 

hypointense signal on T1WI were positively correlated to severity in clinical presentation. In 

order to fully characterize the lesion load in the current dataset, lesion hypointensity was also 

determined (demonstrated in Figure 3.3) for each lobe per hemisphere including the 

cerebellum and brainstem. Hypointensity was characterized as follows:  

HIY 0: Isointense to surrounding parenchyma 

HIY 1: Slightly hypointense to surrounding parenchyma 

HIY 2: Moderately hypointense to surrounding parenchyma 

HIY 3: Starkly hypointense to surrounding parenchyma 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3: The left and right images present two lesions in the same patient but on different 

sequences (left T1WI and right T2WI). The lesions encircled on the T2WI appear quite similar in 

their signal intensity; however the lesion on the left appears demonstrably more hypointense 

on the T1WI than the lesion on the right.  

(Permission granted by patient MS05) 

 

3.11 Advanced technologies done in this study  

3.11.1 Diffusion tensor imaging (DTI) 

Brain imaging protocol for MS study: 

Diffusion-weighted images were acquired in axial orientation on a four-channel transmit-

receive RF head coil with the following paramaters: 2x2x2 mm3 resolution, field-of-view of 

220 mm, TR = 9500 ms, TE = 88 ms, 70 slices, distance factor of 0, 2x GRAPPA 

acceleration, 30 b=1000 mm/s2 directions and 3 b=0 mm/s2 reference images. The scan was 

repeated 3 times. 
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3.11.1.1 Imaging analysis 

Data was imported into FSL (FMRIB Software Library) 5.0.1 (Smith et al., 2004) and 

MATLAB R2012b for initial pre-processing and analysis. Data was corrected for eddy current 

distortions and the three acquisitions were affine registered to the b=0 mm/s2 of the first 

acquisition. For each acquisition, outliers were calculated at a Z-value of the 25th and 75th 

percentile of the tensor estimate. Values further than three standard deviations from the 

mean estimate were excluded. The three acquisitions were concatenated (linked) and 

averaged for export to the tract-based spatial statistics (TBSS) toolbox of FSL. Maps of 

fractional anisotropy (FA) were created by fitting a linear tensor model to the 30 b = 1000 

mm/s2 directions. Brain extraction was performed with FSL BET at a threshold of 0.2. Images 

were then processed with the TBSS pipeline, which has been described previously (Smith et 

al., 2006). After processing with TBSS 48 white matter regions-of-interest were extracted 

from the FA data, by utilizing the built-in atlas of Mori and colleagues (Mori et al., 2005). The 

mean FA for each of these regions was exported to SPSS 21.0 for further statistical analysis. 

This resulted in a three-dimensional image of the brain to detect subtle abnormalities (Le 

Bihan et al., 2000). 

 

3.11.2 Magnetic Resonance Spectroscopy 

In this study additional proton magnetic resonance spectroscopy (MRS) sequences were 

performed on the most prominent lesions to look at the biochemical structure of the tissue.  

A 2D CSI 1H-MRS slice was acquired (PRESS, TE = 30 msec, TR = 1700 msec, Hamming 

filter, 3 averages, delta =  -2.85 ppm delta frequency, weighted phase encoding, FOV = 160 

x 160 mm, VOI = 80 x 80 mm, voxel size 10 x 10 mm, thickness 15 mm, automated CHESS 

water suppression, scan time 6:53). The 1H-MRS 2D slice was first positioned with standard 

reconstruction of the sagittal plane, finer positioning of the slice was achieved with the axial 

and coronal reconstructions to ensure the slice was positioned above the underlying 

ventricles. Additional saturation bands were applied vertically to the brain slice. Midline grey 

matter and white matter voxels were extracted bilaterally. For grey matter three voxels were 

extracted for each hemisphere, and for the white matter six voxels were extracted for each 

hemisphere to provide a more robust average of grey and white matter for each hemisphere 

as depicted in Figure 3.4. 

 

3.11.2.1 Analysis  

The chemical shift imaging (CSI) spectra were performed in LCModel (Provencher 1993), 

which fits spectra in relation to basis spectra provided by Provencher (PRESS TE30). Default 

parameters within LCModel were used for the CSI processing, which applies Bayesian 

learning from the central VOI of the 2D-slice. The relative concentrations of metabolites are 
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reported in relation to creatine containing metabolites (PCr+Cr). Only metabolites with a 

Cramér-Rao of %SD < 20% are reported, indicative of greater confidence. Relative 

metabolite concentrations reported include NAA and its metabolites (NAA, NAA+NAAG), 

choline metabolites (GPC+PCh), and myo-Inositol (mI).  

 

 

 

Figure 3.4: Two-dimensional chemical shift imaging magnetic resonance spectroscopy (2D CSI 

1
H-MRS) representative brain slice performed in 7 individuals with multiple sclerosis. Three 

voxels bilaterally were extracted to determine average midline grey matter relative metabolites. 

Six voxels bilaterally were extracted to determine average white matter relative metabolites.  

(Permission granted by patient MS02) 

 

3.12 Conclusion 

This chapter outlined the research method that was followed as well as the ethical 

considerations for the study. The MRI (research tool) sequences and protocol were 

discussed in detail in order to give the reader information on what was done and what was 

expected of the participants.  The following chapter will provide the results for the study. 
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CHAPTER FOUR 

RESEARCH RESULTS 

 

4.1 Introduction 

 

Initially 20 participants were recruited. Of the original 20 patients, 16 presented for MRI 

scans. Fourteen of the 16 were used for lesion number count. Five of the 16 scans could not 

be used for DTI analysis due to subject movement causing illegible data, two were 

claustrophobic, one decided against having the scan and one did not arrive.  Eight of the 

sixteen MRI scans could be used for the MRS analysis (see Figure 4.1).  

 

Figure 4.1 illustrates a flow diagram of the recruitment of subjects and data analysis 

 

 

 

Figure 4.1 Flow diagram for recruitment of subjects for data analysis 
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This chapter presents the findings of data in order to give meaning to the data that has been 

collected so that the following objectives can be satisfied: 

- Do lesion numbers and lesion enhancement in the whole brain correlate with the EDSS at 

the two extremes of the EDSS score spectrum? 

- Do DTI findings (FA, MD, AD and RD) correlate with myelin patency and function between 

MS subjects and healthy controls in the WMTs of the brain?  

- Do DTI parameters correlate with EDSS in the two extremes of the EDSS score spectrum? 

- Do MRS findings (N-acetyl-aspartate) correlate with disability (as measured by EDSS) at 

the two extremes of the EDSS spectrum? 

- Are DTI and MRS superior in their evaluation of WM integrity and disability as opposed to 

conventional sequences? 

  - Do DTI findings have an impact on iron parameters in the WMTs of MS subjects   

  compared to controls?          

 

4.2 Characteristics of the study sample 

 

The group consisted of 16 female subjects with a mean age of 47.69 years (37-49 years) 

(see Table 4.1). They were categorized, into those with high EDSS scores and those with 

low EDSS scores [9 (64%) - low EDSS scores and 5 (36%) - had high EDSS scores]. Twelve 

healthy control subjects were used for comparisons. Characteristics are presented as 95% 

confidence interval (CI).  

 

Table 4.1: Demographics of MS subjects 

                                             Subjects                                                                                             Controls 

 

 (EDSS= Expanded Disability status Scale. NA= not applicable)   

 

 

 

 

Number  16 Number                                                              12 

 Age,  mean (range) 47 (37-55)                                                                     27.6 (18-43)         

Sex females                                                                             females 

Race                                       15 Caucasian, 1 Mixed ancestry                                                                    12 Caucasian 

Low EDSS  (≤ 3)                                                        11                                                                             NA 

High EDSS  (≥ 6)                                                        5                                                                             NA 
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4.3 EDSS compared to Lesion Number (N) 

 

The number of lesions in the whole brain was assessed by using the T1WI, T2WI and PD 

images and dividing the brain into the lobe regions. The disability status, assessed with the 

EDSS, correlated significantly with the number of lesions in the whole brain (Spearman rank 

correlation coefficient p=0.01). Only 14 of the 16 subjects were used for the lesion number 

count, as 2 sets of data could not be used. 

 

A summary of the MS subjects and their total lesion numbers in the various lobes of the brain 

are presented in Table 4.2. 
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Table 4.2 Characteristics of MS subjects (n=14) lesion numbers in the various lobes of thebrain 

 

(EDSS= Expanded Disability status Scale. MS= Multiple Sclerosis. NA= not applicable) 

 

However, even though it was expected that the subjects with high EDSS scores would have 

a high lesion N, there were 2 subjects with low EDSS scores who also had a high lesion N 

(see Table 4.2 [MS01 and MS06]). Most of the lesions of all subjects were found in the 

frontal lobes with MS15 being the only exception to this.  

 

4.4 EDSS compared to Hypointensity of lesions 

 

The Spearman rank correlation coefficient was used to assess disability compared to the 

number of lesions that were seen as hypointense (dark holes) lesions. Subjects with a high 

EDSS score showed a high number of dark holes in the frontal lobes, seen in graphic form in 

Table 4.3. and Figure. 4.2. 

 

 

 

 

 

 

 

 

 

 

Lesion N MS01 MS02 MS03 MS05 MS06 MS07 MS08 MS09 MS10 MS11 MS13 MS14 MS15 MS16 

Frontal 

lobe 43 67 5 47 35 18 26 29 9 13 10 55 NA 96 

Parietal 

Lobe 15 10 0 8 25 7 7 10 0 9 14 15 NA 26 

Temporal 

Lobe 11 41 3 7 13 13 4 1 0 1 3 32 NA 61 

Occipital 

Lobe 3 5 0 5 6 5 1 0 0 4 6 13 NA 18 

Pons 1 12 0 10 1 0 1 1 0 5 1 6 NA 21 

Medulla 

Oblongata 0 7 0 3 0 0 0 0 0 0 0 0 10 8 

Cerebellum 6 3 1 1 0 0 0 0 0 0 0 0 2 0 

TOTAL 79 145 9 81 80 43 39 41 9 32 34 121 12  230 

EDSS 2.0 6.0 1.5 6.5 1.5 1.5 3.5 3.0 1.5 2.5 1.0 7.5 7.5 7.5 
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Table 4.3 Characteristics of the Hypointensive lesions in the MS subjects (n=14) in the various 

lobes of the brain. 

 

 (EDSS= Expanded Disability Status Scale)  

 

 

 

Figure 4.2 Relation between the EDSS and Hypointensity of MS subjects (Spearman rank 

correlation p=<0.01). (EDSS= Expanded Disability Status Scale)  

  

 

 

 

 

Hypointensity 

MS 

01 

MS 

02 

MS 

03 

MS 

05 

MS 

06 

MS 

07 

MS 

08 

MS 

09 

MS 

10 

MS 

11 

MS 

13 

MS 

14 

MS 

15 

MS 

16 

Frontal lobe 3 4 0 4 3 2 2 4 0 2 2 3 6 6 

Parietal Lobe 3 2 0 4 0 0 2 2 0 3 0 3 6 4 

Temporal 

Lobe 0 2 1 0 0 0 0 0 0 0 0 0 6 4 

Occipital Lobe 0 3 0 2 0 0 0 0 0 0 0 0 6 4 

Pons 2 0 0 2 0 0 0 0 0 1 0 4 4 4 

Medulla 

Oblongata 0 0 0 1 0 0 0 0 0 0 0 0 2 4 

Cerebellum 0 2 0 0 0 0 0 0 0 0 0 0 4 0 

TOTAL 8 13 1 13 3 2 4 6 0 6 2 10 34 26 

EDSS 2.0 6.0 1.5 6.5 1.5 1.5 3.5 3.0 1.5 2.5 1.0 7.5 7.5 7.5 
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4.5 EDSS compared to Fazekas score 

 

The Spearman rank correlation was used to compare the EDSS to the Fezekas score 

(r=0.68; p=0.01) in the different lobes of the brain. Table 4.4 and Figure 4.3 illustrate a 

significant correlation between the Fezakas score and the EDSS (Spearman rank correlation 

p=0.01). Those subjects with high EDSS have a high Fezekas score and vice versa. It is only 

MS 01 with an EDSS of 2 that also has a high Fezekas score. 

 

Table 4.4 Fezekas score of MS subjects in the various lobes of the brain 

 

(EDSS= Expanded Disability Status Scale) 

 

 

Fazekas 

MS 

01 

MS 

02 

MS 

03 

MS 

05 

MS 

06 

MS 

07 

MS 

08 

MS 

09 

MS 

10 

MS 

11 

MS 

13 

MS 

14 

MS 

15 

MS 

16 

Frontal lobe 4 2 1 6 4 2 2 2 2 3 2 4 6 6 

Parietal 

Lobe 3 2 0 2 2 2 2 2 0 2 2 4 6 4 

Temporal 

Lobe 2 2 1 2 2 2 1 0 0 0 1 2 6 4 

Occipital 

Lobe 1 2 0 1 2 2 0 0 0 2 2 2 6 4 

Pons 0 0 0 0 0 0   0 0   0 0 0 0 

Medulla 

Oblongata 0 2 0 1 0 0 0 0 0 0 0 0 4 2 

Cerebellum 2 2 0 0 0 0 0 0 0 0 0 0 0 0 

TOTAL 12 12 2 12 10 8 5 4 2 7 7 12 28 20 

EDSS 2.0 6.0 1.5 6.5 1.5 1.5 3.5 3.0 1.5 2.5 1.0 7.5 7.5 7.5 
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Figure 4.3 Significant correlation between the EDSS and Fazekas score (p=0.01). EDSS= 

Expanded Disability Status Scale.  

 

4.6 Lesion Enhancement with Gadolinium 

Of the 11 subjects participating in the study six subjects (MS01, MS02, MS03, MS09, MS15 

and MS16) had enhancing lesions. Three of the six subjects that had lesion enhancement 

had high EDSS scores (MS02, MS15 and MS16). 

The lesion enhancement is illustrated in Figure 4.4.  
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Figure 4.4 EDSS vs T1WI C+ (p=0.09). (EDSS= Expanded Disability Status Scale. T1WI= T1 

weighted image. C+= contrast added) 

 

4.7 Lesion number, Fezekas score and hypointensity of lesions in the Corpus 

callosum: 

 

CC Genu 

 

There was no significance found in the CC genu for lesion N analysis (p=0.84), Fezekas 

(p=0.10) and hypointensity of lesions (p=0.10). 

Figures 4.5 (a) and (b) illustrate no significant associations between Fezekas score and 

hypointensity of lesions seen in the CC splenium.   
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CC Splenium 

 

(a)             

 

(b)              

 Figure 4.5 (a) CC_splenium vs Fazekas (p=<0.01). (b) CC_splenium vs Hypointensity (p=<0.01)                                      

 (CC=corpus callosum)                
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Figures 4.6 (a) and (b) illustrate no significant associations between Fezekas score and 

hypointensity of lesions seen in the CC fornix.   

 

CC Fornix 

           

              

  Figure 4.6 (a) Fornix vs Fazekas (p=<0.01). (b) Fornix vs Hypointensity (<p=0.01)      
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4.8 MRI Diffusion Tensor Imaging (DTI) 

DTI calculations were done in 48 White Matter Tracts. The measures were Fractional 

Anisotropy (FA), Radial Diffusivity (RD), Mean Diffusivity (MD) and Axial Diffusivity (AD). For 

the RD, MD and AD the threshold was lowered to include only highly significant. The 48 

WMTs are based on an atlas by Mori et al. (2005). The atlas was used to identify the tracts in 

FSL and to extract values that can be analysed statistically. These are the only tracts that 

can be identified with the present DTI resolution used at CUBIC. A list of the White Matter 

Tracts is given in the appendices (Appendix H). 

 

4.8.1 Fractional anisotropy (FA): MS Total Group versus Control group 

Fractional anisotropy is a measure of the axonal loss and functionality of the myelin sheath. 

Higher FA reflects a more efficient function, while lower FA is related to dysfunction 

(Benedetti et al., 2011). It is therefore to be expected that the FA would be higher in the 

Controls than in the MS group.  

 

Below is a table from the statistics as an example of the results that were found (a threshold 

of less than 0.01 was used). The FA assessments of the EDSS were done in 48 WMTs of 

each subject as well as controls in the study. Between group differences were measured 

using the Mann-Whitney U test. DTI comparisons were done in controls (n=12) and MS 

subjects (11). In 20 of the 48 tracts assessed, the white matter FA was significantly (p< 0.05) 

lower in the MS subjects than in the controls. Of these, 4 were highly significantly different 

(p< 0.01). All the results for the 48 tracts are depicted in Table 4.5 and Figure 4.7 shows FA 

in the CST of the MS subjects versus controls. 
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Table 4.5 Fractional anisotropy (FA) in MS patients and Controls. Values are given as the means (± SD). 

FA was lower in MS patients than controls in all the tracts except in the CC splenium and Fornix where 

the values were similar.  FA was significantly lower in patients than controls in 20 of the 48 tracts 

measured (significant-values in bold).  

White Matter Tract 
 

Controls 
 

Patients 
 

F-test 
 

Middle_cerebellar_peduncle 0.45(0.04) 0.42(0.05) F(1,21)=2.20, p=0.15 

Pontine_crossing_tract 0.52(0.04) 0.48(0.06) F(1,21)=2.92, p=0.10 

CC_genu 0.42(0.06) 0.40(0.05) F(1,21)=0.64, p=0.43 

CC_body 0.41(0.05) 0.39(0.05) F(1,21)=0.65, p=0.43 

CC_splenium 0.49(0.05) 0.49(0.07) F(1,21)=0.00, p=0.97 

Fornix 0.47(0.05) 0.47(0.06) F(1,21)=0.00, p=1.00 

Corticospinal_tract_RH 0.58(0.04) 0.54(0.06) F(1,21)=5.59, p=0.03 

Corticospinal_tract_LH 0.58(0.04) 0.54(0.05) F(1,21)=4.63, p=0.04 

Medial_lemniscus_RH 0.50(0.03) 0.47(0.05) F(1,21)=2.98, p=0.10 

Medial_lemniscus_LH 0.49(0.03) 0.46(0.06) F(1,21)=1.93, p=0.18 

Inferior_cerebellar_peduncle_RH 0.58(0.03) 0.53(0.04) F(1,21)=8.29, p<0.01 

Inferior_cerebellar_peduncle_LH 0.37(0.04) 0.35(0.05) F(1,21)=1.12, p=0.30 

Superior_cerebellar_peduncle_RH 0.57(0.03) 0.54(0.03) F(1,21)=6.30, p=0.02 

Superior_cerebellar_peduncle_LH 0.51(0.03) 0.46(0.04) F(1,21)=11.45, p<0.01 

Cerebral_peduncle_RH 0.52(0.04) 0.47(0.06) F(1,21)=5.59, p=0.03 

Cerebral_peduncle_LH 0.42(0.04) 0.37(0.07) F(1,21)=5.74, p=0.03 

Anterior_limb_of_internal_capsule_RH 0.42(0.04) 0.36(0.07) F(1,21)=5.09, p=0.03 

Anterior_limb_of_internal_capsule_LH 0.44(0.03) 0.39(0.06) F(1,21)=6.62, p=0.02 

Posterior_limb_of_internal_capsule_RH 0.44(0.03) 0.39(0.06) F(1,21)=9.55, p<0.01 

Posterior_limb_of_internal_capsule_LH 0.43(0.03) 0.38(0.06) F(1,21)=7.62, p=0.01 

Retrolenticular_internal_capsule_RH 0.42(0.03) 0.36(0.07) F(1,21)=7.20, p=0.01 

Retrolenticular_internal_capsule_LH 0.53(0.05) 0.46(0.07) F(1,21)=8.04, p<0.01 

Anterior_corona_radiata_RH 0.51(0.04) 0.45(0.09) F(1,21)=4.46, p=0.05 

Anterior_corona_radiata_LH 0.51(0.05) 0.45(0.07) F(1,21)=5.98, p=0.02 

Superior_corona_radiata_RH 0.49(0.04) 0.43(0.05) F(1,21)=7.79, p=0.01 

Superior_corona_radiata_LH 0.44(0.04) 0.39(0.06) F(1,21)=6.81, p=0.02 

Posterior_corona_radiata_RH 0.35(0.02) 0.32(0.06) F(1,21)=2.73, p=0.11 

Posterior_corona_radiata_LH 0.36(0.03) 0.33(0.05) F(1,21)=4.07, p=0.06 

Posterior_thalamic_radiation_RH 0.42(0.04) 0.40(0.06) F(1,21)=0.69, p=0.41 

Posterior_thalamic_radiation_LH 0.45(0.04) 0.43(0.07) F(1,21)=1.05, p=0.32 

Sagittal_stratum_RH 0.31(0.05) 0.29(0.04) F(1,21)=1.70, p=0.21 

Sagittal_stratum_LH 0.30(0.05) 0.29(0.04) F(1,21)=0.64, p=0.43 

External_capsule_RH 0.41(0.05) 0.35(0.08) F(1,21)=4.27, p=0.05 

External_capsule_LH 0.56(0.03) 0.50(0.08) F(1,21)=5.42, p=0.03 

Cingulum_RH 0.43(0.06) 0.37(0.08) F(1,21)=4.49, p=0.05 

Cingulum_LH 0.42(0.04) 0.39(0.04) F(1,21)=3.47, p=0.08 

Cingulum(hippocampus)_RH 0.42(0.04) 0.39(0.04) F(1,21)=4.67, p=0.04 

Cingulum(hippocampus)_LH 0.44(0.05) 0.40(0.07) F(1,21)=1.48, p=0.24 

Fornix/stria_terminalis_RH 0.42(0.04) 0.37(0.08) F(1,21)=3.57, p=0.07 

Fornix/stria_terminalis_LH 0.40(0.04) 0.38(0.05) F(1,21)=1.03, p=0.32 
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Superior_longitudinal_fasciculus_RH 0.39(0.04) 0.38(0.05) F(1,21)=0.49, p=0.49 

Superior_longitudinal_fasciculus_LH 0.35(0.04) 0.32(0.08) F(1,21)=1.64, p=0.21 

Superior_fronto_occip_fasciculus_RH 0.26(0.03) 0.24(0.05) F(1,21)=1.82, p=0.19 

Superior_fronto_occip_fasciculus_LH 0.65(0.05) 0.61(0.08) F(1,21)=2.61, p=0.12 

Uncinate_fasciculus_RH 0.35(0.05) 0.28(0.09) F(1,21)=5.82, p=0.03 

Uncinate_fasciculus_LH 0.44(0.04) 0.42(0.06) F(1,21)=0.88, p=0.36 

Tapetum_RH 0.44(0.04) 0.42(0.05) F(1,21)=1.18, p=0.29 

Tapetum_LH 0.52(0.04) 0.49(0.04) F(1,21)=2.73, p=0.11 

Average FA of WMTs 0.45(0.035) 0.41(0.056)  

(CC= corpus callosum. EDSS= Expanded Disability Status Scale. RH= right hemisphere. LH= left hemisphere) 

 

Figure 4.7 shows that the normal probability plot indicated deviation from normality, and 

subsequent Mann-Whitney U test indicated significant differences (p=<0.01). 

