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ABSTRACT 

Motor neuron disease (MND) is a grievous condition characterised by progressive neurodegeneration 

and weakness. Death, usually by respiratory failure, ensues after an average of two to three years from 

diagnosis. No curative treatment is currently available. Development of novel therapies is hampered by 

incomplete understanding of pathophysiology, as translation of findings from disease models into 

clinical settings has proven challenging. In addition, the lack of reliable biomarkers contributes to 

increased duration and costs of clinical trials. Studies in disease models suggest that mitochondrial 

energy metabolism is dysregulated in MND and development of therapeutics targeting mitochondrial 

dysfunction may be beneficial. Nonetheless, direct evidence supporting mitochondrial involvement in 

people living with MND is currently lacking. 

The primary aim of this thesis was to use 31-phosphorus magnetic resonance spectroscopy (31P-MRS) 

to characterise the bioenergetic signature in people living with MND. Experiments in this thesis were 

designed to characterise cerebral and muscle bioenergetics, to explore central and peripheral 

components of motor fatigability (a debilitating symptom), and to test the potential of the technique to 

detect longitudinal changes in skeletal muscle in MND. 

Following development and optimisation of acquisition and analysis protocols, 31P-MRS revealed 

evidence for primary mitochondrial dysfunction in the brainstem of patients, with reduced 

phosphocreatine and Gibbs free energy of adenosine triphosphate hydrolysis. In resting skeletal muscle, 

a different bioenergetic signature of elevated inorganic phosphate and phosphomonoesters was 

identified in MND patients. Dynamic exercise protocols demonstrated differential responses to motor 

fatigability in muscle between patients and controls. Lastly, a longitudinal decrease in adenosine 

triphosphate was detected in muscle in patients, suggesting phases of bioenergetic compensation and 

decompensation. 

These findings illustrate that 31P-MRS has potential as a biomarker in MND, contributes to improved 

understanding of pathophysiology, and represents a new tool for future trials targeting bioenergetic 

pathways. 
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CHAPTERS 

The aim of this thesis was to develop and utilise 31-phosphorus magnetic resonance spectroscopy to 

investigate energy metabolism in the brain and muscles of patients living with motor neuron disease. 

The first chapter describes clinical and biological features of motor neuron disease, highlights areas of 

need, and reviews how proton magnetic resonance spectroscopy (an analogous technique to 31-

phosphorus spectroscopy in more widespread use) has been applied, to date, in motor neuron disease. 

Chapter two illustrates experiments conducted to optimise hardware and sequences to produce high 

quality brain and muscle spectroscopic data.  

In chapter three, a detailed analysis of available spectroscopic processing steps is reported, together 

with experiments aimed at testing agreement and reliability of the technique. These experiments 

illustrate that choice of software can affect measurement reproducibility. Results informed the 

development of an optimised spectroscopic processing protocol used for the remainder of the 

experiments of this thesis. 

Experiments in chapter four illustrate that bioenergetic dysfunction is present both in the brain and 

muscle of patients living with motor neuron disease, as measured by 31-phosphorus magnetic resonance 

spectroscopy, with a differing signature depending on tissue. Dysfunction appears clinically relevant, 

as bioenergetic parameters correlate with measures of disability, respiratory dysfunction, denervation, 

and muscle weakness. This is the first time that direct evidence for cerebral bioenergetic dysfunction 

has been reported in motor neuron disease in the brain using 31-phosphorus magnetic resonance 

spectroscopy. 

In chapter five, 31-phosphorus magnetic resonance spectroscopy is employed in conjunction with 

neurophysiology to characterise and model motor fatigability, a disabling symptom in motor neuron 

disease, in patients and controls. Results demonstrate that motor fatigability is primarily dependent on 

central factors in patients, whereas peripheral and muscular components appear to predominate in 

healthy controls.  

Chapter six reports longitudinal muscle 31-phosphorus magnetic resonance spectroscopic results in 

patients and controls. These preliminary data assess the potential of technique as a biomarker of disease 

progression, and a longitudinal reduction in adenosine triphosphate was demonstrated over time. This 

is the first time 31-phosphorus magnetic resonance spectroscopy has been applied longitudinally in 

motor neuron disease.  

Chapter seven summarises findings and suggests possible future directions.  
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1. CHAPTER 1:                                                         

INTRODUCTION TO MOTOR NEURON DISEASE 

This chapter introduces motor neuron disease (MND), with a particular focus on imaging applications 

and bioenergetics. 

Section one details epidemiological, aetiological, pathophysiological, and clinical aspects of MND, 

discussing current challenges and areas of need in the field. Section two briefly reviews applications of 

magnetic resonance imaging (MRI) in MND and focuses on magnetic resonance spectroscopy (MRS) 

studies conducted to investigate disease pathophysiology and as a diagnostic, disease progression, and 

treatment response biomarker. Lastly, section three elaborates on basic bioenergetic concepts to provide 

a theoretical framework necessary to the understanding and interpretation of experimental results in the 

following chapters. In section three, the role of mitochondria in pathogenesis is also highlighted (of 

note, current state of knowledge in the field is reviewed in the introduction of chapter four as well) and 

arguments for the application of 31-phosphorus magnetic resonance spectroscopy (31P-MRS) in MND 

are made. 

Concepts described in section two were rewritten and published in the imaging section of the review on 

biomarkers in MND by (Verber, Shepheard et al. 2019), which was written by the author of this thesis 

with supervision of Dr Thomas M. Jenkins and Prof Iain D. Wilkinson1. 

 

SECTION 1 

Motor neuron disease 

1.1.1 Motor neuron disease: epidemiology 

With an incidence rate of 2-3 per 100,000 person-years in Europe (Logroscino, Traynor et al. 2010), 

MND is the third most common adult-onset neurodegenerative disorder after Alzheimer’s disease and 

Parkinson’s disease (Talbot 2002). It is slightly more prevalent in men than women (with a ratio of 1.5 

to 1) and, even though it can affect all age groups, incidence peaks the late sixties for women and early 

seventies for men (Logroscino, Traynor et al. 2010). It is a rapidly fatal condition, hence prevalence is 

relatively low (approximately 5 per 100,000 of total population) (Traynor, Codd et al. 1999) as median 

survival is about a year and a half from diagnosis and two to three years from symptom onset (del 

Aguila, Longstreth et al. 2003). 

 
1 Creative Commons Attribution License (CC BY) copyright. 
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There is a lack of consensus with regard to which environmental modifiers and risk factors contribute 

to this disease. Numerous epidemiological studies have investigated whether smokers (Gallo, Bueno-

De-Mesquita et al. 2009), military recruits (Weisskopf, Cudkowicz et al. 2015), athletes (Lacorte, 

Ferrigno et al. 2016), or people exposed to chemico-physical hazards (such as heavy metals, 

formaldehyde, toxins, pesticides, or electromagnetic fields) (Capozzella, Sacco et al. 2014, Seals, 

Kioumourtzoglou et al. 2017) are more susceptible to disease development. Caution should be exerted 

when interpreting the results of these studies: it is likely that specific environmental modifiers increase 

the risk of disease development only in a genetically predisposed subpopulation, which might not be 

detectable by standard epidemiological investigations of a disease that has a relatively low incidence 

(Al-Chalabi and Hardiman 2013). An alternative approach combining Mendelian randomisation, 

genotyping, and transcriptomics has recently been used to suggest that intense physical exercise may 

increase the risk of MND (Julian, Glascow et al. 2021). 

 

1.1.2 Motor neuron disease: putative aetiology, pathogenesis, and pathology 

Despite a growing body of research, MND remains incompletely understood: its aetiology and 

pathophysiology have not yet been elucidated satisfactorily and this has hindered development of 

curative treatments. 

At present, most MND cases are sporadic and thought to be caused by a complex interaction between 

genetic and environmental factors likely to take place in a multi-step process (Shaw 2005, Al-Chalabi 

and Hardiman 2013, Al-Chalabi, Calvo et al. 2014, Chiò, Mazzini et al. 2018). Various genome-wide 

association studies have identified several risk-conferring genetic polymorphisms (Renton, Chio et al. 

2014), whereas, pathogenic Mendelian-type mutations have been discovered in both familial and 

sporadic forms of MND2 and are detected in approximately ten per cent of patients (Mathis, Goizet et 

al. 2019).  