 

 

Figure 4.7 The mean FA between the MS subjects and controls (Mann-Whitney U test p=<0.01). 

FA= Fractional anisotropy. MS= Multiple Sclerosis. 

 

No differences were found in FA between MS subjects and controls in the following tracts: 

middle cerebellar peduncle, pontine crossing tract, CC (genu), CC (body), CC (splenium), 

CC (fornix), medial lemniscus (RH and LH), inferior cerebellar peduncle (LH), anterior corona 

radiate (RH), posterior corona radiate (RH and LH), posterior thalamic radiation (RH and LH), 

sagittal stratum (RH and LH), external capsule (RH), cingulum (RH and LH), cingulum 

hippocampus (LH), fornix/stria terminalis (RH and LH), superior longitudinal fasciculus (RH 

and LH), superior fronto-occipital fasciculus (RH and LH), uncinate fasciculus (LH), tapetum 

(RH and LH) depicted in Table 4.5. 
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4.8.2 Fractional anisotropy (FA): MS divided into Low EDSS and High EDSS versus 

Control group 

Further analysis examined associations between FA in the three cohorts (controls, MS high 

and MS low groups) by using the Kruskal-Wallis ANOVA test. When the MS subjects were 

divided into 3 groups, low EDSS, high EDSS and controls, the EDSS was inversely 

associated with the FA, indicating that higher disability resulted in greater impaired FA which 

suggests an increased likelihood of white matter dysfunction. However, unexpectedly, while 

the patients with high EDSS had FA values significantly lower than controls (average 0.34 ±, 

p =<0.001), the patients with low EDSS had FA values similar to controls (average 0.44 ±, p 

=0.5), demonstrating that subjects with high EDSS had significantly lower FA associations in 

scrutinized white matter tracts except the sagittal stratum (bilaterally). This is depicted in 

Table 4.6. The superior longitudinal fasciculus (see Figure 4.8), inferior fronto-occipital 

fasciculus and the inferior longitudinal fasciculus are 3 major WMTs that run through the 

sagittal stratum, that contribute to the limbic-cortical neural network and visual system 

(Kieseppä et al., 2010). 

Figure 1 shows the FA in the CC (which is most heavily affected by MS) indicating that the 

patients with low disability had FA values similar to controls (CC body; p=0.802, CC genu; 

p=0.816 and CC splenium; p= 0.115) while there were significant differences between 

patients with high EDSS and controls (CC body; p = 0.015, CC genu; p=0.017 and CC 

splenium; p=0.007) and between high EDSS and low EDSS (CC body; p = 0.013, CC genu; 

p=0.016 and CC splenium; p=0.0007).  

In the Fornix, which is related to cognitive function and memory, MS patients with low EDSS 

also had similar FA values to controls (p = 0.135), while there were significant differences 

between patients with high EDSS and controls (p = 0.008) and between patients with high 

EDSS and low EDSS (p = 0.001). (Figure 4.9) 
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Figure 4.8 FA values in MS patients with high EDSS and low EDSS compared to controls in the 

Superior Longitudinal Fasciculus Mann Whitney U test (p=<0.01) Significant differences 

between a and b (Kruskal-Wallis p < 0.01). EDSS=Expanded disability Status Scale. MS= 

Multiple Sclerosis. LH= left hemisphere. 
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Figure 4.9 FA of CC genu (A), body (B) and splenium (C) and Fornix (D) Significant differences 

between a and b (Kruskal-Wallis p= 0.01). EDSS=Expanded disability Status Scale. MS= 

Multiple Sclerosis. CC= corpus callosum.  
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Table 4.6   FA in MS patients with low EDSS, high EDSS and Controls. Values are given as the means ± 

SD. FA was significantly lower in patients with high EDSS (b) compared to low EDSS and controls (a) in 

all the tracts except the Sagittal stratum RH and Sagittal stratum LH. Patients with low EDSS had similar 

FA values as controls in all the tracts (a) except in the Superior cerebellar peduncle LH and the Posterior 

limb of internal capsule RH. Average FA was calculated over all WMTs measured. 

Variable 
 

control 
 

EDSS(low) 
 

EDSS(high) 
 

F-test 
 

Middle_cerebellar_peduncle 0.45(0.04)a 0.45(0.02)a 0.36(0.06)b F(2,20)=8.49, p<0.01 

Pontine_crossing_tract 0.52(0.04)a 0.50(0.04)a 0.42(0.06)b F(2,20)=6.14, p<0.01 

CC_genu 0.42(0.06)a 0.42(0.02)a 0.34(0.06)b F(2,20)=3.87, p=0.04 

CC_body 0.41(0.05)a 0.41(0.03)a 0.33(0.06)b F(2,20)=4.06, p=0.03 

CC_splenium 0.49(0.05)a 0.53(0.01)a 0.41(0.08)b F(2,20)=7.84, p<0.01 

Fornix 0.47(0.05)a 0.50(0.02)a 0.39(0.06)b F(2,20)=7.40, p<0.01 

Corticospinal_tract_RH 0.58(0.04)a 0.57(0.02)a 0.46(0.06)b F(2,20)=15.62, p<0.01 

Corticospinal_tract_LH 0.58(0.04)a 0.56(0.02)a 0.48(0.05)b F(2,20)=9.73, p<0.01 

Medial_lemniscus_RH 0.50(0.03)a 0.49(0.02)a 0.40(0.07)b F(2,20)=8.94, p<0.01 

Medial_lemniscus_LH 0.49(0.03)a 0.49(0.02)a 0.39(0.07)b F(2,20)=12.47, p<0.01 

Inferior_cerebellar_peduncle_RH 0.58(0.03)a 0.55(0.01)a 0.48(0.03)b F(2,20)=17.75, p<0.01 

Inferior_cerebellar_peduncle_LH 0.37(0.04)a 0.37(0.03)a 0.31(0.04)b F(2,20)=4.43, p=0.03 

Superior_cerebellar_peduncle_RH 0.57(0.03)a 0.56(0.01)a 0.50(0.03)b F(2,20)=9.62, p<0.01 

Superior_cerebellar_peduncle_LH 0.51(0.03)c 0.48(0.02)b 0.41(0.06)a F(2,20)=11.99, p<0.01 

Cerebral_peduncle_RH 0.52(0.04)a 0.49(0.01)a 0.40(0.08)b F(2,20)=9.27, p<0.01 

Cerebral_peduncle_LH 0.42(0.04)a 0.40(0.02)a 0.28(0.08)b F(2,20)=14.35, p<0.01 

Anterior_limb_of_internal_capsule_RH 0.42(0.04)a 0.40(0.02)a 0.27(0.07)b F(2,20)=18.13, p<0.01 

Anterior_limb_of_internal_capsule_LH 0.44(0.03)a 0.42(0.02)a 0.32(0.06)b F(2,20)=19.97, p<0.01 

Posterior_limb_of_internal_capsule_RH 0.44(0.03)c 0.41(0.02)b 0.32(0.07)a F(2,20)=18.13, p<0.01 

Posterior_limb_of_internal_capsule_LH 0.43(0.03)a 0.41(0.02)a 0.29(0.07)b F(2,20)=20.23, p<0.01 

Retrolenticular_internal_capsule_RH 0.42(0.03)a 0.39(0.02)a 0.27(0.08)b F(2,20)=18.63, p<0.01 

Retrolenticular_internal_capsule_LH 0.53(0.05)a 0.49(0.02)a 0.39(0.11)b F(2,20)=9.24, p<0.01 

Anterior_corona_radiata_RH 0.51(0.04)a 0.49(0.03)a 0.33(0.10)b F(2,20)=17.78, p<0.01 

Anterior_corona_radiata_LH 0.51(0.05)a 0.48(0.02)a 0.36(0.08)b F(2,20)=13.67, p<0.01 

Superior_corona_radiata_RH 0.49(0.04)a 0.46(0.02)a 0.36(0.06)b F(2,20)=13.98, p<0.01 

Superior_corona_radiata_LH 0.44(0.04)a 0.42(0.02)a 0.32(0.07)b F(2,20)=11.22, p<0.01 

Posterior_corona_radiata_RH 0.35(0.02)a 0.35(0.01)a 0.26(0.09)b F(2,20)=7.84, p<0.01 

Posterior_corona_radiata_LH 0.36(0.03)a 0.35(0.01)a 0.27(0.08)b F(2,20)=9.89, p<0.01 

Posterior_thalamic_radiation_RH 0.42(0.04)a 0.43(0.03)a 0.33(0.08)b F(2,20)=7.38, p<0.01 

Posterior_thalamic_radiation_LH 0.45(0.04)a 0.46(0.03)a 0.34(0.09)b F(2,20)=7.80, p<0.01 

Sagittal_stratum_RH 0.31(0.05) 0.30(0.02) 0.26(0.06) F(2,20)=1.82, p=0.19 

Sagittal_stratum_LH 0.30(0.05) 0.30(0.02) 0.25(0.04) F(2,20)=1.74, p=0.20 

External_capsule_RH 0.41(0.05)a 0.38(0.03)a 0.26(0.11)b F(2,20)=9.46, p<0.01 

External_capsule_LH 0.56(0.03)a 0.54(0.03)a 0.41(0.10)b F(2,20)=13.54, p<0.01 

Cingulum_RH 0.43(0.06)a 0.40(0.02)a 0.28(0.10)b F(2,20)=9.32, p<0.01 

Cingulum_LH 0.42(0.04)a 0.41(0.02)a 0.34(0.05)b F(2,20)=5.98, p<0.01 

Cingulum(hippocampus)_RH 0.42(0.04)a 0.40(0.02)a 0.34(0.05)b F(2,20)=6.56, p<0.01 

Cingulum(hippocampus)_LH 0.44(0.05)a 0.44(0.02)a 0.32(0.10)b F(2,20)=7.30, p<0.01 

Fornix/stria_terminalis_RH 0.42(0.04)a 0.41(0.02)a 0.28(0.10)b F(2,20)=11.70, p<0.01 
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Fornix/stria_terminalis_LH 0.40(0.04)a 0.41(0.03)a 0.33(0.06)b F(2,20)=4.92, p=0.02 

Superior_longitudinal_fasciculus_RH 0.39(0.04)a 0.40(0.02)a 0.32(0.06)b F(2,20)=4.26, p=0.03 

Superior_longitudinal_fasciculus_LH 0.35(0.04)a 0.36(0.03)a 0.22(0.09)b F(2,20)=12.25, p<0.01 

Superior_fronto_occip_fasciculus_RH 0.26(0.03)a 0.26(0.03)a 0.18(0.06)b F(2,20)=8.88, p<0.01 

Superior_fronto_occip_fasciculus_LH 0.65(0.05)a 0.64(0.02)a 0.51(0.10)b F(2,20)=10.57, p<0.01 

Uncinate_fasciculus_RH 0.35(0.05)a 0.31(0.06)a 0.19(0.09)b F(2,20)=8.10, p<0.01 

Uncinate_fasciculus_LH 0.44(0.04)a 0.45(0.03)a 0.34(0.05)b F(2,20)=10.39, p<0.01 

Tapetum_RH 0.44(0.04)a 0.45(0.02)a 0.35(0.05)b F(2,20)=8.03, p<0.01 

Tapetum_LH 0.52(0.04)a 0.51(0.03)a 0.43(0.02)b F(2,20)=7.25, p<0.01 

Average FA of WMTs  0.45(0.04) 0.44(0.01) 0.34(0.07) F(2.20)=11.72, p<0.01 

 

4.9 Correlations of EDSS, biochemical data and FA 

Biochemical data was available for all MS subjects used in the study. The Spearman rank 

correlation was used to show significant associations. The EDSS was inversely associated 

with the FA in all of the tracts, indicating that higher disability resulted in measurable myelin 

dysfunction. FA values were not associated with age or disease duration in any of the WMTs 

(Table 4.7). 

 

4.9.1 Effects of Iron on Myelin: % Transferrin Saturation (TF sat) and FA 

Positive associations were also found between the % Tf sat and FA in all 48 WMTs (Table 

4.8); the r-values ranged between 0.22 for the CC genu to 0.84 for the external capsule RH. 

The associations were significant (p < 0.05) in 25 of the 48 WMTs assessed and highly 

significant in 14 of these tracts (p < 0.01; Table 4.8), namely, the medial lemniscus (left), 

cerebellar peduncle (left), anterior limb of the internal capsule (right), retrolenticular limb of 

the internal capsule (right), anterior corona radiate (right), superior corona radiate (right and 

left). As an example of the FA values obtained, the FA for the superior fronto occipital 

fasciculus (LH) of MS patients ranged from 0.42 to 0.68 and the association with the % Tf 

saturation was highly significant (r = 0.83, p<0.01; Figure 4.10). 

Of the 5 blood iron parameters measured (Hb, ferritin, serum iron, Tf and % Tf saturation), 

the serum iron and the % Tf sat showed significant associations with FA measures, while 

ferritin showed significant associations in some of the tracts after adjusting for high CRP. 

CRP is an index of infection/inflammation, and ferritin is falsely elevated as a result of the 

inflammatory response. Therefore, ferritin has to be viewed in conjuction with CRP. The Hb 

showed no associations with FA (Table 4.8). 
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Figure 4.10 Association of FA with the % Tf saturation for the superior fronto occipital 

fasciculus (LH) (r = 0.83, p<0.01). 
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Table 4.7 Associations of FA with serum iron, % TF saturation, haemoglobin and ferritin 

(corrected for high CRP) in the 48 WMTs  
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4.9.2 Serum Iron compared to FA 

Spearman correlations indicated significant positive associations between serum iron 

concentrations and the FA in all 48 WMTs, while the associations were significant (p < 0.05)  

in 13 of the 48 WMTs (Table 4.8): in the inferior cerebellar peduncle (right), anterior limb of 

the internal capsule (left), posterior limb of the internal capsule (left), retrolenticular internal 

capsule (right), anterior corona radiate (right), superior corona radiate (right and left), 

posterior corona radiata (right and left), external capsule (right), superior longitudinal 

fasciculus (right and left) and superior fronto-occipital fasciculus (left).  

 

When assessing the FA values of EDSS compared to age diagnosed there were 4 significant 

associations in the cortico spinal tract RH (p=<0.01), superior cerebellar peduncle RH 

(p=0.04) and LH (p=<0.01) and posterior cerebellar peduncle LH (p=0.04). This is depicted in 

Table 4.8. 

 

 

Table 4.8 FA correlations of EDSS and age diagnosed in the 48 WM tracts (significant p values 

in bold). 

FRACTIONAL ANISOTROPY (n=11) EDSS Age Diagnosed 

 

 r  p  r  p 

Middle_cerebellar_peduncle -0.69 0.02 0.51 0.11 

Fornix -0.84 <0.01 0.50 0.12 

Corticospinal_tract_RH -0.81 <0.01 0.74 <0.01 

Corticospinal_tract_LH -0.87 <0.01 0.53 0.09 

Medial_lemniscus_RH -0.73 0.01 0.37 0.26 

Medial_lemniscus_LH -0.79 <0.01 0.52 0.10 

Superior_cerebellar_peduncle_RH -0.88 <0.01 0.59 0.05 

Superior_cerebellar_peduncle_LH -0.89 <0.01 0.39 0.23 

Cerebral_peduncle_RH -0.84 <0.01 0.47 0.14 

Anterior_limb_of_int_capsule_LH -0.85 <0.01 0.47 0.15 

Superior_corona_radiata_LH -0.61 0.05 0.75 <0.01 

Posterior_corona_radiata_RH -0.77 <0.01 0.59 0.05 

Cingulum_LH -0.83 <0.01 0.31 0.36 

Cingulum(hippocampus)_RH -0.95 <0.01 0.36 0.28 

Cingulum(hippocampus)_LH -0.71 0.01 0.40 0.22 

Fornix/stria_terminalis_RH -0.81 <0.01 0.68 0.02 

Fornix/stria_terminalis_LH -0.85 <0.01 0.46 0.15 

Sup_longitudinal_fasciculus_RH -0.82 <0.01 0.34 0.30 

Uncinate_fasciculus_RH -0.83 <0.01 0.27 0.41 

Tapetum_RH -0.84 <0.01 0.14 0.68 

 

(Complete graph can be seen as Appendix I) 
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4.9.3 Haemoglobin, Ferritin and FA 

There were no significant associations between the FA and Hb in any of the WMTs assessed 

(Table 4.7). Since blood ferritin values are increased during inflammation, CRP values higher 

than 10 were used as a cut-off to adjust for falsely high ferritin values. Some of the WMTs 

then showed significant associations between ferritin and FA with r-values ranging from 0.69 

to 0.92 (Table 4.7).    
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4.10 Radial diffusivity (RD) 

RD is diffusivity perpendicular to the WMTs. RD is often increased when myelin breakdown 

is experienced in diseases like MS (Benedetti et al., 2011). 

 

4.10.1 RD compared to disability  

When the RD was compared to EDSS in the MS subject and control subjects there were 

significant associations in 33 of the 48 tracts of which 19 were highly significant with a 

p=<0.01.  

Figure 4.11 illustrates a significant association of RD values in the fornix of the 3 groups 

(Kruskal-Wallis, p=<0.01). 

 

 

 

Figure 4.11: RD in the fornix between subjects with high EDSS, low EDSS and controls. CC= 

corpus callosum. MS= Multiple Sclerosis. 

 

4.10.2 Effects of Iron on Myelin (RD results)  

When assessing RD values of % Tf sat there were significant associations in 22 of the 48 

WMTs of which 11 were highly significant with  p=<0.01 (see Table 4.11). Haemoglobin and 

ferritin showed no significant associations. 
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Table 4.9 Radial diffusivity of MS subjects. RD correlations of EDSS, % Tf saturation, 

Haemoglobin, Ferritin in the WM tracts (only those with a threshold of < 0.01 were considered 

in all categories, significant p values in bold). 