The most prevalent genetic mutation is the intronic hexanucleotide (G4C2)n repeat expansion in the 

C9orf72 gene (DeJesus-Hernandez, Mackenzie et al. 2011, Renton, Majounie et al. 2011). Other well-

characterised mutations include superoxide dismutase 1 or SOD1 (Rosen, Siddique et al. 1993), 

TARDBP gene encoding TAR DNA binding protein 43 or TDP-43 (Sreedharan, Blair et al. 2008), and 

fused-in sarcoma or FUS (Kwiatkowski, Bosco et al. 2009, Vance, Rogelj et al. 2009). The relative 

prevalence of mutations in genetic MND is population specific. C9orf72 is most commonly found in 

Europe (34% of genetic MND), followed by SOD1 (15%), TARDBP (less than 5%), and FUS 

(approximately 3%). In Asia, SOD1 is the most reported muatation (30% of genetic cases), followed by 

FUS (over 6%), C9orf72 (just over 2%), and TARDBP (less than 2%) (Mathis, Goizet et al. 2019). 

 
2 Classically, the term familial MND has been reserved for the presence of a positive family history.  
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Mode of inheritance is typically autosomal dominant with variable penetrance, although there are rare 

mutations (SOD1 21q22.1,3 alsin 2q33.1, spasticin 15q15-21.1, optineurin 10p13, SIGMAR1 9p34.11, 

and GLE1 9q34.11) transmitted in autosomal recessive manner (Mathis, Goizet et al. 2019). In addition, 

mutant UBQLN2 (Xp11.21) has been shown to be pathogenic and to be transmitted in an X-linked 

dominant manner with incomplete penetrance (Fahed, McDonough et al. 2014). 

The higly conserved C9orf72 gene comprises eleven exons 4.The (G4C2)n pathogenic repeat expansion 

is found within intron one. There are three well characterised coding variants and two known isoforms 

resulting from alternative splicing: one longer isoform (481 amino acids, 54 kDa) and one shorter 

isoform (222 amino acids, 24 kDa) (DeJesus-Hernandez, Mackenzie et al. 2011). Resulting transcripts 

and proteins are found primarily in the central nervous system, but are also extensively expressed in 

cells of myeloid lineage (Rizzu, Blauwendraat et al. 2016). Physiological function of C9orf72 proteins 

is still to be fully elucidated. To date, evidence suggests that they interact with the “Smith-Magenis 

syndrome chromosomal region candidate gene 8 protein” (SMCR8) (Amick, Roczniak-Ferguson et al. 

2016, Zhang, Burberry et al. 2018) and the “WD repeat domain 41 protein” (WDR41) (Sellier, 

Campanari et al. 2016) to form a complex that can exchange guanosine diphosphate and guanosine 

triphosphate, i.e. acting as a Rab guanine nucleotide exchange factor (Sellier, Campanari et al. 2016). 

This complex is thought to be crucial in the control of vesicular trafficking: specifically, phagocytosis 

(O'Rourke, Bogdanik et al. 2016), lysosomal homeostasis (Amick, Roczniak-Ferguson et al. 2016), and 

autophagy (Webster, Smith et al. 2016). These cellular pathways are aberrant in C9orf72-associated 

MND, likely because of loss of function (Waite, Bäumer et al. 2014, van Blitterswijk, Gendron et al. 

2015, Tang, Toro et al. 2020). Nonetheless, it is still debated whether haploinsufficiency is sufficient to 

cause disease or whether pathogenicity is primarily incurred by significant gain of function toxicity. 

The two hypotheses are not mutually exclusive and it is possible that interactions between gain of 

function and haploinsufficiency exist (Shi, Lin et al. 2018, Zhu, Jiang et al. 2020). There is increasing 

evidence that both mRNAs and proteins arising from transcription and translation of expanded5 C9orf72 

can be toxic. Secondary structures of transcripts comprise repeated guanine which can interact to form 

G-quadruplexes (Fratta, Mizielinska et al. 2012, Kovanda, Zalar et al. 2015, Conlon, Lu et al. 2016), 

sequestrating RNA-binding proteins, forming RNA foci, and profoundly disrupting both gene 

expression and nucleo-cytoplasmic transports (Zhang, Donnelly et al. 2015, McEachin, Parameswaran 

et al. 2020). In addition to sequestrating proteins, the expanded mRNA can also interact with both 

double- and single-stranded DNA causing direct damage (Walker, Herranz-Martin et al. 2017). The 

protein products can also be toxic. Both sense and antisense strands are expressed and no initiation 

codon is required; hence, five possible products (known as dipeptide repeat proteins) can be 

 
3 The most prevalent SOD1 mutations have autosomal dominant transmission. 
4 Some databases report 12 as exon one can be divided in 1a and 1b. 
5 In healthy individuals GGGGCC hexanucleotide is repeated no more than ten times. Over 30 repeats are 

considered pathogenic although some patients may have repeats in the order of thousands. 
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synthesised: poly-glycine-alanine, poly-glycine-arginine, poly-proline-alanine, poly-proline-arginine, 

and poly-glycine-proline. The first two dipeptides arise from the sense transcript, the third and fourth 

from the antisense transcript, and the latter from both the sense and antisense strands (Mann, Rollinson 

et al. 2013, Mori, Weng et al. 2013). Poly-glycine-arginine and poly-proline-arginine are the most toxic 

dipeptide repeats. Analogous to toxic mRNAs, these dipeptide repeats have also been shown to disrupt 

nucleo-cytoplasmic transports (Freibaum, Lu et al. 2015, Shi, Mori et al. 2017) and to cause DNA 

damage (Nihei, Mori et al. 2020). In addition, they can alter nucleolar and heterochromatin function 

(Kwon, Xiang et al. 2014, Zhang, Guo et al. 2019), affect axonal transport (Baldwin, Godena et al. 

2016), and cause mitochondria toxicity (Lopez-Gonzalez, Lu et al. 2016, Choi, Lopez-Gonzalez et al. 

2019). This latter pathophysiological mechanism is relevant to the central thesis of this work and is 

expanded further in chapter four. 

SOD1 was the first pathogenic gene to be discovered and is probably the most studied to date. In fact, 

a large proportion of the current understanding on MND pathopysiology is derived from research 

conducted in SOD1 models. This gene is located on the long arm of chromosome 22 and comprises five 

exons (Bowling, Schulz et al. 1993, Rosen, Siddique et al. 1993). Its protein product is 154 amino acids 

long and weights 16 kDa. This protein is characterised by β-barrel sheets and, at its catalytic site, 

contains a binding domain for its cofactors: ionised copper and zinc (Tainer, Getzoff et al. 1983). The 

quaternary structure is a highly stable homodimer crucial in maintaining appropriate oxidoreductive 

homeosthasis within cells (Huai and Zhang 2019). Specifically, it is a detoxifying enzyme which 

catalyses a disproportionation reaction: two superoxide anions (i.e. a type of reactive oxygen species) 

are dismutated into hydrogen peroxide and dioxygen (2O2
·- + 2H+ ↔ H2O2 + O2) (Pelmenschikov and 

Siegbahn 2005). The central role of this enzyme is exemplified by the fact that it is ubiquitously 

expressed by all tissues (Fagerberg, Hallström et al. 2014) and is highly conserved across species 

(Wang, Xu et al. 2006). Its subcellular localisation in healthy cells is cytoplasmatic, but it can also be 

found at lower concentrations in the mitochondrial intermembrane space6 (Fukai and Ushio-Fukai 

2011). Over 160 missense point mutations in the SOD1 gene have been associated with MND (Huai 

and Zhang 2019). Most are autosomal dominant, but a few are inherited in a recessive pattern (Mathis, 

Goizet et al. 2019). Although, for many years (and analogous to the C9orf72 debate) it was unclear 

whether pathogenicity was mediated by haploinsufficiency or by gain of function toxicity, a consensus 

on the latter hypothesis has been reached recently (Sangwan and Eisenberg 2016). It has been argued 

that loss of function, resulting in pathological accumulation of reactive oxygen species, may not be 

pathogenic, but could still be relevant to pathophysiology and modulate disease severity. Although 

many mutant SOD1 proteins can still retain enzymatic activity (Saccon, Bunton-Stasyshyn et al. 2013). 

Mutant SOD1 during their immature phase (i.e. when the protein has not yet undergone post-

 
6 An analogous enzyme, SOD2, having manganese as a cofactor, is found in the mitochondrial matrix, whereas 

SOD3 (also binding copper and zinc) is extracellular (Fukai and Ushio-Fukai 2011). 
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translational modifications), they are prone to misfolding and aggregation (Furukawa and O'Halloran 

2005). More than 40 possible conformations of mutant SOD1 have been described (Furukawa and 

O'Halloran 2005): dimers, oligomers, and larger aggregates are all possible (Sangwan and Eisenberg 

2016), and can be detected not only in motor neurons, but also in glial cells (Forsberg, Andersen et al. 