 

RADIAL DIFFUSIVITY (n=11) EDSS % Tf saturation Haemoglobin Ferritin 

 

 r  p  r  p  r  p  r  p 

Middle_cerebellar_peduncle 0.77 <0.01 -0.38 0.24 -0.23 0.49 -0.45 0.16 

CC_genu 0.83 <0.01 -0.14 0.69 0.02 0.96 -0.32 0.33 

CC_splenium 0.71 0.01 -0.54 0.08 -0.44 0.17 -0.15 0.65 

Fornix 0.68 0.02 -0.68 0.02 -0.49 0.12 -0.17 0.61 

Corticospinal_tract_RH 0.79 <0.01 -0.39 0.23 -0.20 0.55 -0.19 0.58 

Corticospinal_tract_LH 0.77 <0.01 -0.38 0.24 -0.37 0.26 0.01 0.98 

Medial_lemniscus_RH 0.76 <0.01 -0.61 0.05 -0.46 0.16 0.01 0.98 

Medial_lemniscus_LH 0.84 <0.01 -0.65 0.03 -0.46 0.16 -0.08 0.82 

Inferior_cerebellar_peduncle_RH 0.84 <0.01 -0.58 0.06 -0.23 0.49 -0.29 0.38 

Superior_cerebellar_peduncle_RH 0.83 <0.01 -0.49 0.12 -0.26 0.43 -0.26 0.45 

Superior_cerebellar_peduncle_LH 0.82 <0.01 -0.50 0.12 -0.42 0.20 -0.13 0.71 

Cerebral_peduncle_RH 0.66 0.03 -0.55 0.08 -0.12 0.73 -0.32 0.34 

Cerebral_peduncle_LH 0.57 0.07 -0.90 <0.01 -0.33 0.32 -0.01 0.98 

Anterior_limb_of_int_capsule_RH 0.55 0.08 -0.80 <0.01 -0.11 0.75 -0.20 0.55 

Anterior_limb_of_int_capsule_LH 0.67 0.03 -0.74 <0.01 -0.22 0.51 -0.30 0.37 

Posterior_limb_of_int_capsule_RH 0.64 0.03 -0.57 0.07 -0.33 0.32 -0.26 0.45 

Posterior_limb_of_int_capsule_LH 0.53 0.10 -0.85 <0.01 -0.20 0.55 -0.21 0.54 

Retrolenticular_int_capsule_RH 0.47 0.14 -0.79 <0.01 -0.24 0.47 -0.13 0.70 

Retrolenticular_int_capsule_LH 0.24 0.47 -0.74 <0.01 -0.20 0.55 -0.03 0.93 

Anterior_corona_radiata_RH 0.62 0.04 -0.81 <0.01 -0.34 0.30 -0.15 0.66 

Superior_corona_radiata_RH 0.62 0.04 -0.79 <0.01 -0.08 0.82 -0.29 0.38 

Superior_corona_radiata_LH 0.49 0.13 -0.83 <0.01 -0.06 0.85 -0.33 0.32 

Posterior_corona_radiata_RH 0.84 <0.01 -0.67 0.02 -0.39 0.24 -0.17 0.62 

Posterior_corona_radiata_LH 0.65 0.03 -0.68 0.02 -0.18 0.59 -0.33 0.32 

Posterior_thalamic_radiation_RH 0.72 0.01 -0.71 0.01 -0.55 0.08 -0.07 0.85 

Posterior_thalamic_radiation_LH 0.83 <0.01 -0.65 0.03 -0.36 0.28 -0.18 0.59 

Sagittal_stratum_RH 0.56 0.07 -0.65 0.03 -0.56 0.07 -0.15 0.66 

Sagittal_stratum_LH 0.53 0.10 -0.56 0.07 -0.29 0.39 -0.21 0.54 

External_capsule_RH 0.61 0.05 -0.66 0.03 -0.06 0.85 -0.41 0.22 

External_capsule_LH 0.52 0.10 -0.64 0.03 -0.27 0.42 -0.37 0.26 

Cingulum_RH 0.61 0.05 -0.54 0.09 -0.10 0.78 -0.34 0.31 

Cingulum_LH 0.59 0.05 -0.63 0.04 0.01 0.98 0.04 0.92 

Cingulum(hippocampus)_RH 0.76 <0.01 -0.31 0.36 -0.30 0.37 -0.17 0.61 

Cingulum(hippocampus)_LH 0.76 <0.01 -0.78 <0.01 -0.44 0.17 0.00 1.00 

Fornix/stria_terminalis_RH 0.77 <0.01 -0.43 0.19 -0.37 0.26 -0.40 0.23 

Fornix/stria_terminalis_LH 0.84 <0.01 -0.59 0.06 -0.49 0.12 -0.02 0.95 

Sup_longitudinal_fasciculus_RH 0.91 <0.01 -0.60 0.05 -0.32 0.35 -0.26 0.45 

Sup_longitudinal_fasciculus_LH 0.38 0.25 -0.73 0.01 -0.30 0.38 -0.13 0.71 

Sup_fronto_occip_fasciculus_RH 0.62 0.04 -0.53 0.09 -0.45 0.17 -0.08 0.81 
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Sup_fronto_occip_fasciculus_LH 0.54 0.09 -0.80 <0.01 -0.39 0.24 -0.18 0.61 

Uncinate_fasciculus_RH 0.83 <0.01 -0.51 0.11 -0.46 0.15 -0.15 0.66 

Uncinate_fasciculus_LH 0.74 <0.01 -0.14 0.69 0.05 0.89 -0.23 0.49 

Tapetum_RH 0.85 <0.01 -0.40 0.23 0.07 0.84 -0.30 0.36 

Tapetum_LH 0.65 0.03 -0.35 0.29 0.10 0.77 -0.11 0.75 

 

 

Age diagnosed showed 5 associations in the fornix (p=0.03), cortico spinal tract RH 

(p=<0.01), inferior cerebellar peduncle RH (p=0.04), posterior cerebellar peduncle RH 

(p=0.03) and posterior thalamic radiation LH (p=0.03). See Appendix J. 

 

4.11 Mean diffusivity (MD)  

MD together with FA are two diffusion metrics often applied as indices of tissue pathology. It 

measures the magnitude of water molecule diffusion (Benedetti et al., 2011).   

 

4.11.1 MD compared to disability  

Of the 48 tracts assessed only 1 [medial lemniscus LH (p=<0.01)] was highly significant for 

the whole MS group as there were mostly trends seen. 

     

Figure 4.12 illustrates a significant association when measuring disability between groups in 

the medial lemniscus LH (Kruskal-Wallis, p=<0.01).  

                   

 

 

Figure 4.12 MD between groups in the medial lemniscus LH. MS= Multiple Sclerosis. LH= left 

hemisphere 
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4.11.2 Effects of Iron on Myelin (MD results) 

When MD values of EDSS were compared to % Tf saturation, 8 WMTs were highly 

significantly associated [cerebellar peduncle LH, anterior limb of internal capsule RH and LH, 

posterior limb of internal capsule LH, retrolenticular internal capsule RH, anterior corona 

radiate RH, cingulum (hippocampus) LH, superior fronto-occipital fasciculus LH all with p 

values of <0.01 (see Appendix K)]. Haemoglobin showed 1 highly significant association in 

the SLF_RH (p=<0.01). Ferritin showed no significant associations (see Appendix K: Table 

4.13). MD correlations of EDSS compared to age diagnosed in the 48 WM tracts showed no 

significant associations (see Appendix L).  

 

4.12 Axial diffusivity (AD)  

AD is diffusivity parallel to the primary fiber orientation. Axonal damage is often reflected by a 

decrease in AD (Benedetti et al., 2011). 

 

4.12.1 AD compared to disability  

There were no significant differences between groups with AD except for the medial 

lemniscus LH and RH.  

 

Figure 4.13 illustrates a significant association when measuring disability between the 

controls, MS high and MS low groups in the medial lemniscus LH (Kruskal-Wallis, p=<0.01). 

 

                            

Figure 4.13 AD between group differences in the medial lemniscus LH. 
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4.12.2 Effects of Iron on Myelin (AD) 

In subjects where the % Tf sat was low significance was shown in the cerebellar peduncle 

LH, anterior limb of internal capsule RH and LH, posterior limb of internal capsule LH, 

retrolenticular internal capsule RH, anterior corona radiate RH, cingulum (hippocampus) LH, 

superior fronto-occipital fasciculus LH all with p values of <0.01 (see Table 4.12). 

Haemoglobin showed significance in the superior longitudinal fasciculus (right; p=<0.01). 

Ferritin showed no significance. The above results for AD are an exact replica of MD for the 

MS subjects. (See Table 4.10). 

 

Table 4.10 Axial Diffusivity of MS subjects. Correlation between EDSS, % Tf saturation, 

Haemoglobin and Ferritin in the WM tracts (only those with a threshold of < 0.01 were 

considered in all categories). 

AXIAL DIFFUSIVITY (n=11) EDSS % Tf saturation Haemoglobin Ferritin 

 

 r  p  r  p  r  p  r  p 

Middle_cerebellar_peduncle 0.67 0.02 -0.2 0.55 0.03 0.94 -0.49 0.13 

CC_genu 0.52 0.10 0.04 0.9 -0.09 0.80 -0.69 0.02 

Medial_lemniscus_LH 0.74 <0.01 -0.31 0.36 -0.31 0.35 -0.05 0.87 

Superior_cerebellar_peduncle_LH 0.67 0.02 -0.53 0.1 -0.31 0.35 -0.27 0.42 

Cerebral_peduncle_RH 0.64 0.04 -0.64 0.03 -0.12 0.73 -0.34 0.31 

Cerebral_peduncle_LH 0.54 0.09 -0.84 <0.01 -0.26 0.45 -0.17 0.62 

Anterior_limb_of_int_capsule_RH 0.61 0.05 -0.79 <0.01 -0.18 0.59 -0.31 0.35 

Anterior_limb_of_int_capsule_LH 0.37 0.27 -0.75 <0.01 -0.19 0.58 -0.06 0.86 

Posterior_limb_of_int_capsule_LH 0.25 0.45 -0.84 <0.01 -0.30 0.37 0.16 0.64 

Retrolenticular_int_capsule_RH 0.45 0.17 -0.76 <0.01 -0.28 0.40 -0.11 0.75 

Anterior_corona_radiata_RH 0.43 0.18 -0.86 <0.01 -0.28 0.41 -0.22 0.51 

Superior_corona_radiata_LH 0.42 0.20 -0.66 0.03 -0.04 0.90 -0.45 0.16 

Sagittal_stratum_LH 0.61 0.05 -0.63 0.04 -0.22 0.52 -0.29 0.39 

Cingulum(hippocampus)_LH 0.59 0.05 -0.8 <0.01 -0.28 0.41 -0.05 0.89 

Fornix/stria_terminalis_RH 0.72 0.01 -0.36 0.28 -0.20 0.55 -0.45 0.16 

Sup_longitudinal_fasciculus_RH 0.07 0.85 -0.35 0.3 -0.89 <0.01 0.25 0.46 

Sup_fronto_occip_fasciculus_LH 0.39 0.24 -0.76 <0.01 -0.13 0.70 -0.41 0.21 

Uncinate_fasciculus_RH 0.70 0.02 -0.54 0.08 -0.49 0.13 -0.2 0.55 

Tapetum_RH 0.62 0.04 -0.19 0.57 -0.20 0.56 -0.45 0.16 

 

(Complete graph can be seen as Appendix M) 
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AD correlations of EDSS compared to age diagnosed in the 48 WM tracts showed no 

associations (Appendix N). 

 

4.13 Correlation of MRS outcomes with EDSS and biochemical markers 

In the assessment of the MRS results only 8 (n=8) of the subject data could be successfully 

used. There was a normal distribution of all numerically valued variables.  

 

Table 4.11 Correlations (MS MRS EDSS & Biological) Marked correlations are significant at  

p < .05000 (n=8) 

 

 

 
 
 

 

Variable 

N=8 (Casewise deletion of missing data) 

Age Symptoms Age 

Diagnosed 

Age at scan time Duration of 

symptoms 

Duration of 

diagnosis 

EDSS SCORE 

right midline grey 

matter Ins 

-0.348194 0.064699 -0.085054 0.420584 -0.182378 -0.458648 

right midline grey 

matter NAA 

-0.481173 -0.227591 -0.397305 0.337986 -0.090404 -0.544281 

right midline grey 

matter GPC+PCh 
-0.482279 -0.062392 -0.474732 0.272244 -0.409218 -0.566424 

right midline grey 

matter NAA+NAAG 
-0.469476 -0.146866 -0.490565 0.240296 -0.304439 -0.653887 

 left midline grey 

matter Ins 
0.261570 0.557438 0.566091 0.120646 -0.206320 -0.079364 

left midline grey 

matter NAA 
-0.448793 -0.399369 -0.323531 0.356136 0.234028 -0.557438 

left midline grey 

matter GPC+PCh 
-0.119409 0.352320 -0.006079 0.164308 -0.512791 -0.385982 

left midline grey 

matter NAA+NAAG 
-0.556802 -0.644686 -0.439332 0.408862 0.464936 -0.363518 

right white matter Ins -0.105041 0.141009 0.221070 0.341379 0.029645 0.545304 

right white matter 

NAA 

-0.509759 

 

 

-0.123799 -0.202436 0.548001 -0.034800 -0.670491 

right white matter 

GPC+PCh 
-0.000773 0.050710 -0.206751 -0.178647 -0.290162 -0.008574 

right white matter 

NAA+NAAG 
-0.569951 -0.086394 -0.084406 0.736102 0.035475 -0.398115 

left white matter Ins -0.059943 -0.214249 0.320850 0.364075 0.645129 0.730716 

left white matter NAA -0.341510 0.067913 0.143457 0.609753 0.053146 0.121364 

left white matter 

GPC+PCh 
0.053550 0.016710 -0.218457 -0.265977 -0.253595 0.229426 

left white matter 

NAA+NAAG 

-0.252675 0.358869 0.091541 0.438450 -0.419615 -0.575297 

 

Pearson’s analysis proved a significant association between the EDSS and the white matter 

insula in the left hemisphere of the brain (r= 0.73; p=0.39). 

NAA+ NAAG showed a significant correlation with duration of disease in the Right WM of the 

brain (r=0.73; p=0.37). 

Upon closer inspection of the significant correlations the WM variables (GPC+PCh) left and 

right proved to have a strong positive relationship with % Tf (right- r=0.81, p=0.026; left- 

r=0.81, p=0.028) and HB (right- r=0.96, p=0.001; left- r=0.88, p=0.009). See Table 4.11. 
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4.14 Conclusion 

The results of this chapter will be discussed in chapter 5 within the study context. The 

conclusions that were drawn from the findings will be discussed and the limitations and 

recommendations for future studies will be presented.  
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CHAPTER FIVE 

DISCUSSION AND CONCLUSION 

 

 

5.1 Introduction 

In the present study Diffusion tensor imaging (DTI), and Magnetic Resonance Spectroscopy 

(MRS) were the techniques used to obtain high quality images that would allow the 

investigation of a possible association between lesion load, disability and biochemical 

markers (serum iron, % transferrin saturation, ferritin, haemoglobin, etc.) in the MS disease 

process. 

 

Previously published studies have reported conflicting results with regards to correlations 

between disability and MRI (e.g. Giorgio et al., 2010). There are many reasons that could 

explain the varied result but one probable explanation is that the MRIs did not make use of 

advanced metrics like DTI and MRS. For this reason the study reported on in this thesis was 

designed to examine whether there is a role for DTI and MRS as the most accurate markers 

in monitoring disability and disease progression in MS.  Following is a discussion of the 

association between disability, measured by EDSS, lesion number and DTI. The role of 

biochemical marker values, in particular iron, in subjects diagnosed with MS is also 

discussed.  

 

5.2 EDSS compared to Lesion Number (N) in MS subjects 

 The T2 hyperintense lesions demonstrate some of the total WM damage. These lesions are 

a reflection of focal demyelination and axonal loss (De Groot et al., 2001). The current study 

demonstrated that subjects with high EDSS scores had high lesion N’s, high Fezeka’s scores 

as well as a high number of enhanced lesions. It is noted that the measure of lesion number 

in some subjects was affected by the fact that the lesions were so profound and confluent 

that they could not be characterised individually. This was possibly an indication that active 

demyelinating disease was present; however it could also be representative of many other 

pathological conditions such as blood-brain barrier breakdown, inflammatory demyelination, 

fibrillary astrocytosis and remyelination (Mostertet al., 2010). This could not be clearly 

assessed, probably due to the variance in the disabilities compared to the lesion numbers in 

MS subjects. 

 

Kidd et al. (1999) stated that fewer enhancing lesions are an indication of clinically benign 

disease whereas more extensive lesions are an indication of a secondary progressive 

disease course. In contrast with this statement the current study had 2 subjects with low 

EDSS who had high lesion numbers. MS01 (EDSS=2) had a lesion number of 79 and MS06 
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(EDSS=1.5) had a lesion number of 80. On the other hand in MS15 (EDSS=7.5) the 

supratentorial lesions in this patient were too numerous and confluent to individually 

charactersise. Loss of the normal midbrain convexity and tectal atrophyas well as significant 

cerebellar atrophy were noted. Therefore the lesion count was low: not because there were 

few lesions, but because they were too numerous to characterise. This corroborates with 

what has been reported in longitudinal studies done by Blinkenberget al. (2000), that 

evidence of multiple lesions in the brains of some subjects did not necessarily relate to the 

degree of disability. It could be possible that the lesions seen on the scans are merely due to 

leucoaraiosis associated with small vessel disease. Therefore as stated by Kidd et al. (1999), 

the correlation of lesion number to disability will never be perfect as T2 lesions are 

heterogeneous in nature. 

 

5.3 DTI findings compared to EDSS 

By applying various diffusion indices across the brain different patterns of FA, RD, AD and 

MD changes become visible indicating that various WM pathology occurs in MS (Lui et al., 

2012).  

The present study found negative associations of the FA with the EDSS in all the WMTs 

investigated, and these associations were significant (p < 0.05) in 32 (67%) of the 48 WMTs. 

Previous studies (Bodiniet al., 2013; Onuet al., 2012; Caligiuriet al., 2014) had a similar 

finding of association, while other studies found no significant correlations between FA and 

EDSS values (Hasanet al., 2005; Temelet al., 2013; Bethune et al., 2011; Giorgio et al., 

2010). Furthermore in the current study, significantly decreased FA was found in several 

brain regions of MS patients when compared to the control group (Table 4.5), which is a 

similar finding to previous studies (Onuet al., 2012; Hasanet al., 2005; Asafet al., 2015; 

Temelet al., 2013; Liu et al., 2012; Bethune et al., 2011).  

A novel finding of this study was that when the MS patients were grouped according to their 

EDSS scores, subjects with low EDSS had similar FA values to the controls. Subjects with 

an EDSS < 3 showed white matter function similar to control subjects extending over the 

whole of the brain, this effect can be seen in 46 (96%) of the 48 WMTs investigated (Table 

4.6). Examples of this novel finding are depicted in Figures 4.8 and Figure 4.9, showing that 

subjects with low EDSS had decreased FA and RD in the WMTs of the brain investigated 

effect. This can especially be seen in the CC genu, body and splenium, the fornix and the 

superior longitudinal fasciculus which is WMTs involved with cognition and movement. It 

appears to be possible that the three patients with high disability scores masked the 

favorable FA outcome of the other 8 patients who had low disability, so that the MS group as 

a whole seemed to have significantly lower FA values, and by implication worse myelin 

function compared to controls. Improved myelin function in patients with low EDSS may be 
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associated with factors that have an impact on myelin synthesis and maintenance: avoidance 

of risk factors such as inhalation of cigarette smoke.  The intake of dietary factors such as 5 

fruits and vegetables (Davis et al., 2014), epigenetic factors such as iron, essential fatty 

acids and vitamin B12 (Bartzokis, 2011; Van Rensburg et al., 2012) as well as sufficient 

levels of physical activity (Fjeldstadet al., 2015; Nelson et al., 2014).  

In the study group an increase of MD was noted in certain areas of the brain due to the fact 

that the average diffusion increased. This could also happen if there is a loss in WM integrity 

because water can only move across membranes. Song et al. (2002; 2005) have shown in 

their studies that if there is an increase in RD and AD stays the same in an area then so-

called “demyelination” takes place. In this study there was no change in AD, only the medial 

lemniscus LH showed a highly significant AD result. According to Song et al. (2002; 2005)  

when AD decreases in an area it is due to the loss of axons in structures, however the latter 

was only done on animals and not on humans.  

In this study it showed that for disability (where the EDSS was increased) there was 

decreased FA and RD in most of the WMTs whereas AD and MD were increased.  

The study shows that there is an abnormal DTI which correlates positively with an increased 

disability. This is usually a good indication of pathological changes.  

5.4 Effects of Iron on Myelin 

Iron is one of the most important metals in the brain and oligodendrocytes are the major iron 

containing cells found within the brain mainly involved in myelination (Sjöbeck&Englund, 

2003; Bartzokiset al., 2004). As a result, lack of iron may inversely affect some of the 

processes being carried out in the brain such as demyelination. Additionally, dysregulation of 

iron in the body has been found in some of the neurodegenerative diseases such as 

Alzheimer’s disease (AD) (Bartzokiset al., 2007) Parkinson’s disease and Hemochromatosis. 

Due to the fact that previous studies had shown that iron affects myelination negatively by 

causing effects like oxidative stress (Qian&Shen, 2001; Pinero & Connor, 2000), we 

assessed whether negative effects of blood iron parameters can be seen with FA.  

The second novel finding of this study is that FA was positively associated with specific blood 

iron parameters (Table 4.7), while no negative associations were found, except with Hb; 

however, these associations were not significant and had very low r-values. While Hb was 

not associated with FA in any of the WMTs, serum iron concentration showed significant 

positive associations (p < 0.05) in WMTs, serum ferritin (after correction for increased CRP) 

in WMTs and with % Tf sat in 25 (52%) of the 48 tracts. Highly significant associations (p< 

0.01) of FA with % Tf sat were found in 14 (29%) of the tracts (Table 4.7). These results may 

suggest that iron which is transported into the brain is of functional significance for white 

matter maintenance and that these iron parameters had no negative effects on WM function.   
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Due to the fact that oligodendrocytes have a high dependency on iron for normal function it is 

expected that there should be a requirement for iron in the WMTs (Barzokis, 2011). In MS, % 

Tf sat may be reduced due to inflammation, reduced iron uptake or increased iron loss 

(Khumalo, 1998). Especially in areas like the thalamus (of which the corona radiate, internal 

capsule, cingulum and cerebral peduncles are a part (Martini, 2006). Table 1 shows that only 

% Tf saturation is significantly associated with FA which could mean that risk of MS 

diagnosis may be related to factors other than iron overload as mentioned by Khalil et al. 

(2011). In addition, the study showed that in areas like the fornix (p=0.02) and CC splenium 

(p=0.02) the % Tf sat also had a significantly positive association with the FA. These areas 

are involved in emotional regulation as they also form part of the limbic system (Martini, 

2006). Since patients with MS experience an increased incidence of depression as well as 

symptoms of fatigue, there may be an association of these conditions with decreased iron 

concentration and myelin function. The lack of significant associations of FA values with Hb 

suggests that the iron in this protein may not be available for WM synthesis (see Table 4.7). 

In MS patients with iron deficiency, Hb is the last parameter to decrease, since the iron 

concentration in Hb for oxygen delivery is preferentially protected (Van Toorn et al., 2010). 

Measuring Hb alone may therefore not provide a dependable estimate of iron availability for 

myelin functionality.  

When the threshold was lowered to include only highly significant associations between FA 

and % Tf sat (p < 0.01) the WMTs that still showed an association were the medial 

lemniscus, cerebellar peduncle, and anterior limb of the internal capsule, retrolenticular 

internal capsule, anterior corona radiata and the superior corona radiate (Table 4.7). All 

these tracts are involved in automatic processing (Martini, 2006).  

Serum iron concentration was also significantly (p < 0.05) positively associated with FA in 13 

(27%) of the 48 WM tracts that were assessed, the inferior cerebellar peduncle, anterior limb 

of the internal capsule, posterior limb of the internal capsule, retrolenticular internal capsule, 

anterior corona radiata, superior corona radiata, posterior corona radiata, external capsule, 

superior longitudinal fasciculis and superior fronto-occipital fasciculis.  All of these areas 

mentioned above are involved in the control of automatic functions (Martini, 2006).  

Serum Tf concentration only showed 2 significant associations in the superior longitudinal 

fasciculus (right; p=0.02) and the F/striaterminalis (right; p=0.01) while Hb did not show 

significant associations (Table 4.7).  

After adjusting for high CRP, serum ferritin showed significant (p<0.05) positive associations 

with FA in 4 WMTs (Middle cerebellar peduncle, Medial lemniscus RH, Anterior limb of 

internal capsule LH, Retrolenticular internal capsule RH), while 3 tracts were highly 

significantly associated (p<0.01) namely the Posterior limb of internal capsule LH, Anterior 
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corona radiata RH and Anterior corona radiata LH. This finding is in keeping with the work of 

Schonberg et al. (2013) who found that ferritin stimulated genesis of oligodendrocytes in the 

spinal cord, and Hulet et al. (2000) and Todorich et al. (2011) who found ferritin receptors on 

oligodendrocytes, which suggested that ferritin may present a delivery route of iron for myelin 

production in oligodendrocytes. In the present study, principal component analysis indicated 

that serum ferritin values co-segregated with CRP (results not shown).  

5.5 Limitations and Recommendations 

A limitation of this study is the small number of patients of whom the DTI could be used for 

analysis. In the “high EDSS” group, the FA data of only 3 patients could be used for analysis, 

although 4 patients with EDSS values > 6 were included in the study. Nevertheless, the FA 

data from these 3 patients needed to be analysed separately since the true outcome of FA in 

the whole cohort was masked by the highly significant decreased FA in these 3 patients. We 

acknowledge the limitation of 11 subjects but this was accommodated for by examining the 

48 WMTs of the 11 subjects which provided a total of 528 WMTs. To increase the statistical 

power of the study, an “extremes of outcome” approach was used to evaluate the effect of 

disability status and iron parameters on FA.  

The strength of the study was the availability of blood iron parameters and EDSS 

measurements, which presented the opportunity to evaluate the association of systemic iron 

concentrations with FA, and therefore potentially with WM function and disease outcome. 

 Future studies should address these limitations and include a larger sample size in order to 

verify the results. 

5.6 Conclusion 

Although other MRI metrics may have stronger clinical correlates it can be concluded that the 

relationship between EDSS and lesion number count has an impact on cerebral neural 

activity and is capable of being logically proved.  

This study made 2 important discoveries: First, the FA of WMTs as a parameter of myelin 

integrity was lower only in those MS subjects who had high EDSS scores. Subjects who had 

EDSS scores < 3 (i.e. who had a “benign” disease outcome) had FA values similar to control 

values and this finding was not related to their age or disease duration. These findings may 

argue against the assumption that people diagnosed with MS inevitably experience 

increasing myelin degeneration over time. With the results of Wake et al. (2015) taken into 

account, concerted efforts by patients to improve their brain function by employing activities 

to increase neuronal function may prevent the regression of WM.   

Second, the association found between FA and iron parameters, especially % Tf sat, 

confirms the hypothesis that iron availability to the WM may be a requirement for optimal 
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myelin functionality. The association between FA as a parameter of myelin integrity and iron 

availability to the white matter, confirms previous perceptions that iron is a requirement for 

myelin maintenance. The energy needed to create myelin is extremely high, thus the 

increased requirement for iron in the brain; conversely, if there is a lack of iron, myelination 

cannot occur. The comparisons between the FA and the % Tf sat of the patients and the 

controls showed the most significant differences. Therefore these results suggest that serum 

iron concentration, ferritin and % Tf sat had an effect on myelination. The lack of association 

between FA and Hb suggests that the iron in this protein is not available for WM function.  

This was echoed in the results of the radial diffusivity whereas axial diffusivity and mean 

diffusivity showed significant negative associations between FA, EDSS and % Tf. It is noted 

that these findings are in contrast to what many authors found surrounding FA and iron in the 

brain (Qian&Shen, 2001; Piñero& Connor, 2000; Larkin &Rao, 1990). It is thus imperative 

that medical professionals measure iron and supplement those with low blood values as it is 

may be related to myelin function. 

The results of the present study, if confirmed in larger studies, should be an indication that 

measurement of iron parameters in patients with MS could provide important information 

regarding myelin function. 
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APPENDICES 

Appendix A: Diagnostic criteria for Multiple Sclerosis 

(Adapted from 2010 McDonald criteria, Polman et al., 2011: 297) 

Clinical Presentation Additional Data Needed for MS Diagnosis 

Two or more attacks; clinical evidence 

of 2 or more lesions 

None
a
 

Two  or  more;  clinical  evidence  of  1 lesion Dissemination in space, demonstrated by MRI
b
 

or 

Two  or  more  MRI-detected  lesions  consistent with MS plus 

positive CSF
c
 

or 

Await further clinical attack implicating a different site 

One  attack;  clinical  evidence of  2  or more lesions Dissemination in time, demonstrated by MRI
d
 

or 

Second clinical attack 

One attack; clinical evidence of 1 lesion 

(mono-symptomatic presentation; clinically isolated syndrome) 

Dissemination in space, demonstrated by MRI
b
 

or 

Two  or  more  MRI-detected  lesions  consistent with MS plus 

positive CSF
c
 

and 

Dissemination in time, demonstrated by MRI
d
 

or 

Second clinical attack 

 

 

Insidious neurological progression suggestive of 

MS 

Positive CSF
c
 

and 

Dissemination in space, demonstrated by 

1)   Nine or more T2 lesions in brain or 

2) or more lesions in spinal cord, or 

3)   4-8 brain plus 1 spinal cord lesion 

or 

abnormal VEP
e 

associated with 4-8 brain 

lesions, or with fewer than 4 brain lesions plus 1 

spinal cord lesion demonstrated by MRI 

and 

Dissemination in time, demonstrated by MRI
d
 

or 

Continued progression for 1 year MRI criteria for brain abnormality MRI criteria for dissemination in time 

 

 

3 or 4 of the following: 

1. One Gd – enhancing lesion or nine T2 – hyperintense lesions 

if there is no Gd enhancing lesions, 

2. At least 1 infratentorial lesion,  

3. At least 1 juxtacortical lesion,  

4. At least 3 periventricular lesions. 

 

1.  If a first scan occurs 3 months or more after the onset of the 

clinical event, the presence of a gadolinium-enhancing lesion is 

sufficient to demonstrate dissemination in time, provided that it is 

not at the site implicated in the original clinical event. If there is no 

enhancing lesion at this time, a follow-up scan is required. The 

timing of this follow-up is not crucial, but 3 months is recommended. 

A new T2- or gadolinium- enhancing lesion at this time then fulfils 

the criterion for dissemination in time. 

2.  If the first scan is performed less than 3 months after the onset 

of the clinical event, a second scan done 3 months or more after 

the clinical event showing a new gadolinium-enhancing lesion 

provides sufficient evidence for dissemination in time. However, if 

no enhancing lesion is seen at this second scan, a further scan not 

less than 3 months after the first scan that shows a new T2 lesion 

or enhancing lesion will suffice. 
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APPENDIX B: Example of Kurtzke’s expanded disability status scale (EDSS) 

used to assess disease progression in MS patients 

 

Score Level of Disability in Multiple Sclerosis 

0.0 Normal neurological exam 

1.0 No disability, single sign present 

1.5 No disability, minimal signs present 

2.0 Minimal disability 

2.5 Mild disability 

3.0 Moderate disability 

3.5 Fully ambulatory despite some disabilities 

4.0 Fully ambulatory without aid despite relatively severe disability 

4.5 Fully ambulatory with relatively severe disability 

5.0 Disability impairs full daily activities 

5.5 Disability precludes full daily activities 

6.0 Requires intermittent or unilateral constant assistance to walk 

6.5 Requires constant bilateral support to walk 

7.0 Unable to walk and essentially restricted to a wheelchair 

7.5 Restricted to wheelchair and unable to take more than a few steps 

8.0 Essentially restricted to a wheelchair with generally effective use of arms 

8.5 Essentially restricted to bed much of day with some effective use of arms 

9.0 Confined to bed, still able to communicate and eat 

9.5 Bedridden and unable to communicate effectively or eat and swallow 

10.0 Death due to MS 

(Kurtzke, 1983) 
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APPENDIX C: Letter of approval of study (Stellenbosch University) 
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APPENDIX D: Letter of approval of study (CPUT) 
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APPENDIX E: Permission to do research 

 

        54 Riverton Crescent 

        Elsies River 

        7490 

 

     

 

The Head of Department      

3 T Brain Imaging Centre      

University of Stellenbosch      

Bellville 

7500      

 

 

 

Dear Sir/ Madam 

 

This serves to confirm that I Estelle Arendse, student number: 194081214 am registered for 

the M Tech Degree (Radiography) at Cape Peninsula University of Technology (CPUT). 

 

The topic of my research project is entitled: STUDY THE USE OF MAGNETIC 

RESONANCE IMAGING AND BIOCHEMICAL MARKERS TO ASSESS THE SEVERITY 

OF DISABILITY IN FEMALE SUBJECTS WITH MULTIPLE SCHLEROSIS.  

 

This project would not require any name of persons to be recorded; and I give my solemn 

undertaking that the information of each participant will be treated confidentially. I undertake 

not to reveal the names and/or hospital numbers of patients during writing up of my research, 

or during presentation of my results. All data will be handled by me as the researcher. 

 

I would appreciate it if you could grant me consent to undertake the project at your 

organization/institution/company.  

 

Thank you for your participation and cooperation in this regard 

 

_______________    _______________ (Consent Granted)  

Estelle Arendse     Bruce Spottiswood 

Lecturer      Manager (CUBIC) 
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APPENDIX F: Consent form 

 

MAGNETIC RESONANCE IMAGING AS A TOOL TO PREDICT THE SEVERITY OF 

DISABILITY IN MULTIPLE SCLEROSIS 

INFORMED CONSENT 

 

Participant’s File no:      Date:  

 

I, ESTELLE ARENDSE, am currently a registered Masters student in Radiography at Cape 

Peninsula University of Technology. My study involves Magnetic Resonance Imaging as a 

tool to predict the severity of disability in Multiple Sclerosis. This study will involve 

participants undergoing an MRI scan of the brain. 

If you are willing to participate in the study I will need your permission before I am able to 

commence with the examination. Confidentiality will be maintained at all times.  

By signing below you give permission for an MRI scan to be performed on your brain, 

and consent to the data obtained through the examination to be used in this research 

study as well as any publications or presentations linked to this study in SA or abroad. If 

however you need the information in the future it would be made available to you on 

request.  

 

 

What is a MRI of the brain? 

 

An MRI scan is a method of producing detailed pictures of any body tissue / organs. 

It makes use of electromagnetic energy that is released when exposing a patient to 

radiofrequency waves in a strong magnetic field. This information is then measured and 

analysed by a computer. 

It is a painless and harmless procedure to assess the brain. A special dye will however be 

injected intravenously to enhance the appearance of blood vessels. 

 

NOTE: 

Patients with metal implants, cochlear implants and cardiac pacemakers are prevented from 

having an MRI scan due to the effects that the magnetic field have on these devices.  

 

Side effects: Nausea and vomiting as well as allergic type dermal and mucosal 

reactions have occasionally been observed after the administration of 

Gadovist.  
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Please tell us if you have any of these devices or if you experience any of the above 

side effects. 

 

I declare that: 

 

I understand what the procedure will be for this MRI scan. 

I voluntarily agree to take part in this study voluntarily. 

I have read and/or someone has read the information pertaining to the study to me. 

The information is in a language with which I am fluent and comfortable. 

I was given an opportunity to ask questions and all my questions have been answered to my 

satisfaction. 

I understand that taking part in this study is voluntary. 

I may choose to leave the study at any time. 

 

 

     At Bellville (TBH)      

   Signature of participant       on this day 

 

     at Bellville (TBH)      

    Signature of witness              on this day 

 

Declaration by investigator: 

 

I (name)……………………………………………….declare that:- 

 

I have explained the information in this document to this participant. I encouraged him/her to 

ask questions and took adequate time to answer all the questions. I am satisfied that he/she 

understands the information. The information obtained from this study, will ONLY be used for 

the purpose of this study and academic publications/presentations emanating from it. The 

information will be available to the participant on request. 

 

 

     At Bellville (TBH)    

  Signature of investigator        on this day 
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APPENDIX G1: MRI Screening form (master) 
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APPENDIX G2: MRI screening form (completed example) 
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Appendix H: A list of the WM tracts (LH-left hemisphere / RH-right hemisphere) 

 

MCP - Middle_cerebellar_peduncle 

PCT - Pontine_crossing_tract 

CC_genu 

CC_body 

CC_splenium 

F – Fornix 

CST - Corticospinal_tract_RH 

CST - Corticospinal_tract_LH 

ML - Medial_lemniscus_RH 

ML - Medial_lemniscus_LH 

ICP - Inferior_cerebellar_peduncle_RH 

ICP - Inferior_cerebellar_peduncle_LH 

SCP - Superior_cerebellar_peduncle_RH 

SCP - Superior_cerebellar_peduncle_LH 

CP - Cerebral_peduncle_RH 

CP - Cerebral_peduncle_LH 

ALIC - Anterior_limb_of_internal_capsule_RH 

ALIC - Anterior_limb_of_internal_capsule_LH 

PLIC - Posterior_limb_of_internal_capsule_RH 

PLIC - Posterior_limb_of_internal_capsule_LH 

RLIC - Retrolenticular_internal_capsule_RH 

RLIC - Retrolenticular_internal_capsule_LH 

ACR - Anterior_corona_radiata_RH 

ACR - Anterior_corona_radiata_LH 

SCR - Superior_corona_radiata_RH 

SCR - Superior_corona_radiata_LH 

PCR - Posterior_corona_radiata_RH 

PCR - Posterior_corona_radiata_LH 

PTR - Posterior_thalamic_radiation_RH 

PTR - Posterior_thalamic_radiation_LH 

SS - Sagittal_stratum_RH 

SS - Sagittal_stratum_LH 

EC - External_capsule_RH 

EC - External_capsule_LH 

Cg - Cingulum_RH 

Cg - Cingulum_LH 

Cg (HPC) - Cingulum(hippocampus)_RH 

Cg (HPC) - Cingulum(hippocampus)_LH 

F/stria terminalis - Fornix/stria_terminalis_RH 

F/stria terminalis - Fornix/stria_terminalis_LH 

SLF - Superior_longitudinal_fasciculus_RH 

SLF - Superior_longitudinal_fasciculus_LH 
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SFOF - Superior_fronto_occip_fasciculus_RH 

SFOF - Superior_fronto_occip_fasciculus_LH 

UF - Uncinate_fasciculus_RH 

UF - Uncinate_fasciculus_LH 

T - Tapetum_RH 

T - Tapetum_LH 
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Appendix I: FA correlations of EDSS and age diagnosed in the 48 WM tracts. 

 

FRACTIONAL ANISOTROPY (n=11) EDSS Age Diagnosed 

 

 r  p  r  p 

Middle_cerebellar_peduncle -0.69 0.02 0.51 0.11 

Pontine_crossing_tract -0.49 0.13 -0.03 0.94 

CC_genu -0.49 0.12 -0.05 0.87 

CC_body -0.30 0.37 -0.06 0.86 

CC_splenium -0.68 0.02 0.45 0.17 

Fornix -0.84 <0.01 0.50 0.12 

Corticospinal_tract_RH -0.81 <0.01 0.74 <0.01 

Corticospinal_tract_LH -0.87 <0.01 0.53 0.09 

Medial_lemniscus_RH -0.73 0.01 0.37 0.26 

Medial_lemniscus_LH -0.79 <0.01 0.52 0.10 

Inferior_cerebellar_peduncle_RH -0.70 0.02 0.47 0.15 

Inferior_cerebellar_peduncle_LH -0.71 0.01 0.24 0.48 

Superior_cerebellar_peduncle_RH -0.88 <0.01 0.59 0.05 

Superior_cerebellar_peduncle_LH -0.89 <0.01 0.39 0.23 

Cerebral_peduncle_RH -0.84 <0.01 0.47 0.14 

Cerebral_peduncle_LH -0.57 0.07 0.39 0.23 

Anterior_limb_of_int_capsule_RH -0.55 0.08 0.47 0.14 

Anterior_limb_of_int_capsule_LH -0.85 <0.01 0.47 0.15 

Posterior_limb_of_int_capsule_RH -0.65 0.03 0.56 0.07 

Posterior_limb_of_int_capsule_LH -0.66 0.03 0.41 0.21 

Retrolenticular_int_capsule_RH -0.62 0.04 0.40 0.23 

Retrolenticular_int_capsule_LH -0.40 0.23 0.22 0.51 

Anterior_corona_radiata_RH -0.65 0.03 0.31 0.35 

Anterior_corona_radiata_LH -0.66 0.03 0.29 0.39 

Superior_corona_radiata_RH -0.62 0.04 0.63 0.04 

Superior_corona_radiata_LH -0.61 0.05 0.75 <0.01 

Posterior_corona_radiata_RH -0.77 <0.01 0.59 0.05 

Posterior_corona_radiata_LH -0.67 0.03 0.63 0.04 

Posterior_thalamic_radiation_RH -0.67 0.03 0.42 0.19 

Posterior_thalamic_radiation_LH -0.67 0.02 0.61 0.05 

Sagittal_stratum_RH -0.27 0.43 0.16 0.63 

Sagittal_stratum_LH -0.54 0.09 0.13 0.70 

External_capsule_RH -0.55 0.08 0.37 0.26 

External_capsule_LH -0.60 0.05 0.56 0.08 

Cingulum_RH -0.50 0.12 0.42 0.19 

Cingulum_LH -0.83 <0.01 0.31 0.36 

Cingulum(hippocampus)_RH -0.95 <0.01 0.36 0.28 

Cingulum(hippocampus)_LH -0.71 0.01 0.40 0.22 

Fornix/stria_terminalis_RH -0.81 <0.01 0.68 0.02 

Fornix/stria_terminalis_LH -0.85 <0.01 0.46 0.15 

Sup_longitudinal_fasciculus_RH -0.82 <0.01 0.34 0.30 

Sup_longitudinal_fasciculus_LH -0.55 0.08 0.40 0.23 

Sup_fronto_occip_fasciculus_RH -0.60 0.05 0.24 0.48 

Sup_fronto_occip_fasciculus_LH -0.53 0.09 0.38 0.25 

Uncinate_fasciculus_RH -0.83 <0.01 0.27 0.41 

Uncinate_fasciculus_LH -0.63 0.04 -0.10 0.78 
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Tapetum_RH -0.84 <0.01 0.14 0.68 

Tapetum_LH -0.58 0.06 -0.11 0.74 
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Appendix J: RD correlations of EDSS and age diagnosed in the 48 WM tracts. 