2011). Hence, aberrant microglial and astrocytic activation have been postulated to contribute to 

pathopysiology of MND7 (Ferraiuolo, Higginbottom et al. 2011, Evans, Couch et al. 2013), suggesting 

that the disease has a non-autonomous cell component with glial and inflammatory cells likely playing 

a role in modulating disease progression. In addition, SOD1 toxicity is pleiotropic: it affects 

mitochondrial metabolism (detailed later on in this chapter and in chapter four), aggravates oxidative 

stress, induces endoplasmic reticulum (ER) stress, altering the unfolded protein response and trafficking 

with the Golgi, alters retrograde axonal transport, may exacerbate glutamate exitotoxicity, and, again 

analogous to C9orf72, is implicated in aberrant autophagy and gene expression (Van Den Bosch, Van 

Damme et al. 2006, Bunton-Stasyshyn, Saccon et al. 2015, Moller, Bauer et al. 2017, Huai and Zhang 

2019, Mathis, Goizet et al. 2019). 

The ubiquitously expressed FUS and TARDBP genes both encode nuclear RNA-binding proteins. When 

mutated, they mislocalise to the cytoplasm and induce neurodegeneration via analogous 

pathophysiology (Lattante, Rouleau et al. 2013). FUS is located on chromosome 16. The resulting 

protein residue is 526 amino acids long, containing an RNA-binding domain as well as nuclear 

localisation and nuclear export signals (Kwiatkowski, Bosco et al. 2009, Vance, Rogelj et al. 2009). It 

is pivotal to all phases of gene expression (transcription, splicing, RNA transport to dendrites, and 

traslation) and homologous and non-homologous DNA repair (Orozco and Edbauer 2013, Yang, Gal et 

al. 2014, Efimova, Ovchinnikov et al. 2017). Over FUS 50 mutations have been associated with MND. 

The vast majority are autosomal dominant, whilst a notable exception is a single point substitution of 

glycine into glutamine at position 517, which is inherited recessively (Kwiatkowski, Bosco et al. 2009). 

Both loss of function (resulting in increased DNA damage and aberrant gene expression) and gain of 

function (toxic protein in cytoplasm) are thought to be responsible for disease (Efimova, Ovchinnikov 

et al. 2017, Ishigaki and Sobue 2018). 

TARDBP is a highly conserved six exon gene found on the short arm of the first chromosome (Ou, Wu 

et al. 1995). It encodes a 43 kDa protein primarily localised in the nucleus. Eleven possible isoforms 

have been characterised (Wang, Wang et al. 2004, Sreedharan, Blair et al. 2008). Analogous to FUS, it 

contains RNA-recognition sequences, a nuclear localisation domain, and a nuclear export sequence 

allowing nucleo-cytoplasmic shuttling (Lattante, Rouleau et al. 2013). TARDBP is an RNA-binding 

protein acting primarily as a transcription factor (Reddi 2017). Other putative functions are: splicing, 

post-transcriptional regulation, and RNA export into the cytoplasm, including to dendrites and synapses 

 
7 This has been reported also in sporadic and C9orf72-associated MND. 
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(Ayala, Pantano et al. 2005, Lattante, Rouleau et al. 2013, Briese, Saal-Bauernschubert et al. 2020). 

Almost 50 TARDBP pathogenic missense mutations have been described in MND, penetrance can be 

incomplete. Mutations tend to cluster around exon six and the C-terminus (Lattante, Rouleau et al. 

2013). One nonsense mutation (a tyrosine substitution at position 374) has also been indentified (Daoud, 

Valdmanis et al. 2009). As in the case of FUS, both gain and loss of function mechanisms are thought 

to contribute to development of MND (Barmada, Skibinski et al. 2010, Kabashi, Lin et al. 2010).  