 

RADIAL DIFFUSIVITY (n=11) EDSS Age Diagnosed 

 

 r  p  r  p 

Middle_cerebellar_peduncle 0.77 <0.01 -0.43 0.18 

Pontine_crossing_tract 0.42 0.19 0.06 0.85 

CC_genu 0.83 <0.01 -0.38 0.24 

CC_body 0.59 0.06 -0.22 0.52 

CC_splenium 0.71 0.01 -0.58 0.06 

Fornix 0.68 0.02 -0.66 0.03 

Corticospinal_tract_RH 0.79 <0.01 -0.76 <0.01 

Corticospinal_tract_LH 0.77 <0.01 -0.54 0.09 

Medial_lemniscus_RH 0.76 <0.01 -0.48 0.14 

Medial_lemniscus_LH 0.84 <0.01 -0.49 0.13 

Inferior_cerebellar_peduncle_RH 0.84 <0.01 -0.62 0.04 

Inferior_cerebellar_peduncle_LH 0.49 0.13 0.06 0.86 

Superior_cerebellar_peduncle_RH 0.83 <0.01 -0.56 0.07 

Superior_cerebellar_peduncle_LH 0.82 <0.01 -0.56 0.07 

Cerebral_peduncle_RH 0.66 0.03 -0.33 0.32 

Cerebral_peduncle_LH 0.57 0.07 -0.54 0.08 

Anterior_limb_of_int_capsule_RH 0.55 0.08 -0.44 0.18 

Anterior_limb_of_int_capsule_LH 0.67 0.03 -0.63 0.04 

Posterior_limb_of_int_capsule_RH 0.64 0.03 -0.51 0.11 

Posterior_limb_of_int_capsule_LH 0.53 0.10 -0.46 0.16 

Retrolenticular_int_capsule_RH 0.47 0.14 -0.20 0.55 

Retrolenticular_int_capsule_LH 0.24 0.47 -0.12 0.72 

Anterior_corona_radiata_RH 0.62 0.04 -0.29 0.39 

Anterior_corona_radiata_LH 0.55 0.08 -0.20 0.55 

Superior_corona_radiata_RH 0.62 0.04 -0.48 0.14 

Superior_corona_radiata_LH 0.49 0.13 -0.39 0.24 

Posterior_corona_radiata_RH 0.84 <0.01 -0.65 0.03 

Posterior_corona_radiata_LH 0.65 0.03 -0.53 0.09 

Posterior_thalamic_radiation_RH 0.72 0.01 -0.47 0.15 

Posterior_thalamic_radiation_LH 0.83 <0.01 -0.66 0.03 

Sagittal_stratum_RH 0.56 0.07 -0.14 0.69 

Sagittal_stratum_LH 0.53 0.10 0.00 0.99 

External_capsule_RH 0.61 0.05 -0.26 0.43 

External_capsule_LH 0.52 0.10 -0.44 0.17 

Cingulum_RH 0.61 0.05 -0.21 0.54 

Cingulum_LH 0.59 0.05 -0.26 0.45 

Cingulum(hippocampus)_RH 0.76 <0.01 -0.37 0.26 

Cingulum(hippocampus)_LH 0.76 <0.01 -0.38 0.25 

Fornix/stria_terminalis_RH 0.77 <0.01 -0.44 0.18 

Fornix/stria_terminalis_LH 0.84 <0.01 -0.57 0.07 

Sup_longitudinal_fasciculus_RH 0.91 <0.01 -0.54 0.09 

Sup_longitudinal_fasciculus_LH 0.38 0.25 -0.10 0.78 

Sup_fronto_occip_fasciculus_RH 0.62 0.04 -0.10 0.78 

Sup_fronto_occip_fasciculus_LH 0.54 0.09 -0.36 0.27 

Uncinate_fasciculus_RH 0.83 <0.01 -0.23 0.49 

Uncinate_fasciculus_LH 0.74 <0.01 0.01 0.97 
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Tapetum_RH 0.85 <0.01 -0.30 0.37 

Tapetum_LH 0.65 0.03 0.09 0.79 
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Appendix K: MD correlations of EDSS, % TF sat, Haemoglobin and Ferritin in the 48 

WM tracts. 

MEAN DIFFUSIVITY (n=11) EDSS % Tf saturation Haemoglobin Ferritin 

 

 r  p  r  p  r  P  r  p 

Middle_cerebellar_peduncle 0.67 0.02 -0.20 0.55 0.03 0.94 -0.49 0.13 

Pontine_crossing_tract -0.44 0.17 0.60 0.05 0.26 0.44 -0.03 0.94 

CC_genu 0.52 0.10 0.04 0.90 -0.09 0.80 -0.69 0.02 

CC_body 0.56 0.07 -0.08 0.81 -0.03 0.94 -0.49 0.13 

CC_splenium 0.41 0.21 -0.42 0.19 -0.27 0.42 -0.06 0.85 

Fornix 0.44 0.18 -0.48 0.14 -0.14 0.68 -0.05 0.87 

Corticospinal_tract_RH 0.36 0.28 0.28 0.41 0.25 0.47 -0.05 0.88 

Corticospinal_tract_LH 0.21 0.53 0.24 0.48 0.13 0.70 0.05 0.89 

Medial_lemniscus_RH 0.59 0.06 -0.36 0.28 -0.17 0.62 0.07 0.84 

Medial_lemniscus_LH 0.74 <0.01 -0.31 0.36 -0.31 0.35 -0.05 0.87 

Inferior_cerebellar_peduncle_RH 0.44 0.17 -0.26 0.45 -0.27 0.41 0.30 0.37 

Inferior_cerebellar_peduncle_LH -0.26 0.44 0.10 0.76 0.14 0.68 0.05 0.89 

Superior_cerebellar_peduncle_RH 0.61 0.05 -0.38 0.25 -0.24 0.47 -0.17 0.62 

Superior_cerebellar_peduncle_LH 0.67 0.02 -0.53 0.10 -0.31 0.35 -0.27 0.42 

Cerebral_peduncle_RH 0.64 0.04 -0.64 0.03 -0.12 0.73 -0.34 0.31 

Cerebral_peduncle_LH 0.54 0.09 -0.84 <0.01 -0.26 0.45 -0.17 0.62 

Anterior_limb_of_int_capsule_RH 0.61 0.05 -0.79 <0.01 -0.18 0.59 -0.31 0.35 

Anterior_limb_of_int_capsule_LH 0.37 0.27 -0.75 <0.01 -0.19 0.58 -0.06 0.86 

Posterior_limb_of_int_capsule_RH 0.48 0.14 -0.56 0.08 -0.27 0.42 -0.12 0.72 

Posterior_limb_of_int_capsule_LH 0.25 0.45 -0.84 <0.01 -0.30 0.37 0.16 0.64 

Retrolenticular_int_capsule_RH 0.45 0.17 -0.76 <0.01 -0.28 0.40 -0.11 0.75 

Retrolenticular_int_capsule_LH 0.03 0.92 -0.61 0.05 -0.05 0.87 -0.15 0.65 

Anterior_corona_radiata_RH 0.43 0.18 -0.86 <0.01 -0.28 0.41 -0.22 0.51 

Anterior_corona_radiata_LH 0.46 0.15 -0.36 0.28 0.31 0.36 -0.49 0.12 

Superior_corona_radiata_RH 0.57 0.07 -0.44 0.18 0.05 0.89 -0.38 0.25 

Superior_corona_radiata_LH 0.42 0.20 -0.66 0.03 -0.04 0.90 -0.45 0.16 

Posterior_corona_radiata_RH 0.59 0.05 -0.35 0.29 -0.22 0.51 -0.06 0.85 

Posterior_corona_radiata_LH 0.61 0.05 -0.41 0.21 -0.10 0.78 -0.29 0.39 

Posterior_thalamic_radiation_RH -0.33 0.33 0.33 0.32 0.22 0.51 0.10 0.77 

Posterior_thalamic_radiation_LH -0.31 0.35 0.47 0.14 0.34 0.30 -0.09 0.79 

Sagittal_stratum_RH 0.47 0.14 -0.28 0.41 -0.38 0.25 -0.54 0.09 

Sagittal_stratum_LH 0.61 0.05 -0.63 0.04 -0.22 0.52 -0.29 0.39 

External_capsule_RH 0.47 0.15 -0.38 0.24 0.15 0.66 -0.57 0.07 

External_capsule_LH 0.54 0.09 -0.55 0.08 -0.21 0.53 -0.46 0.16 

Cingulum_RH 0.53 0.09 -0.49 0.13 -0.05 0.88 -0.29 0.39 

Cingulum_LH 0.04 0.90 -0.58 0.06 0.06 0.85 0.01 0.98 

Cingulum(hippocampus)_RH 0.25 0.46 -0.32 0.33 -0.42 0.19 -0.22 0.51 

Cingulum(hippocampus)_LH 0.59 0.05 -0.80 <0.01 -0.28 0.41 -0.05 0.89 

Fornix/stria_terminalis_RH 0.72 0.01 -0.36 0.28 -0.20 0.55 -0.45 0.16 

Fornix/stria_terminalis_LH -0.19 0.57 -0.05 0.87 -0.46 0.16 0.08 0.82 

Sup_longitudinal_fasciculus_RH 0.07 0.85 -0.35 0.30 -0.89 <0.01 0.25 0.46 

Sup_longitudinal_fasciculus_LH 0.20 0.55 -0.48 0.13 -0.14 0.69 0.07 0.83 

Sup_fronto_occip_fasciculus_RH 0.57 0.07 -0.40 0.23 -0.47 0.15 0.02 0.95 

Sup_fronto_occip_fasciculus_LH 0.39 0.24 -0.76 <0.01 -0.13 0.70 -0.41 0.21 

Uncinate_fasciculus_RH 0.70 0.02 -0.54 0.08 -0.49 0.13 -0.20 0.55 

Uncinate_fasciculus_LH 0.55 0.08 -0.29 0.38 -0.14 0.68 -0.37 0.26 
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Tapetum_RH 0.62 0.04 -0.19 0.57 -0.20 0.56 -0.45 0.16 

Tapetum_LH -0.39 0.24 0.33 0.32 0.31 0.36 -0.26 0.44 
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Appendix L: MD correlations of EDSS and age diagnosed in the 48 WM tracts. 

 

MEAN DIFFUSIVITY (n=11) EDSS Age Diagnosed 

 

 r  p  r  p 

Middle_cerebellar_peduncle 0.67 0.02 -0.21 0.54 

Pontine_crossing_tract -0.44 0.17 0.32 0.34 

CC_genu 0.52 0.10 -0.23 0.49 

CC_body 0.56 0.07 -0.46 0.15 

CC_splenium 0.41 0.21 -0.58 0.06 

Fornix 0.44 0.18 -0.55 0.08 

Corticospinal_tract_RH 0.36 0.28 -0.17 0.62 

Corticospinal_tract_LH 0.21 0.53 -0.06 0.86 

Medial_lemniscus_RH 0.59 0.06 -0.17 0.61 

Medial_lemniscus_LH 0.74 <0.01 -0.23 0.50 

Inferior_cerebellar_peduncle_RH 0.44 0.17 -0.24 0.48 

Inferior_cerebellar_peduncle_LH -0.26 0.44 0.20 0.56 

Superior_cerebellar_peduncle_RH 0.61 0.05 -0.47 0.15 

Superior_cerebellar_peduncle_LH 0.67 0.02 -0.45 0.17 

Cerebral_peduncle_RH 0.64 0.04 -0.43 0.19 

Cerebral_peduncle_LH 0.54 0.09 -0.42 0.20 

Anterior_limb_of_int_capsule_RH 0.61 0.05 -0.39 0.24 

Anterior_limb_of_int_capsule_LH 0.37 0.27 -0.29 0.38 

Posterior_limb_of_int_capsule_RH 0.48 0.14 -0.39 0.23 

Posterior_limb_of_int_capsule_LH 0.25 0.45 -0.31 0.36 

Retrolenticular_int_capsule_RH 0.45 0.17 -0.19 0.58 

Retrolenticular_int_capsule_LH 0.03 0.92 0.16 0.64 

Anterior_corona_radiata_RH 0.43 0.18 -0.27 0.41 

Anterior_corona_radiata_LH 0.46 0.15 -0.09 0.79 

Superior_corona_radiata_RH 0.57 0.07 -0.32 0.33 

Superior_corona_radiata_LH 0.42 0.20 -0.36 0.28 

Posterior_corona_radiata_RH 0.59 0.05 -0.24 0.47 

Posterior_corona_radiata_LH 0.61 0.05 -0.36 0.28 

Posterior_thalamic_radiation_RH -0.33 0.33 0.26 0.43 

Posterior_thalamic_radiation_LH -0.31 0.35 0.28 0.40 

Sagittal_stratum_RH 0.47 0.14 0.06 0.85 

Sagittal_stratum_LH 0.61 0.05 -0.05 0.89 

External_capsule_RH 0.47 0.15 -0.14 0.68 

External_capsule_LH 0.54 0.09 -0.51 0.11 

Cingulum_RH 0.53 0.09 -0.16 0.65 

Cingulum_LH 0.04 0.90 -0.19 0.57 

Cingulum(hippocampus)_RH 0.25 0.46 -0.15 0.67 

Cingulum(hippocampus)_LH 0.59 0.05 -0.24 0.48 

Fornix/stria_terminalis_RH 0.72 0.01 -0.26 0.43 

Fornix/stria_terminalis_LH -0.19 0.57 -0.17 0.61 

Sup_longitudinal_fasciculus_RH 0.07 0.85 -0.57 0.07 

Sup_longitudinal_fasciculus_LH 0.20 0.55 0.10 0.77 

Sup_fronto_occip_fasciculus_RH 0.57 0.07 -0.07 0.84 

Sup_fronto_occip_fasciculus_LH 0.39 0.24 -0.36 0.28 

Uncinate_fasciculus_RH 0.70 0.02 -0.21 0.54 

Uncinate_fasciculus_LH 0.55 0.08 -0.41 0.21 
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Tapetum_RH 0.62 0.04 -0.23 0.50 

Tapetum_LH -0.39 0.24 0.25 0.46 
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Appendix M: AD correlations of EDSS, % Tf saturation, haemoglobin and ferritin in the 

48 WM tracts. 

AXIAL DIFFUSIVITY (n=11) EDSS % Tf saturation Haemoglobin Ferritin 

 

 r  P  r  p  r  P  r  p 

Middle_cerebellar_peduncle 0.67 0.02 -0.2 0.55 0.03 0.94 -0.49 0.13 

Pontine_crossing_tract -0.44 0.17 0.6 0.05 0.26 0.44 -0.03 0.94 

CC_genu 0.52 0.10 0.04 0.9 -0.09 0.80 -0.69 0.02 

CC_body 0.56 0.07 -0.08 0.81 -0.03 0.94 -0.49 0.13 

CC_splenium 0.41 0.21 -0.42 0.19 -0.27 0.42 -0.06 0.85 

Fornix 0.44 0.18 -0.48 0.14 -0.14 0.68 -0.05 0.87 

Corticospinal_tract_RH 0.36 0.28 0.28 0.41 0.25 0.47 -0.05 0.88 

Corticospinal_tract_LH 0.21 0.53 0.24 0.48 0.13 0.70 0.05 0.89 

Medial_lemniscus_RH 0.59 0.06 -0.36 0.28 -0.17 0.62 0.07 0.84 

Medial_lemniscus_LH 0.74 <0.01 -0.31 0.36 -0.31 0.35 -0.05 0.87 

Inferior_cerebellar_peduncle_RH 0.44 0.17 -0.26 0.45 -0.27 0.41 0.3 0.37 

Inferior_cerebellar_peduncle_LH -0.26 0.44 0.1 0.76 0.14 0.68 0.05 0.89 

Superior_cerebellar_peduncle_RH 0.61 0.05 -0.38 0.25 -0.24 0.47 -0.17 0.62 

Superior_cerebellar_peduncle_LH 0.67 0.02 -0.53 0.1 -0.31 0.35 -0.27 0.42 

Cerebral_peduncle_RH 0.64 0.04 -0.64 0.03 -0.12 0.73 -0.34 0.31 

Cerebral_peduncle_LH 0.54 0.09 -0.84 <0.01 -0.26 0.45 -0.17 0.62 

Anterior_limb_of_int_capsule_RH 0.61 0.05 -0.79 <0.01 -0.18 0.59 -0.31 0.35 

Anterior_limb_of_int_capsule_LH 0.37 0.27 -0.75 <0.01 -0.19 0.58 -0.06 0.86 

Posterior_limb_of_int_capsule_RH 0.48 0.14 -0.56 0.08 -0.27 0.42 -0.12 0.72 

Posterior_limb_of_int_capsule_LH 0.25 0.45 -0.84 <0.01 -0.30 0.37 0.16 0.64 

Retrolenticular_int_capsule_RH 0.45 0.17 -0.76 <0.01 -0.28 0.40 -0.11 0.75 

Retrolenticular_int_capsule_LH 0.03 0.92 -0.61 0.05 -0.05 0.87 -0.15 0.65 

Anterior_corona_radiata_RH 0.43 0.18 -0.86 <0.01 -0.28 0.41 -0.22 0.51 

Anterior_corona_radiata_LH 0.46 0.15 -0.36 0.28 0.31 0.36 -0.49 0.12 

Superior_corona_radiata_RH 0.57 0.07 -0.44 0.18 0.05 0.89 -0.38 0.25 

Superior_corona_radiata_LH 0.42 0.20 -0.66 0.03 -0.04 0.90 -0.45 0.16 

Posterior_corona_radiata_RH 0.59 0.05 -0.35 0.29 -0.22 0.51 -0.06 0.85 

Posterior_corona_radiata_LH 0.61 0.05 -0.41 0.21 -0.10 0.78 -0.29 0.39 

Posterior_thalamic_radiation_RH -0.33 0.33 0.33 0.32 0.22 0.51 0.1 0.77 

Posterior_thalamic_radiation_LH -0.31 0.35 0.47 0.14 0.34 0.30 -0.09 0.79 

Sagittal_stratum_RH 0.47 0.14 -0.28 0.41 -0.38 0.25 -0.54 0.09 

Sagittal_stratum_LH 0.61 0.05 -0.63 0.04 -0.22 0.52 -0.29 0.39 

External_capsule_RH 0.47 0.15 -0.38 0.24 0.15 0.66 -0.57 0.07 

External_capsule_LH 0.54 0.09 -0.55 0.08 -0.21 0.53 -0.46 0.16 

Cingulum_RH 0.53 0.09 -0.49 0.13 -0.05 0.88 -0.29 0.39 

Cingulum_LH 0.04 0.90 -0.58 0.06 0.06 0.85 0.01 0.98 

Cingulum(hippocampus)_RH 0.25 0.46 -0.32 0.33 -0.42 0.19 -0.22 0.51 

Cingulum(hippocampus)_LH 0.59 0.05 -0.8 <0.01 -0.28 0.41 -0.05 0.89 

Fornix/stria_terminalis_RH 0.72 0.01 -0.36 0.28 -0.20 0.55 -0.45 0.16 

Fornix/stria_terminalis_LH -0.19 0.57 -0.05 0.87 -0.46 0.16 0.08 0.82 

Sup_longitudinal_fasciculus_RH 0.07 0.85 -0.35 0.3 -0.89 <0.01 0.25 0.46 

Sup_longitudinal_fasciculus_LH 0.20 0.55 -0.48 0.13 -0.14 0.69 0.07 0.83 

Sup_fronto_occip_fasciculus_RH 0.57 0.07 -0.4 0.23 -0.47 0.15 0.02 0.95 

Sup_fronto_occip_fasciculus_LH 0.39 0.24 -0.76 <0.01 -0.13 0.70 -0.41 0.21 

Uncinate_fasciculus_RH 0.70 0.02 -0.54 0.08 -0.49 0.13 -0.2 0.55 

Uncinate_fasciculus_LH 0.55 0.08 -0.29 0.38 -0.14 0.68 -0.37 0.26 
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Tapetum_RH 0.62 0.04 -0.19 0.57 -0.20 0.56 -0.45 0.16 

Tapetum_LH -0.39 0.24 0.33 0.32 0.31 0.36 -0.26 0.44 
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Appendix N: AD correlations of EDSS and age diagnosed in the 48 WM tracts. 

AXIAL DIFFUSIVITY (n=11) EDSS Age Diagnosed 

 

 r  P  r  P 

Middle_cerebellar_peduncle 0.67 0.02 -0.21 0.54 

Pontine_crossing_tract -0.44 0.17 0.32 0.34 

CC_genu 0.52 0.10 -0.23 0.49 

CC_body 0.56 0.07 -0.46 0.15 

CC_splenium 0.41 0.21 -0.58 0.06 

Fornix 0.44 0.18 -0.55 0.08 

Corticospinal_tract_RH 0.36 0.28 -0.17 0.62 

Corticospinal_tract_LH 0.21 0.53 -0.06 0.86 

Medial_lemniscus_RH 0.59 0.06 -0.17 0.61 

Medial_lemniscus_LH 0.74 <0.01 -0.23 0.50 

Inferior_cerebellar_peduncle_RH 0.44 0.17 -0.24 0.48 

Inferior_cerebellar_peduncle_LH -0.26 0.44 0.20 0.56 

Superior_cerebellar_peduncle_RH 0.61 0.05 -0.47 0.15 

Superior_cerebellar_peduncle_LH 0.67 0.02 -0.45 0.17 

Cerebral_peduncle_RH 0.64 0.04 -0.43 0.19 

Cerebral_peduncle_LH 0.54 0.09 -0.42 0.20 

Anterior_limb_of_int_capsule_RH 0.61 0.05 -0.39 0.24 

Anterior_limb_of_int_capsule_LH 0.37 0.27 -0.29 0.38 

Posterior_limb_of_int_capsule_RH 0.48 0.14 -0.39 0.23 

Posterior_limb_of_int_capsule_LH 0.25 0.45 -0.31 0.36 

Retrolenticular_int_capsule_RH 0.45 0.17 -0.19 0.58 

Retrolenticular_int_capsule_LH 0.03 0.92 0.16 0.64 

Anterior_corona_radiata_RH 0.43 0.18 -0.27 0.41 

Anterior_corona_radiata_LH 0.46 0.15 -0.09 0.79 

Superior_corona_radiata_RH 0.57 0.07 -0.32 0.33 

Superior_corona_radiata_LH 0.42 0.20 -0.36 0.28 

Posterior_corona_radiata_RH 0.59 0.05 -0.24 0.47 

Posterior_corona_radiata_LH 0.61 0.05 -0.36 0.28 

Posterior_thalamic_radiation_RH -0.33 0.33 0.26 0.43 

Posterior_thalamic_radiation_LH -0.31 0.35 0.28 0.40 

Sagittal_stratum_RH 0.47 0.14 0.06 0.85 

Sagittal_stratum_LH 0.61 0.05 -0.05 0.89 

External_capsule_RH 0.47 0.15 -0.14 0.68 

External_capsule_LH 0.54 0.09 -0.51 0.11 

Cingulum_RH 0.53 0.09 -0.16 0.65 

Cingulum_LH 0.04 0.90 -0.19 0.57 

Cingulum(hippocampus)_RH 0.25 0.46 -0.15 0.67 

Cingulum(hippocampus)_LH 0.59 0.05 -0.24 0.48 

Fornix/stria_terminalis_RH 0.72 0.01 -0.26 0.43 

Fornix/stria_terminalis_LH -0.19 0.57 -0.17 0.61 

Sup_longitudinal_fasciculus_RH 0.07 0.85 -0.57 0.07 

Sup_longitudinal_fasciculus_LH 0.20 0.55 0.10 0.77 

Sup_fronto_occip_fasciculus_RH 0.57 0.07 -0.07 0.84 

Sup_fronto_occip_fasciculus_LH 0.39 0.24 -0.36 0.28 

Uncinate_fasciculus_RH 0.70 0.02 -0.21 0.54 

Uncinate_fasciculus_LH 0.55 0.08 -0.41 0.21 

Tapetum_RH 0.62 0.04 -0.23 0.50 
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Tapetum_LH -0.39 0.24 0.25 0.46 
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Abstract 

Multiple sclerosis (MS) is a disorder related to myelin damage, which can be investigated by 

means of novel brain imaging techniques such as fractional anisotropy (FA). Since FA is a 

measure of microstructural white matter integrity, high FA values are considered to relate to 

functional myelin. The present study compared FA in 11 MS patients with 12 healthy control 

subjects. The objectives of the study were to investigate (1) the relationship between FA and 

disability in MS patients as measured by the Expanded Disability Status Scale (EDSS), with 

high versus low disability scores in the whole brain and in individual white matter tracts, and 

(2) whether blood iron parameters would have an impact on FA, since there is a controversy 

about whether iron is beneficial or harmful to people with MS. Results: (1) The mean FA was 

significantly lower in MS patients with high EDSS scores (0.34±0.067) compared to controls 

(0.45±0.036; p = 0.04), while subjects who had low EDSS scores had mean FA values 

similar to control values (0.44±0.014). This was not related to their age or disease duration, 

suggesting that people with MS in this cohort did not inevitably experience increasing myelin 

degeneration over time. (2) There was a significant positive association between mean FA 

and %transferrin saturation (p<0.01), suggesting that iron availability to oligodendrocytes 

may be a requirement for optimal myelin functionality. The association between the FA of the 

superior fronto occipital fasciculus (LH) and the %transferrin saturation was highly significant 

(r = 0.83, p<0.001). (3) Significant inverse associations of disease duration with haemoglobin 

(p = 0.04) and %transferrin saturation (p = 0.02) suggest that blood iron concentrations may 

decrease over time in MS and that it may be important to assess iron parameters regularly in 

MS patients. 

Introduction 

Multiple sclerosis (MS) is a chronic inflammatory disease of the central nervous system 

(CNS). It preferentially affects young adults, and is more common among women than men 

[1-3]. White matter (WM) lesions of the brain and spinal cord, identified with magnetic 

resonance imaging (MRI), reflecting a variable extent of myelin and/or neuronal damage, are 

considered to be one of the diagnostic features of MS [4-6]. Concurrent with the lesions are 
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clinical symptoms that vary considerably between patients. For some the clinical 

manifestations are a “lifelong occasional nuisance”, while others experience severe 

incapacity [7,8]. This disparity in outcome seems to be unrelated to the use of immune 

modulating therapies [9-13]. Rather, disability progression seems to be related to a failure of 

functional connectivity in the CNS [14,15]. Connectivity is in turn strongly related to white 

matter (WM) function [16] and remyelination of axons which have experienced myelin 

damage or demyelination. Remyelination is accomplished by oligodendrocyte precursor cells 

(OPCs), adult stem cells resident in the CNS that mature into oligodendrocytes [17]. The risk 

factors that prevent OPCs from remyelinating the axons have not yet been fully established, 

presenting an exciting field of scientific investigation in MS. It is unlikely that increased 

disability is related to a single factor, and is more likely to result from an interaction of the 

various risk factors that have already shown such associations, such as vitamin D deficiency 

[18,19], smoking [20,21], cardiovascular risk factors [21-24], saturated fat intake [25], low 

intake of fruits and vegetables [21] and presence of the HLA DRB1*1505 genetic variant [7],  

This field of research is greatly aided by objective instruments for measuring disability, such 

as the Expanded Disability Status Scale (EDSS) as described by Kutzke [26]. The EDSS is 

used in all clinical studies as a ‘gold standard’ and ranges between 0 and 10, with higher 

values indicating greater disability. Patients having EDSS values below 3 for extended 

periods of time are regarded as having a ‘benign disease course’ [13]. Besides benign MS, 

several other subtypes of MS have been described: relapsing-remitting (RRMS), secondary 

progressive (SPMS) and primary progressive (PPMS), although the diagnosis remains 

confusing due to the heterogeneity of the disease [27,28]. Clinically Isolated Syndrome (CIS) 

refers to a first clinical episode with features suggestive of MS. 

Since the association between the MRI lesion load and clinical disability is weak, another 

MRI modality, Diffusion Tensor Imaging (DTI), has been investigated as a method to provide 

improved associations between structural WM changes and disability [15]. DTI measures 

diffusion of water molecules in white matter tracts (WMTs) which normally tends to be 

parallel to the direction of the nerve fibres [29], as it is easier for water molecules to move 
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along the fiber axis than traveling across a fiber [30]. When the myelin or axons are 

damaged, the rate of diffusion and direction of flow are altered significantly [31]. Therefore if 

there is any pathological process causing restrictive barriers it could lead to a decrease of 

diffusivity.  The most commonly studied diffusion parameter is the fractional anisotropy (FA), 

which is a mathematical combination of the “eigenvalues” of diffusivity [32-34]. FA varies 

between 0, representing isotropic (random) diffusion, and 1 representing diffusion taking 

place along one plane or direction (anisotropic diffusion). Low FA values could therefore be 

indicative of myelin damage or demyelination as an impediment in the directional selectivity 

of water molecule movement within tissue [35]. Conversely, high FA values are observed in 

heavily myelinated WMTs [36], for example in specific brain areas in musicians such as 

concert pianists and string players, as a result of the development of repetitive fine motor 

skills [36-38] and may be associated with greater effectiveness in neural communication 

[16,39]. In cerebrospinal fluid (CSF) and grey matter (GM), water motion is random and can 

thus be described as isotropic diffusion (FA values close to 0).  

Considering the fact that MS is primarily related to myelin damage, FA is expected to be 

lower in MS patients than controls, while lower FA values in MS patients are considered to 

be related to dysfunction and disability [36,40]. Significantly lower DTI measures, including 

FA, have been found in MS patients compared to controls in several studies, in the whole 

brain [41,42] and in specific WMTs such as the corpus callosum (CC) [43,44], fornix [45] and 

in the inferior longitudinal and fronto-occipital fasciculi [41]. Hasan et al. found that while the 

FA was significantly decreased in the CC anterior, posterior and midbody, the FA in the CC 

genu and splenium were similar to controls [43]. Significant FA differences have also been 

detected between MS lesions compared to normal appearing white matter NAWM [46,47] 

while subtle abnormalities were detected in early RRMS [48]. Liu et al. found significant 

inverse correlations between diffusion metrics and disability (EDSS) in the CC splenium, left 

cingulum bundle and bilateral corticospinal tracts [42]. Llufriu et al. found lower average FA in 

MS patients than controls in the CC; however, no correlations were observed with the EDSS 

[44]. Another study found that memory functions correlated with DTI in the fornix [45], while 
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cognitive deficits were significantly associated with decreased FA in all examined WMTs in a 

study by Cesar et al.  [41]. Some authors also found that the FA was inversely associated 

with disease duration [33,42,49], while other studies showed no such associations [43,48]. It 

has not yet been established whether lower FA as a measure of myelin damage is persistent 

in all patients with MS, irrespective of their disability status. 

Controversy regarding the presence of iron in the brain of MS patients 

Several studies have investigated associations of FA with brain iron concentrations, since a 

controversy has arisen regarding whether iron is detrimental or beneficial to patients with 

MS. High iron levels are present within the microglia / macrophages and the lesion 

perimeters in autopsy brain samples of MS patients [50]. Detection of brain iron deposits in 

MS patients has raised concern, and some have advocated reduced iron intake or removal of 

iron via chelation therapy in order to reduce oxidative free iron [51]; however, clinical trials of 

iron chelators in MS have not been successful [52]. Others feel that iron is a prerequisite for 

myelin synthesis and maintenance, and that iron supplementation should be considered 

instead as an intervention strategy in patients with proven iron deficiency [27].  

The controversy is compounded by the fact that iron in the body exists in different 

compartments with different functions, so that all forms of iron are not equal. Haemoglobin 

(Hb) is often used as a first line blood test for determining anaemia or iron deficiency. Hb 

measures the iron which is covalently bound inside red blood cells (RBC), which deliver 

oxygen to tissues. If the blood-brain barrier (BBB) is compromised, RBCs may enter the 

brain parenchyma as micro-bleeds (haemorrhages), and heme-iron may be deposited as 

insoluble hemosiderin. These iron deposits, detectable by MRI, have been hypothesised to 

be the primary cause of MS [53]. However, this theory has not been confirmed in subsequent 

studies [54-56].  

Heme-iron is not available for other biochemical reactions such as myelin production. The 

oligodendrocytes, the cells which produce myelin, need iron delivered to them by the iron 

carrier protein transferrin (Tf) [57,58]. This form of iron is used by the mitochondria for energy 
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production [59]. Another form of iron in the brain is found as hydrate ferric iron-oxide crystals 

encased by ferritin, a storage protein [60]. One ferritin molecule can store up to 4500 iron 

atoms [61]. Ferritin is synthesized in the brain as an antioxidant to “mop up” any iron that is 

freed up from haemorrhages [54].  Ferritin therefore has an iron buffering function in order to 

protect the CNS from toxic free iron. However, although the iron in ferritin is a normal part of 

brain iron metabolism and is available for iron delivery to oligodendrocytes [58], the iron 

crystals in ferritin can also be registered as “iron deposits” by some MRI techniques [62,63]. 

Since the matter has not yet been resolved, several research methods, including FA, are 

being employed for further investigation. 

Results from studies of FA and iron in the brain have been contradictory [62]. Xu et al found 

that the effect of iron deposition was opposite to that of aging: while FA decreased with 

aging, elevated iron concentration was associated with increased FA [62].  Syka et al. also 

found that increased iron as estimated by relaxometry (the T2 relaxation rate RR) showed a 

strong positive relationship with FA [63]. Both studies have interpreted increased FA in the 

presence of increased iron as an artefact due to the magnetic properties of iron [62], 

specifically in ferritin or haemosiderin [63]. However, a study investigating FA in WM of 

patients with Huntington’s disease, interpreted increased FA in the presence of higher iron as 

improved myelin function.  Patients in the pre-symptomatic stages of Huntington’s disease 

experienced demyelination together with a reduction in brain iron content in the CC, while 

there was a proliferation of oligodendrocytes and increased myelination together with 

increased iron levels in the corticospinal tract and deep white matter structures [64]. This was 

interpreted as a repair mechanism which ensured adequate function in the early stages of 

the disease process. Oligodendrocytes are known to have the highest iron concentrations of 

all cells in the brain under normal conditions [57].  

In MS, iron concentration in the brain determined by relaxometry showed that short term 

changes in iron concentration were not linked to disease or changes in disability [65]. 

Furthermore, MRI-identified iron did not necessarily reflect pathology and was also seen in 

apparently normal tissue [61]. When comparing MS patients with CIS and healthy controls, 
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there was an increase in the iron levels in the brain of patients with MS, but the iron levels of 

the CIS group were lower than those of the healthy controls, suggesting that excess iron is a 

by-product of MS and not the initial cause of the disease [66]. Lower brain iron could even 

play a role in perpetuating the disease process, since Hametner et al. found a significant 

decrease of iron in the NAWM in chronic MS, which corresponded with disease duration [67]. 

As postulated by Van Rensburg et al., if increased iron in the brain is indicative of increased 

morbidity it should correlate with disability [27]. However Ceccarelli et al. stated that patients 

with a benign course of MS and SPMS had similar iron levels in the brain, suggesting that 

disability in MS could be due to other causative factors and not iron deposition [68]. Other 

authors emphasised the importance of functional iron concentrations in oligodendrocytes for 

energy production during myelin synthesis and maintenance, as under normal circumstances 

the oligodendrocytes accumulate iron for the extremely high energy requirements of 

producing and maintaining the myelin sheath [57,16]. Energy production in mitochondria is 

dependent on iron availability [59]. Therefore, when there is a deficiency of iron delivery to 

mitochondria the viability of oligodendrocytes could be compromised. Khalil et al. suggest 

that it is not clear whether increased iron can be implicated in MS or whether it is as a result 

of another process happening simultaneously [66]. 

As far as we are aware, associations of FA with blood iron parameters at the time of MRI 

have not been determined before. Since blood iron parameters are the only means for 

clinicians to evaluate the iron status of patients, it could be expedient to evaluate the 

associations of these parameters with FA as a measure of WM function, and disease 

outcome in MS.  

Aims of the present study 

The present study was done to investigate (1) the relationship between FA and disability in 

MS patients with high versus low disability scores as determined by the EDSS and (2) 

whether blood iron parameters would have an impact on FA as a measure of microstructural 

white matter integrity.  
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Methods 

The MS study, including MRI, was approved by the Ethics Committee of the University of 

Stellenbosch (N07/09/203 and N10/01/021) and the Health and Wellness Science Research 

Ethics Committee of the Cape Peninsula University of Technology (REC-230408-014), in line 

with the ethical guidelines provided by the Declaration of Helsinki [69]. Control results were 

obtained from a concurrent study (Stellenboch University Ethics Committee approval number 

99/013). Informed consent was processed for all participants; they also all completed an MRI 

screening form.  

Twenty patients with neurologically confirmed MS [70] were enrolled in the study. 

Biochemical test results were available for all 20 patients. EDSS assessments were 

performed at the time of MRI by a specially trained clinician [26]. To increase the statistical 

power in this small sample and to obtain homogeneity in the study group, only female 

patients were recruited. Of the original 20 patients, 16 presented for MRI scans; however 5 of 

the scans could not be used for DTI analysis due to subject movement or illegible data, 

leaving 11 patients with useable DTI data. Of the four who did not have the scans, two were 

claustrophobic, one decided against having the scan and one did not arrive. The 11 patients 

were between 37 and 57 years of age, with an EDSS range of 1.0 – 7.5 and diagnosed with 

MS for more than 4 years.  The control group consisted of 12 healthy females matched as far 

as possible for age. 

Biochemical Analysis 

Laboratory analysis comprised blood collection in the morning between 9h00 and 10h30 to 

standardize for diurnal variation. The following blood iron parameters were measured: Hb, 

serum iron, Tf, ferritin and % Tf saturation (Tf sat). C-reactive protein (CRP) was also 

measured to control for inflammation. Full blood counts were determined on a Beckman 

Coulter autoanalyser, while serum iron, ferritin, Tf and % Tf sat as well as CRP were 

determined using a Siemens Advia 1800 auto-analyser. The tests were performed by an 

accredited pathology laboratory. 
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Acquisition of DTI data 

The present study measured DTI, including FA, in 48 WMTs, selected due to their 

involvement with movement and cognition relevant to MS and which could be accurately 

identified with the DTI resolution available. A WM atlas by Mori et al. was used to identify the 

tracts with Oxford Centre for Functional MRI of the Brain (FMRIB) Functional Software 

Library (FSL) and to extract values that could be statistically analysed using Tract Based 

Spacial Statistics (TBSS) [71].  

All patients were scanned with a Siemens Magnetom Allegra 3.0 Tesla (T) MRI at the Cape 

Universities Brain Imaging Centre (CUBIC), Tygerberg, South Africa. A standard 8-channel 

head coil was used for all patients. The MRI scan was carried out by trained radiographers 

according to standard protocol.  

Brain imaging protocol  

 

Diffusion-weighted images were acquired in axial orientation on a four-channel transmit-

receive RF head coil with the following parameters: 2x2x2 mm3 resolution, field-of-view of 

220 mm, TR = 9500 ms, TE = 88 ms, 70 slices, distance factor of 0, 2x GRAPPA 

acceleration, 30 b=1000 mm/s2 directions and 3 b=0 mm/s2 reference images. Scan 

acquisition was repeated 3 times. 

Imaging analysis 

 

Data was imported into FSL (FMRIB Software Library 5.0.1; Smith et al.) and MATLAB 

R2012b for initial pre-processing and analysis [72]. Data was corrected for eddy current 

distortions and the three acquisitions were affine registered to the b=0 mm/s2 of the first 

acquisition. For each acquisition, outliers were calculated at a Z-value of the 25th and 75th 

percentile of the tensor estimate. Rigorous criteria were applied regarding scan quality; 

values further than three standard deviations from the mean estimate were excluded. The 

three acquisitions were averaged for export to the TBSS toolbox of FSL. Maps of FA were 
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created by fitting a linear tensor model to the average of the diffusion-weighted acquisitions. 

Brain extraction was performed with FSL BET (Brain Extraction Tool) at a threshold of 0.3. 

Images were then processed with the TBSS pipeline, which has been described previously 

[73]. After processing with TBSS 48 white matter regions-of-interest were extracted from the 

FA data, by utilizing the built-in atlas of Mori and colleagues [71].  

 

Statistical Analysis 

DTI data from 11 MS patients were analysed. FA was measured in 48 WMTs for each of the 

11 patients, which gave a total of 528 WMTs for analysis. An exploratory factor analysis 

(using parallel analysis to indicate the number of factors) was used to demonstrate the 

viability of using average FA over all WMT’s as a summary measure of brain function.Factor 

analysis indicated that one underlying factor (FA) explained 85% variance in the data, that 

the FA effects occurred in all the WMT’s assessed and that it was therefore appropriate to 

calculate the average FA values over all the WMTs. The data were analysed using Statistica 

12. One-way ANOVA was used to compare mean FA values between the groups.  Fisher 

least significant difference (LSD) tests were used for post hoc comparison.  Non-parametric 

Mann-Whitney U and Kruskall-Wallis tests were also conducted parallel to the ANOVA (F-

tests), but in general the data was found to conform reasonably to the normality 

assumptions, and interpretations were done using the ANOVA F-test p-values.  Spearman 

correlations were used for testing relationships between biochemical variables and FA. Since 

the controls were younger than the patients and FA decreases with age, an analysis of 

covariance (ANCOVA) was done to determine age effects.  Multiple testing across analyses 

of FA variables in conjunction with the small sample size is recognized as a restriction in the 

interpretation of the results, and that the results should be regarded as exploratory. Patients 

were grouped according to their EDSS scores to evaluate associations between FA and 

disease outcome. P-values were considered significant at <0.05. 
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Results 

Demographic and clinical characteristics of MS patients and healthy controls are reported in 

Table 1. Patients were divided into two groups with high and low disability according to the 

EDSS: of the 11 MS patients, 3 had EDSS scores of 6.0 – 7.5 while 8 had scores of 1.0 – 4.5 

(Table 1) 

Table 1: Demographic and clinical characteristics of MS patients and healthy controls 

 

Characteristics Controls MS high EDSS MS low EDSS 

    
No of patients (%)  12   3 (27) 8 (72) 

Age at MRI, mean (range) 27.6 (18-43) 52.7 (48-57) 47 (37-55) 

EDSS score, mean (range) NA  6.7 (6.0 - 7.5) 1.4 
a
 (1.0 - 4.5) 

Disease duration, y, mean (range) NA 16.7 (11 – 23) 8.5 (4 – 19) 

Immunomodulatory therapy, n (%) NA 2 (67) 2 (25) 

Betaferon NA  1 (13) 

Avonex NA 1 (33) 1 (13) 

Novantrone NA 1 (33)  

Untreated NA 1 (33) 6 (75) 

Mean (±SD) FA of WMTs 0.45 (±0.036) 0.34(±0.067)
 c

 0.44 (±0.014) 

Age at MRI of MS patients significantly different from controls, p < 0.01 

a
 Significantly different from high EDSS, p = 0.04 

c
 Significantly different from controls and from low EDSS, p = 0.04 

 

 

 



 122 

Fractional Anisotropy (FA) values in different brain areas in MS versus Controls  

The mean FA in all MS patients (n = 11) was lower than the mean FA in the controls (0.41 ± 

0.056 vs 0.45 ± 0.036 respectively) (S1 Table). The mean FA in patients with high EDSS 

(0.34 ± 0.067) was significantly lower (p = 0.04) compared to both the controls (0.45 ± 0.036) 

and low EDSS group (0.44 ± 0.014) (Table 1).  No difference was found between controls 

and low EDSS.  An ANCOVA done on the three groups (controls, high EDSS and low EDSS) 

still indicated a significantly lower mean FA in the EDSS high group, an indication that age 

did not affect the results. 

Mean FA in MS patients was lower than controls in all 48 tracts except the CC splenium and 

the fornix, where the FA values were similar.  The difference in FA values between cases 

and controls had p-values < 0.05 in 20 of the 48 tracts (41.6%) assessed. Of these, 4 were 

highly significantly different (p< 0.01): the inferior cerebellar peduncle RH, the superior 

cerebellar peduncle LH, the posterior limb of the internal capsule RH and the rentolenticular 

internal capsule RH (S1 Table). 

Associations between FA and the EDSS 

The EDSS was inversely associated with the FA in all of the tracts, suggesting that higher 

disability was associated with measurable myelin dysfunction (S2 Table). Unexpectedly, 

however, when the MS patients were grouped as low EDSS vs high EDSS, the FA for 

patients with low EDSS was similar to control values in all the tracts except the sagittal 

stratum RH and sagittal stratum LH which had similar FA values for all three groups (low 

EDSS, high EDSS and controls). While the average FA of patients with high EDSS was 

significantly lower (0.34 ± 0.067) than controls (0.45 ± 0.036, p = 0.04), the patients with low 

EDSS had FA values similar to controls (0.43 ± 0.014, p = 0.5) (Table 1 and S3 Table) 

Figures 1 and 2 show examples of these associations. Figure 1 A – C: FA in the CC (which is 

regarded as the first brain area to suffer myelin damage in MS) indicated that the patients 

with low disability had FA values similar to controls (CC body; p = 0.802, CC genu; p = 0.816 

and CC splenium; p = 0.115), while there were significant differences between patients with 
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high EDSS and controls (CC body; p = 0.015, CC genu; p = 0.017 and CC splenium; p = 

0.007) and between high EDSS and low EDSS (CC body; p = 0.013, CC genu; p = 0.016 and 

CC splenium; p = 0.0007). Figure 1 D: In the fornix, which is related to cognitive function and 

memory, MS patients with low EDSS also had similar FA values to controls (p = 0.135), while 

there were significant differences between patients with high EDSS and controls (p = 0.008) 

and between patients with high EDSS and low EDSS (p = 0.001). Similar associations were 

seen in the superior longitudinal fasciculus LH (Figure 2). 

 

Fig 1. FA of CC genu (A), CC body (B) and CC splenium (C) and Fornix (D) in patients with 

low EDSS, high EDSS and controls. * denotes significant differences (see text). EDSS = 

Expanded Disability Status Scale. MS_low = MS patients with EDSS scores below 4.5, i.e. 

low disability. MS_high = MS patients with EDSS scores> 6.0, i.e. high disability. 

 

Fig 2. FA in MS patients with high EDSS and low EDSS respectively compared to controls in 

the Superior Longitudinal Fasciculus LH. There was no difference between MS with low 

EDSS and controls (p = 0.82). . 

 * Significant differences between MS patients with high EDSS and low EDSS (p = 0.0002) 

and MS with high EDSS and controls (p = 0.0001). EDSS = Expanded Disability Status 

Scale. MS_low = MS patients with EDSS scores below 4.5, i.e. low disability. MS_high = MS 

patients with EDSS scores> 6.0, i.e. high disability. LH = Left Hemisphere.  

As mentioned above, the same pattern was seen in 46 of the 48 WMTs (95.8%), that 

patients with low EDSS scores had similar FA values as controls (S3 Table). 

Associations between FA, Disease Duration and Blood Iron Parameters 

A significant inverse association was found between the mean FA and disease duration (r = -

0.79, p<0.01). No associations were found between age of first symptoms, age at diagnosis, 

or age at MRI (results not shown). Significant inverse associations were found between 
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disease duration and Hb (r = - 0.64, p = 0.04) and % Tf sat (r = - 0.69, p = 0.02) (Table 2), 

suggesting that blood iron parameters may decrease over time. 

Table 2. Associations between Disease Duration and Iron Parameters 

  Iron parameter Spearman r Spearman p 

Disease duration Haemoglobin -0.64 0.04 

Disease duration Serum iron -0.52 0.1 

Disease duration % Tf saturation -0.69 0.02 

Disease duration Serum Transferrin -0.1 0.77 

Disease duration Serum Ferritin -0.28 0.47 

 

Positive Spearman correlations (r-values) were found between the mean FA and all iron 

parameters tested, ranging from no correlation for Tf (r = 0.07), moderate correlation for Hb (r 

= 0.37) to strongly correlated for % Tf sat (r = 0.77) (Table 3). The association between the 

mean FA and % Tf sat was highly significant (p < 0.01). No negative associations were 

found, suggesting that higher blood iron parameters were not detrimental to FA, and by 

implication, WM function.  

Table 3. Associations between mean FA and Iron Parameters. 

  Iron parameter Spearman r Spearman p-value 

Mean FA Haemoglobin 0.37 0.26 

Mean FA Serum iron 0.59 0.06 

Mean FA % Tf saturation 0.77 <0.01 

Mean FA Serum Transferrin 0.07 0.84 

Mean FA Serum Ferritin 0.59 0.09 

 

No significant associations were found between EDSS values and blood iron parameters.  

However, Spearman r-values were negative in each case, with a trend towards a significant 
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inverse association in the case of ferritin, corrected for high CRP (p=0.09), suggesting that 

there was a trend for higher iron parameters to be associated with improved outcome:  (Hb: r 

= - 0.21, p = 0.53; serum iron r = - 0.23, p = 0.50; % Tf sat: r = - 0.30, p = 0.38; ferritin, 

corrected for high CRP: r = - 0.59, p = 0.09). The EDSS is not a precise measurement and is 

influenced by many factors (see Introduction); however, comparing these results with the FA 

results, the outcomes are similar, suggesting that higher blood iron parameters are not 

indicative of a worse outcome, which is a confirmation of the FA results. 

Blood iron parameters and FA in individual WMTs 

When the individual 48 tracts were assessed, both the serum iron and the % Tf sat showed 

significant associations with FA measures in many of the tracts, while ferritin also showed 

significant associations in some of the tracts after adjusting for high CRP. Hb showed no 

associations with FA (S4 Table). 

Serum Iron and FA 

Significant positive associations were found between serum iron concentrations and the FA 

in all 48 WMTs, while the associations were significant (p < 0.05)  in 13 of the 48 WMTs 

(27%) (S4 Table): in the inferior cerebellar peduncle (RH), anterior limb of the internal 

capsule (LH), posterior limb of the internal capsule (LH), retrolenticular internal capsule (RH), 

anterior corona radiate (RH), superior corona radiate (RH and LH), posterior corona 

radiata(RH and LH), external capsule (RH), superior longitudinal fasciculus (RH and LH) and 

superior fronto-occipital fasciculus (LH). Spearman correlations ranged from weakly 

correlated (r = 0.12) for the sagittal stratum, to strongly correlated (r = 0.74) for the 

retrolenticular internal capsule RH (S4 Table). 

% Transferrin Saturation and FA 

Positive associations were found between the % Tf sat and FA in all 48 WMTs (S4 Table); 

Spearman correlation r-values ranged between 0.22 (weakly correlated) for the CC genu to 

0.84 (strongly correlated) for the external capsule RH. The associations were significant (p < 
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0.05) in 25 of the 48 WMTs assessed and highly significant  in 14 of these tracts (p< 0.01; S4 

Table).  Overall, the mean FA of all the WMTs correlated significantly with the % Tf sat (r = 

0.77, p = 0.01). Mean FA values for all WMTs ranged from 0.28 to 0.46 (Figure 3A). An 

example of the association between FA and the % Tf sat in a single WMT is shown in Figure 

3B: the superior fronto occipital fasciculus (LH). FA in individual patients ranged from 0.42 to 

0.68 and the association with the % Tf sat was highly significant (r = 0.83, p<0.001; Figure 

3B). More patients would need to be included in a follow-up study to establish whether a cut-

off value of more than 20 % for Tf sat could be suggestive of optimal FA. 

 

 

 

Fig 3A. Association of mean FA with the % Tf saturation for all the WMTs (r = 0.77, p = 0.01). 

Fig 3B. Association of FA with the % Tf saturation for the superior fronto occipital fasciculus 

(LH) (r = 0.83, p<0.01). 

 

Hemoglobin, Ferritin and FA 

There were no significant associations between the FA and Hb in any of the WMTs assessed 

(S4 Table). Since blood ferritin values are increased during inflammation, CRP values higher 

than 10 were used as a cut-off to adjust for falsely high ferritin values. Some of the WMTs 

then showed significant correlations between ferritin and FA with r-values ranging from 0.69 

to 0.92 (strongly correlated) (S4 Table). 

Serum Transferrin and FA 

There were no significant associations between the FA and serum Tf in any of the WMTs 

assessed (S5 Table) 
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Discussion 

When all the MS patients were grouped together, significantly decreased FA was found in 

many WMTs of MS patients compared to controls (S1 Table), similar to results found in other 

studies [33, 42, 43, 49,74,75]. Significant associations were also found between mean FA 

and disease duration (p < 0.01) (Table 2). Additionally, negative associations were found 

between the EDSS and FA in all the WMTs, while the differences were significant in some of 

the tracts (S2 Table) in agreement with some previous studies [33,76,77] while other studies 

found no significant associations between FA and EDSS values [43,74,75,78]. 

A novel finding of the present study was that when the MS patients were grouped according 

to their EDSS scores, patients with EDSS scores below 4.5 had similar FA values as 

controls. This effect was seen in 46 of the 48 WMTs investigated, suggesting that patients 

with an EDSS < 4.5 had white matter functionality similar to control subjects extending over 

the whole of the brain (S3 Table). Examples are depicted in Figures 1 and 2, showing this 

effect in the CC genu, body and splenium, the fornix and the superior longitudinal fasciculus, 

which represent WMTs involved with cognition and movement. This suggests that the three 

patients with high disability scores masked the favorable FA outcome of the other 8 patients 

who had low disability, so that the MS group as a whole seemed to have significantly lower 

FA values, and by implication worse myelin function compared to controls. Further research 

should be done to determine whether the adequate myelin functionality in the patients with 

low EDSS was associated with previously described factors that have an impact on myelin 

synthesis and maintenance. Previous studies showed associations between improved MS 

outcome and environmental factors such as avoidance of inhalation of cigarette smoke, 

dietary factors such as fruit and vegetable intake [21], epigenetic factors such as adequate 

availability of iron, essential fatty acids and vitamin B12 to oligodendrocytes [16,27] as well 

as physical activity [79]. Wake et al. demonstrated that myelin synthesis by OPCs was 

initiated by neuronal firing of the axons touching the OPCs and suggested that their results 

may have implications for MS [80]. Further research should be done to establish whether 

stimulation of neuronal activity in specific brain areas could increase WM synthesis and 
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maintain high FA in these WMTs in MS patients, similar to the increased FA found for 

musicians (see Introduction) [36]. 

The second novel finding of this study is that FA was positively associated with blood iron 

parameters (Table 3 and S4 Table). While Hb was not significantly associated with FA in any 

of the WMTs, FA showed significant positive associations with serum iron, % TF sat and 

serum ferritin after correction for increased CRP. Significant associations (p < 0.05) of FA 

with % Tf sat were found in 25 of the 48 WMTs. When the threshold was lowered to include 

only highly significant associations between FA and % Tf sat (p< 0.01) 14 of the tracts still 

showed significant associations (S4 Table). Spearman correlations showed that the FA in 25 

of the tracts was strongly correlated (r = 0.63 to r = 0.84) with the % Tf sat. The positive 

associations found may suggest that iron which is transported into the brain is of functional 

significance for white matter synthesis and maintenance. Tf in the blood delivers iron to the 

barrier cells of the BBB and the choroid plexus, where the iron is transferred to Tf that had 

been synthesized by oligodendrocytes [81,82]. Due to the fact that oligodendrocytes have a 

high dependency on iron for normal function it is expected that there should be a requirement 

for iron in the WMTs [16]. In MS patients, iron absorption may be lower due to inflammation, 

genetic variations that cause reduced iron uptake or increased iron loss [28], while the 

significant negative associations between disease duration and Hb (p = 0.04) and disease 

duration and %Tf sat (p = 0.02) suggest that iron parameters may decrease over time in MS 

patients (Table 2). The lack of significant associations of FA values with Hb suggests that the 

iron in this protein may not be available for WM synthesis (Table S3). In MS patients with iron 

deficiency, Hb is the last parameter to decrease, since the iron concentration in Hb for 

oxygen delivery is preferentially protected [83]. Measuring Hb alone may therefore not 

provide a dependable estimate of iron availability for myelin functionality.  

After adjusting for high CRP, serum ferritin showed significant (p<0.05) positive associations 

with FA in 4 WMTs (middle cerebellar peduncle, medial lemniscus RH, anterior limb of 

internal capsule LH, retrolenticular internal capsule RH), while 3 tracts were highly 

significantly (p<0.01) associated (posterior limb of internal capsule LH, anterior corona 
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radiata RH and anterior corona radiate LH). This finding is in keeping the work of Schonberg 

et al. who found that ferritin stimulated genesis of oligodendrocytes in the spinal cord [84], as 

well as Hulet et al. and Todorich et al. who found ferritin receptors on oligodendrocytes 

[85,58], which suggested that ferritin may present a delivery route of iron for myelin 

production in oligodendrocytes. While ferritin is often used as a surrogate marker for iron 

concentration [81], ferritin levels in serum are regulated by several factors including 

inflammation; it is therefore not sufficient to measure ferritin levels to determine the iron 

status of a patient. In the present study, principal component analysis indicated that serum 

ferritin values co-segregated with CRP (results not shown).  

As far as we are aware, the present study is the first to investigate the associations of FA of 

WMTs with blood iron parameters done concurrently with the MRI. Jahanshad et al. 

determined FA in adult twins who had serum Tf measured when they were adolescents. 

They found increased FA in several brain regions (external capsule, superior longitudinal 

fasciculus, and the cingulum bilaterally) associated with lower Tf. Since there is generally an 

inverse correlation between serum iron levels and Tf, these authors concluded that the 

adolescents who had higher iron levels had better myelin function when they became adults. 

In the present study there were no significant associations of FA with serum Tf levels [82]. 

The difference could be explained by the different times of Tf measurement in the two 

studies, or by the fact that Tf concentrations may be variable in MS patients due to 

inflammation [86], since Tf is a negative acute phase protein.  

Limitations and strengths of the study 

A limitation of this study is the small number of patients of whom the DTI could be used for 

analysis. In the “high EDSS” group, the FA data of only 3 patients could be used for analysis, 

although 4 patients with EDSS values > 6 were included in the study. Nevertheless, the FA 

data from these 3 patients needed to be analysed separately since the true outcome of FA in 

the whole cohort was masked by the highly significant decreased FA in these 3 patients. A 

second limitation of the study was multiple testing across analyses of FA variables. However, 

examining 48 WMTs in the 11 patients provided a total of 528 WMTs and found similar 
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associations across all the WMTs investigated. Future studies should address these 

limitations and include a larger sample size in order to verify the results. 

The strength of the study was the availability of blood iron parameters and EDSS 

measurements, which presented the opportunity to evaluate the association of systemic iron 

concentrations with FA, and therefore potentially with WM function and disease outcome.  

Conclusions 

This study had 3 important findings: First, the FA of WMTs as a parameter of myelin integrity 

was lower in subjects with MS only in those who had high EDSS scores. Subjects who had 

EDSS scores < 4.5 (i.e. who had a favorable disease outcome) had FA values similar to 

control values and this finding was not related to their age or disease duration. If these 

findings are confirmed in other larger cohorts, the findings may argue against the assumption 

that people diagnosed with MS inevitably experience increasing myelin degeneration over 

time. Further research should be done to determine whether concerted efforts by patients to 

improve their brain function by employing activities to increase neuronal activity together with 

lifestyle improvements could stimulate myelin recovery and prevent progression of disability.   

Second, the association found between FA and iron parameters, especially % Tf sat, 

supports the hypothesis that iron availability to the WM may be a requirement for optimal 

myelin functionality. In the present study no negative associations were found between FA 

and the blood iron parameters serum iron, % Tf sat and ferritin, suggesting that higher blood 

iron parameters were not detrimental to WM function. The association between FA as a 

parameter of myelin integrity and iron availability to the white matter, confirms previous 

findings that iron is a requirement for myelin synthesis and maintenance. The energy needed 

to create myelin is extremely high, thus the increased requirement for iron in the brain; 

conversely if there is a lack of iron (together with other requirments of the electron transfer 

chain [28]) myelination cannot occur. The most significant associations were seen between 

the FA and the %Tf sat. Therefore these results suggest that higher serum iron 

concentration, ferritin and % Tf sat had a positive effect on myelination.  
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Third, the lack of association between FA and Hb suggests that the iron in this protein is not 

available for WM synthesis. However, the significant inverse association found between Hb 

and disease duration suggests that iron concentrations may decrease over time and that it 

may be important to assess iron parameters regularly in MS patients. The results of the 

present study, if confirmed in larger studies, would be an indication that measurement of all 

the iron parameters in patients with MS could provide important information regarding myelin 

function and hence could influence management of these patients. 
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Suplementary Tables:  

Table S1: Fractional anisotropy (FA) in MS patients and Controls. Values are given as the 

means (± SD). FA was lower in MS patients than controls in all the tracts except in the CC 

splenium and Fornix where the values were similar.  FA was significantly lower in patients 

than controls in 20 of the 48 tracts measured (significant-values in bold). 

White Matter Tract 
 

Controls 
 

Patients 
 

F-test 
 

Middle_cerebellar_peduncle 0.45(0.04) 0.42(0.05) F(1,21)=2.20, p=0.15 

Pontine_crossing_tract 0.52(0.04) 0.48(0.06) F(1,21)=2.92, p=0.10 

CC_genu 0.42(0.06) 0.40(0.05) F(1,21)=0.64, p=0.43 

CC_body 0.41(0.05) 0.39(0.05) F(1,21)=0.65, p=0.43 

CC_splenium 0.49(0.05) 0.49(0.07) F(1,21)=0.00, p=0.97 

Fornix 0.47(0.05) 0.47(0.06) F(1,21)=0.00, p=1.00 

Corticospinal_tract_RH 0.58(0.04) 0.54(0.06) F(1,21)=5.59, p=0.03 

Corticospinal_tract_LH 0.58(0.04) 0.54(0.05) F(1,21)=4.63, p=0.04 

Medial_lemniscus_RH 0.50(0.03) 0.47(0.05) F(1,21)=2.98, p=0.10 

Medial_lemniscus_LH 0.49(0.03) 0.46(0.06) F(1,21)=1.93, p=0.18 

Inferior_cerebellar_peduncle_RH 0.58(0.03) 0.53(0.04) F(1,21)=8.29, p<0.01 

Inferior_cerebellar_peduncle_LH 0.37(0.04) 0.35(0.05) F(1,21)=1.12, p=0.30 

Superior_cerebellar_peduncle_RH 0.57(0.03) 0.54(0.03) F(1,21)=6.30, p=0.02 

Superior_cerebellar_peduncle_LH 0.51(0.03) 0.46(0.04) F(1,21)=11.45, p<0.01 

Cerebral_peduncle_RH 0.52(0.04) 0.47(0.06) F(1,21)=5.59, p=0.03 

Cerebral_peduncle_LH 0.42(0.04) 0.37(0.07) F(1,21)=5.74, p=0.03 

Anterior_limb_of_internal_capsule_RH 0.42(0.04) 0.36(0.07) F(1,21)=5.09, p=0.03 

Anterior_limb_of_internal_capsule_LH 0.44(0.03) 0.39(0.06) F(1,21)=6.62, p=0.02 

Posterior_limb_of_internal_capsule_RH 0.44(0.03) 0.39(0.06) F(1,21)=9.55, p<0.01 

Posterior_limb_of_internal_capsule_LH 0.43(0.03) 0.38(0.06) F(1,21)=7.62, p=0.01 

Retrolenticular_internal_capsule_RH 0.42(0.03) 0.36(0.07) F(1,21)=7.20, p=0.01 

Retrolenticular_internal_capsule_LH 0.53(0.05) 0.46(0.07) F(1,21)=8.04, p<0.01 

Anterior_corona_radiata_RH 0.51(0.04) 0.45(0.09) F(1,21)=4.46, p=0.05 

Anterior_corona_radiata_LH 0.51(0.05) 0.45(0.07) F(1,21)=5.98, p=0.02 

Superior_corona_radiata_RH 0.49(0.04) 0.43(0.05) F(1,21)=7.79, p=0.01 

Superior_corona_radiata_LH 0.44(0.04) 0.39(0.06) F(1,21)=6.81, p=0.02 

Posterior_corona_radiata_RH 0.35(0.02) 0.32(0.06) F(1,21)=2.73, p=0.11 

Posterior_corona_radiata_LH 0.36(0.03) 0.33(0.05) F(1,21)=4.07, p=0.06 

Posterior_thalamic_radiation_RH 0.42(0.04) 0.40(0.06) F(1,21)=0.69, p=0.41 

Posterior_thalamic_radiation_LH 0.45(0.04) 0.43(0.07) F(1,21)=1.05, p=0.32 

Sagittal_stratum_RH 0.31(0.05) 0.29(0.04) F(1,21)=1.70, p=0.21 

Sagittal_stratum_LH 0.30(0.05) 0.29(0.04) F(1,21)=0.64, p=0.43 

External_capsule_RH 0.41(0.05) 0.35(0.08) F(1,21)=4.27, p=0.05 

External_capsule_LH 0.56(0.03) 0.50(0.08) F(1,21)=5.42, p=0.03 

Cingulum_RH 0.43(0.06) 0.37(0.08) F(1,21)=4.49, p=0.05 

Cingulum_LH 0.42(0.04) 0.39(0.04) F(1,21)=3.47, p=0.08 

Cingulum(hippocampus)_RH 0.42(0.04) 0.39(0.04) F(1,21)=4.67, p=0.04 

Cingulum(hippocampus)_LH 0.44(0.05) 0.40(0.07) F(1,21)=1.48, p=0.24 

Fornix/stria_terminalis_RH 0.42(0.04) 0.37(0.08) F(1,21)=3.57, p=0.07 

Fornix/stria_terminalis_LH 0.40(0.04) 0.38(0.05) F(1,21)=1.03, p=0.32 

Superior_longitudinal_fasciculus_RH 0.39(0.04) 0.38(0.05) F(1,21)=0.49, p=0.49 

Superior_longitudinal_fasciculus_LH 0.35(0.04) 0.32(0.08) F(1,21)=1.64, p=0.21 

Superior_fronto_occip_fasciculus_RH 0.26(0.03) 0.24(0.05) F(1,21)=1.82, p=0.19 

Superior_fronto_occip_fasciculus_LH 0.65(0.05) 0.61(0.08) F(1,21)=2.61, p=0.12 

Uncinate_fasciculus_RH 0.35(0.05) 0.28(0.09) F(1,21)=5.82, p=0.03 

Uncinate_fasciculus_LH 0.44(0.04) 0.42(0.06) F(1,21)=0.88, p=0.36 

Tapetum_RH 0.44(0.04) 0.42(0.05) F(1,21)=1.18, p=0.29 

Tapetum_LH 0.52(0.04) 0.49(0.04) F(1,21)=2.73, p=0.11 

Average FA of WMTs 0.45(0.036) 0.41(0.056)  
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Table S2. Negative association between FA and EDSS in 48 WMTs.  
Spearman correlations ranged from weakly correlated for Sagittal stratum_RH (r = -0.27; p = 
0.43)  
to strongly correlated for Cingulum (hippocampus)_RH ( = -0.95; p = <0.01)  

FRACTIONAL ANISOTROPY (n=11) EDSS 

 
Spearman r Spearman p 

Middle_cerebellar_peduncle -0.69 0.02 

Pontine_crossing_tract -0.49 0.13 

CC_genu -0.49 0.12 

CC_body -0.30 0.37 

CC_splenium -0.68 0.02 

Fornix -0.84 <0.01 

Corticospinal_tract_RH -0.81 <0.01 

Corticospinal_tract_LH -0.87 <0.01 

Medial_lemniscus_RH -0.73 0.01 

Medial_lemniscus_LH -0.79 <0.01 

Inferior_cerebellar_peduncle_RH -0.70 0.02 

Inferior_cerebellar_peduncle_LH -0.71 0.01 

Superior_cerebellar_peduncle_RH -0.88 <0.01 

Superior_cerebellar_peduncle_LH -0.89 <0.01 

Cerebral_peduncle_RH -0.84 <0.01 

Cerebral_peduncle_LH -0.57 0.07 

Anterior_limb_of_int_capsule_RH -0.55 0.08 

Anterior_limb_of_int_capsule_LH -0.85 <0.01 

Posterior_limb_of_int_capsule_RH -0.65 0.03 

Posterior_limb_of_int_capsule_LH -0.66 0.03 

Retrolenticular_int_capsule_RH -0.62 0.04 

Retrolenticular_int_capsule_LH -0.40 0.23 

Anterior_corona_radiata_RH -0.65 0.03 

Anterior_corona_radiata_LH -0.66 0.03 

Superior_corona_radiata_RH -0.62 0.04 

Superior_corona_radiata_LH -0.61 0.05 

Posterior_corona_radiata_RH -0.77 <0.01 

Posterior_corona_radiata_LH -0.67 0.03 

Posterior_thalamic_radiation_RH -0.67 0.03 

Posterior_thalamic_radiation_LH -0.67 0.02 

Sagittal_stratum_RH -0.27 0.43 

Sagittal_stratum_LH -0.54 0.09 

External_capsule_RH -0.55 0.08 

External_capsule_LH -0.60 0.05 

Cingulum_RH -0.50 0.12 

Cingulum_LH -0.83 <0.01 

Cingulum(hippocampus)_RH -0.95 <0.01 

Cingulum(hippocampus)_LH -0.71 0.01 

Fornix/stria_terminalis_RH -0.81 <0.01 

Fornix/stria_terminalis_LH -0.85 <0.01 

Sup_longitudinal_fasciculus_RH -0.82 <0.01 
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Sup_longitudinal_fasciculus_LH -0.55 0.08 

Sup_fronto_occip_fasciculus_RH -0.60 0.05 

Sup_fronto_occip_fasciculus_LH -0.53 0.09 

Uncinate_fasciculus_RH -0.83 <0.01 

Uncinate_fasciculus_LH -0.63 0.04 

Tapetum_RH -0.84 <0.01 

Tapetum_LH -0.58 0.06 
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Table S3. FA in MS patients with low EDSS, high EDSS and Controls. Values are given 
as the means ± SD. FA was significantly lower in patients with high EDSS (b) compared to 
low EDSS and controls (a) in all the tracts except theSagittal stratum RH and Sagittal stratum 
LH. Patients with low EDSS had similar FA values as controls in all the tracts (a) except in 
the Superior cerebellar peduncle LH and the Posterior limb of internal capsule RH. Average 
FA was calculated over all WMTs measured. 

Variable 
 

control 
 

EDSS(low) 
 

EDSS(high) 
 

F-test 
 

Middle_cerebellar_peduncle 0.45(0.04)a 0.45(0.02)a 0.36(0.06)b F(2,20)=8.49, p<0.01 

Pontine_crossing_tract 0.52(0.04)a 0.50(0.04)a 0.42(0.06)b F(2,20)=6.14, p<0.01 

CC_genu 0.42(0.06)a 0.42(0.02)a 0.34(0.06)b F(2,20)=3.87, p=0.04 

CC_body 0.41(0.05)a 0.41(0.03)a 0.33(0.06)b F(2,20)=4.06, p=0.03 

CC_splenium 0.49(0.05)a 0.53(0.01)a 0.41(0.08)b F(2,20)=7.84, p<0.01 

Fornix 0.47(0.05)a 0.50(0.02)a 0.39(0.06)b F(2,20)=7.40, p<0.01 

Corticospinal_tract_RH 0.58(0.04)a 0.57(0.02)a 0.46(0.06)b F(2,20)=15.62, p<0.01 

Corticospinal_tract_LH 0.58(0.04)a 0.56(0.02)a 0.48(0.05)b F(2,20)=9.73, p<0.01 

Medial_lemniscus_RH 0.50(0.03)a 0.49(0.02)a 0.40(0.07)b F(2,20)=8.94, p<0.01 

Medial_lemniscus_LH 0.49(0.03)a 0.49(0.02)a 0.39(0.07)b F(2,20)=12.47, p<0.01 

Inferior_cerebellar_peduncle_RH 0.58(0.03)a 0.55(0.01)a 0.48(0.03)b F(2,20)=17.75, p<0.01 

Inferior_cerebellar_peduncle_LH 0.37(0.04)a 0.37(0.03)a 0.31(0.04)b F(2,20)=4.43, p=0.03 

Superior_cerebellar_peduncle_RH 0.57(0.03)a 0.56(0.01)a 0.50(0.03)b F(2,20)=9.62, p<0.01 

Superior_cerebellar_peduncle_LH 0.51(0.03)c 0.48(0.02)b 0.41(0.06)a F(2,20)=11.99, p<0.01 

Cerebral_peduncle_RH 0.52(0.04)a 0.49(0.01)a 0.40(0.08)b F(2,20)=9.27, p<0.01 

Cerebral_peduncle_LH 0.42(0.04)a 0.40(0.02)a 0.28(0.08)b F(2,20)=14.35, p<0.01 

Anterior_limb_of_internal_capsule_R
H 

0.42(0.04)a 0.40(0.02)a 0.27(0.07)b F(2,20)=18.13, p<0.01 

Anterior_limb_of_internal_capsule_L
H 

0.44(0.03)a 0.42(0.02)a 0.32(0.06)b F(2,20)=19.97, p<0.01 

Posterior_limb_of_internal_capsule_
RH 

0.44(0.03)c 0.41(0.02)b 0.32(0.07)a F(2,20)=18.13, p<0.01 

Posterior_limb_of_internal_capsule_
LH 

0.43(0.03)a 0.41(0.02)a 0.29(0.07)b F(2,20)=20.23, p<0.01 

Retrolenticular_internal_capsule_RH 0.42(0.03)a 0.39(0.02)a 0.27(0.08)b F(2,20)=18.63, p<0.01 

Retrolenticular_internal_capsule_LH 0.53(0.05)a 0.49(0.02)a 0.39(0.11)b F(2,20)=9.24, p<0.01 

Anterior_corona_radiata_RH 0.51(0.04)a 0.49(0.03)a 0.33(0.10)b F(2,20)=17.78, p<0.01 

Anterior_corona_radiata_LH 0.51(0.05)a 0.48(0.02)a 0.36(0.08)b F(2,20)=13.67, p<0.01 

Superior_corona_radiata_RH 0.49(0.04)a 0.46(0.02)a 0.36(0.06)b F(2,20)=13.98, p<0.01 

Superior_corona_radiata_LH 0.44(0.04)a 0.42(0.02)a 0.32(0.07)b F(2,20)=11.22, p<0.01 

Posterior_corona_radiata_RH 0.35(0.02)a 0.35(0.01)a 0.26(0.09)b F(2,20)=7.84, p<0.01 

Posterior_corona_radiata_LH 0.36(0.03)a 0.35(0.01)a 0.27(0.08)b F(2,20)=9.89, p<0.01 

Posterior_thalamic_radiation_RH 0.42(0.04)a 0.43(0.03)a 0.33(0.08)b F(2,20)=7.38, p<0.01 

Posterior_thalamic_radiation_LH 0.45(0.04)a 0.46(0.03)a 0.34(0.09)b F(2,20)=7.80, p<0.01 

Sagittal_stratum_RH 0.31(0.05) 0.30(0.02) 0.26(0.06) F(2,20)=1.82, p=0.19 

Sagittal_stratum_LH 0.30(0.05) 0.30(0.02) 0.25(0.04) F(2,20)=1.74, p=0.20 

External_capsule_RH 0.41(0.05)a 0.38(0.03)a 0.26(0.11)b F(2,20)=9.46, p<0.01 

External_capsule_LH 0.56(0.03)a 0.54(0.03)a 0.41(0.10)b F(2,20)=13.54, p<0.01 

Cingulum_RH 0.43(0.06)a 0.40(0.02)a 0.28(0.10)b F(2,20)=9.32, p<0.01 

Cingulum_LH 0.42(0.04)a 0.41(0.02)a 0.34(0.05)b F(2,20)=5.98, p<0.01 

Cingulum(hippocampus)_RH 0.42(0.04)a 0.40(0.02)a 0.34(0.05)b F(2,20)=6.56, p<0.01 

Cingulum(hippocampus)_LH 0.44(0.05)a 0.44(0.02)a 0.32(0.10)b F(2,20)=7.30, p<0.01 

Fornix/stria_terminalis_RH 0.42(0.04)a 0.41(0.02)a 0.28(0.10)b F(2,20)=11.70, p<0.01 

Fornix/stria_terminalis_LH 0.40(0.04)a 0.41(0.03)a 0.33(0.06)b F(2,20)=4.92, p=0.02 

Superior_longitudinal_fasciculus_RH 0.39(0.04)a 0.40(0.02)a 0.32(0.06)b F(2,20)=4.26, p=0.03 

Superior_longitudinal_fasciculus_LH 0.35(0.04)a 0.36(0.03)a 0.22(0.09)b F(2,20)=12.25, p<0.01 

Superior_fronto_occip_fasciculus_R
H 

0.26(0.03)a 0.26(0.03)a 0.18(0.06)b F(2,20)=8.88, p<0.01 

Superior_fronto_occip_fasciculus_LH 0.65(0.05)a 0.64(0.02)a 0.51(0.10)b F(2,20)=10.57, p<0.01 

Uncinate_fasciculus_RH 0.35(0.05)a 0.31(0.06)a 0.19(0.09)b F(2,20)=8.10, p<0.01 

Uncinate_fasciculus_LH 0.44(0.04)a 0.45(0.03)a 0.34(0.05)b F(2,20)=10.39, p<0.01 

Tapetum_RH 0.44(0.04)a 0.45(0.02)a 0.35(0.05)b F(2,20)=8.03, p<0.01 

Tapetum_LH 0.52(0.04)a 0.51(0.03)a 0.43(0.02)b F(2,20)=7.25, p<0.01 

Average FA of WMTs 0.45(0.036) 0.44(0.014) 0.34(0.067) F(2.2)=11.7, p=0.04 
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Table S4: Associations of FA with serum iron, % TF saturation, haemoglobin and ferritin 
(corrected for high CRP) in the 48 WMTs 

 

 

FRACTIONAL ANISOTROPY (n=11)

 r  p  r  p  r  p r p

Middle_cerebellar_peduncle 0.57 0.07 0.71 0.01 0.46 0.15 0.69 0.04

Pontine_crossing_tract 0.55 0.09 0.57 0.07 0.01 0.97 0.4 0.28

CC_genu 0.15 0.65 0.22 0.52 -0.15 0.65 0.26 0.5

CC_body 0.44 0.18 0.47 0.15 -0.17 0.61 0.25 0.51

CC_splenium 0.52 0.11 0.69 0.02 0.3 0.37 0.43 0.25

Fornix 0.51 0.11 0.69 0.02 0.44 0.18 0.61 0.08

Corticospinal_tract_RH 0.40 0.23 0.59 0.06 0.46 0.16 0.47 0.2

Corticospinal_tract_LH 0.43 0.19 0.59 0.05 0.37 0.26 0.56 0.12

Medial_lemniscus_RH 0.47 0.15 0.69 0.02 0.52 0.1 0.75 0.02

Medial_lemniscus_LH 0.54 0.09 0.74 <0.01 0.46 0.15 0.64 0.06

Inferior_cerebellar_peduncle_RH 0.68 0.03 0.65 0.03 0.12 0.73 0.79 0.01

Inferior_cerebellar_peduncle_LH 0.49 0.13 0.4 0.23 0.05 0.89 0.59 0.09

Superior_cerebellar_peduncle_RH 0.39 0.24 0.44 0.17 0.26 0.43 0.6 0.09

Superior_cerebellar_peduncle_LH 0.14 0.69 0.3 0.38 0.43 0.18 0.29 0.44

Cerebral_peduncle_RH 0.25 0.47 0.44 0.18 0.54 0.08 0.38 0.31

Cerebral_peduncle_LH 0.59 0.06 0.78 <0.01 0.28 0.41 0.41 0.27

Anterior_limb_of_int_capsule_RH 0.60 0.06 0.75 <0.01 0.18 0.59 0.31 0.42

Anterior_limb_of_int_capsule_LH 0.61 0.05 0.55 0.08 0.05 0.89 0.72 0.03

Posterior_limb_of_int_capsule_RH 0.50 0.12 0.56 0.08 0.29 0.38 0.61 0.08

Posterior_limb_of_int_capsule_LH 0.71 0.02 0.65 0.03 0 1 0.83 <0.01

Retrolenticular_int_capsule_RH 0.74 0.01 0.76 <0.01 0.14 0.69 0.79 0.01

Retrolenticular_int_capsule_LH 0.50 0.12 0.69 0.02 0.53 0.09 0.63 0.07

Anterior_corona_radiata_RH 0.63 0.04 0.79 <0.01 0.39 0.24 0.82 <0.01

Anterior_corona_radiata_LH 0.40 0.22 0.41 0.22 0.04 0.92 0.92 <0.01

Superior_corona_radiata_RH 0.71 0.02 0.78 <0.01 0.19 0.58 0.49 0.19

Superior_corona_radiata_LH 0.63 0.04 0.79 <0.01 0.44 0.17 0.27 0.49

Posterior_corona_radiata_RH 0.63 0.04 0.58 0.06 0.21 0.53 0.52 0.15

Posterior_corona_radiata_LH 0.72 0.02 0.74 <0.01 0.22 0.51 0.54 0.14

Posterior_thalamic_radiation_RH 0.54 0.09 0.77 <0.01 0.58 0.06 0.73 0.03

Posterior_thalamic_radiation_LH 0.55 0.09 0.8 <0.01 0.61 0.05 0.49 0.18

Sagittal_stratum_RH 0.48 0.14 0.63 0.04 0.51 0.11 0.4 0.28

Sagittal_stratum_LH 0.12 0.73 0.32 0.34 0.37 0.26 0.7 0.03

External_capsule_RH 0.67 0.03 0.84 <0.01 0.45 0.17 0.81 <0.01

External_capsule_LH 0.54 0.09 0.75 <0.01 0.61 0.05 0.44 0.24

Cingulum_RH 0.59 0.06 0.68 0.02 0.34 0.3 0.66 0.05

Cingulum_LH 0.60 0.06 0.64 0.03 0.18 0.6 0.57 0.11

Cingulum(hippocampus)_RH 0.43 0.19 0.47 0.15 0.24 0.47 0.59 0.09

Cingulum(hippocampus)_LH 0.55 0.09 0.72 0.01 0.51 0.11 0.44 0.24

Fornix/stria_terminalis_RH 0.30 0.37 0.49 0.12 0.5 0.12 0.58 0.1

Fornix/stria_terminalis_LH 0.45 0.17 0.51 0.11 0.26 0.45 0.48 0.19

Sup_longitudinal_fasciculus_RH 0.65 0.03 0.61 0.05 0.05 0.88 0.6 0.09

Sup_longitudinal_fasciculus_LH 0.74 0.01 0.78 <0.01 0.21 0.55 0.79 0.01

Sup_fronto_occip_fasciculus_RH 0.55 0.09 0.52 0.1 0.03 0.93 0.79 0.01

Sup_fronto_occip_fasciculus_LH 0.65 0.03 0.83 <0.01 0.43 0.19 0.62 0.08

Uncinate_fasciculus_RH 0.41 0.21 0.56 0.07 0.52 0.1 0.52 0.15

Uncinate_fasciculus_LH 0.30 0.37 0.31 0.36 -0.21 0.54 0.45 0.22

Tapetum_RH 0.29 0.39 0.37 0.27 0.07 0.83 0.57 0.11

Tapetum_LH 0.43 0.19 0.47 0.15 -0.03 0.93 0.58 0.1

Serum Iron % Tf saturation Hemoglobin Ferritin corrected
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Table S5. Associations between FA and serum Transferrin in the 48 WMTs. There were no 
significant associations.  

FRACTIONAL ANISOTROPY (n=11) SERUM TRANSFERRIN 

 
 r  p 

Middle_cerebellar_peduncle -0.11 0.74 

Pontine_crossing_tract 0.40 0.23 

CC_genu 0.27 0.41 

CC_body 0.50 0.12 

CC_splenium 0.07 0.84 

Fornix 0.01 0.98 

Corticospinal_tract_RH -0.11 0.75 

Corticospinal_tract_LH 0.06 0.86 

Medial_lemniscus_RH -0.15 0.66 

Medial_lemniscus_LH -0.04 0.90 

Inferior_cerebellar_peduncle_RH 0.16 0.63 

Inferior_cerebellar_peduncle_LH 0.39 0.24 

Superior_cerebellar_peduncle_RH 0.01 0.98 

Superior_cerebellar_peduncle_LH 0.00 0.99 

Cerebral_peduncle_RH -0.06 0.85 

Cerebral_peduncle_LH 0.19 0.58 

Anterior_limb_of_internal_capsule_RH 0.21 0.54 

Anterior_limb_of_internal_capsule_LH 0.32 0.35 

Posterior_limb_of_internal_capsule_RH 0.04 0.92 

Posterior_limb_of_internal_capsule_LH 0.28 0.40 

Retrolenticular_internal_capsule_RH 0.18 0.60 

Retrolenticular_internal_capsule_LH -0.04 0.90 

Anterior_corona_radiata_RH 0.03 0.93 

Anterior_corona_radiata_LH 0.02 0.96 

Superior_corona_radiata_RH 0.29 0.39 

Superior_corona_radiata_LH 0.17 0.62 

Posterior_corona_radiata_RH 0.31 0.36 

Posterior_corona_radiata_LH 0.23 0.50 

Posterior_thalamic_radiation_RH -0.13 0.70 

Posterior_thalamic_radiation_LH -0.08 0.81 

Sagittal_stratum_RH 0.05 0.88 

Sagittal_stratum_LH -0.21 0.54 

External_capsule_RH -0.02 0.96 

External_capsule_LH -0.02 0.95 

Cingulum_RH 0.03 0.94 

Cingulum_LH 0.36 0.28 

Cingulum(hippocampus)_RH 0.20 0.55 

Cingulum(hippocampus)_LH 0.15 0.66 

Fornix/stria_terminalis_RH -0.18 0.59 

Fornix/stria_terminalis_LH 0.22 0.51 

Superior_longitudinal_fasciculus_RH 0.45 0.17 

Superior_longitudinal_fasciculus_LH 0.12 0.73 
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Superior_fronto_occip_fasciculus_RH 0.16 0.63 

Superior_fronto_occip_fasciculus_LH 0.04 0.90 

Uncinate_fasciculus_RH 0.09 0.80 

Uncinate_fasciculus_LH 0.35 0.30 

Tapetum_RH 0.21 0.54 

Tapetum_LH 0.27 0.42 

 

 

 