Mutations in the TARDBP gene are found only in a small proportion of patients. However, importantly, 

sporadic MND is also characterised by cytoplasmic aggregates of ubiquitinated hyper-phosphorylated 

TDP-43, present in 97% of cases (Prasad, Bharathi et al. 2019). Neurofilament is also seen (intermediate 

filaments of neuronal cytoskeleton) and accumulates in axonal processes (Neumann, Sampathu et al. 

2006). In addition to the abovementioned inclusions, Bunina Bodies (cytoplasmic eosinophilic 

inclusions approximately 5 micrometres in diameter) are characteristically found in motor neurons of 

MND patients; their biological relevance is currently unknown. Other histopathological findings 

include: loss of pyramidal neurons in layer V of primary motor cortex (visualised using a classic 

hematoxylin and eosin stain) and axonal loss along the corticospinal tract (i.e. lateral and anterior 

column of spinal cord) which can be visualised on luxol fast blue stain. Other features of 

neurodegeneration such as vacuolisation, spongiosis, and reactive astrogliosis can also be present 

(Saberi, Stauffer et al. 2015). C9orf72 dipeptide repeats have also been shown to co-localise with TDP-

43 toxic granules (Chew, Cook et al. 2019). SOD1 and FUS MND are exceptions to the rule of TDP-

43 pathology, as misfolded SOD18 and FUS are instead the main component of the inclusions (Shang 

and Huang 2016, Paré, Lehmann et al. 2018), and TDP-43 is not seen. Neuropathological stages of 

sporadic MND according to histopathological burden of hyper-phosphorylated TDP-43 have been 

characterised by Braak’s and Trojanowski’s groups. In this construct, during stage one, TDP-43 

proteinopathy is found exclusively in purely motor areas: spinal α motor neurons, somato-motor nuclei 

of cranial nerves except for those responsible for eye movement, and primary motor cortex. In stage 

two, proteinopathy extends to red nucleus, pre-cerebellar systems, reticular formation, and middle 

frontal gyrus. In stage three, prefrontal and postcentral cortex as well as striatum become affected. In 

the last (fourth) stage, anteriomedial temporal lobe and hippocampus are involved (Brettschneider, Del 

Tredici et al. 2013). The authors argued for a conserved pattern of disease propagation, likely in a 

corticofugal manner (i.e. pathology originating in primary motor regions and spreading to other affected 

regions) suggesting a prion-like spreading via axonal pathways (Braak, Brettschneider et al. 2013, 

Verde, Del Tredici et al. 2017). This is known as the “dying-forward” hypothesis, but there is still some 

debate on the direction of disease spreading: a competing hypothesis states that MND begins at 

neuromuscular synapses and pathology spreads from there to the central nervous system (dying-back), 

with some even arguing that the locus minoris resistentiae is located at the cortico-α motor neuron 

 
8 Interestingly, misfolded SOD1 has also been reported in sporadic MND (Forsberg, Andersen et al. 2011). 
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synapses (dying-outward) (Baker 2014, Tsitkanou, Lindsay et al. 2019). Regardless of site of origin of 

MND pathology, propagation across contiguous regions is a feature which is consistently observed in 

clinical practice (Walhout, Verstraete et al. 2018). From a molecular point of view, mutant SOD1 has 

been shown to have prion-like features in vitro and in a few animal studies: it can induce misfolding 

and aggregation of mutant and non-mutant SOD1 with some evidence suggesting that it can spread to 

nearby cells and, perhaps, and more controversially, even to other organisms (Bunton-Stasyshyn, 

Saccon et al. 2015). Evidence for analogous prion-like features for TDP-43, FUS and C9orf72 

dipeptides is emerging although further experimental validation is required (Ayers and Cashman 2018).  

Although MND pathogenic genes appear to cause disease via diverse downstream mechanisms (as 

detailed above), accumulation of misfolded protein is a consistent finding. These proteinaceous 

accumulations are thought to disrupt homeostasis, affect virtually every cellular process, and cause 

direct mitochondrial toxicity (Gao, Wang et al. 2019). There are also pathophysiological pathways 

which exacerbate toxic protein accumulations through deleterious positive feedback loops including: 

aberrant RNA processing (Walsh, Cooper-Knock et al. 2015), ER stress, abnormal endosomal 

trafficking, and defective proteostasis (Ruegsegger and Saxena 2016). These pathways can all trigger 

mitochondrial apoptosis by inducing the unfolded protein response, a process activated by cellular, and 

specifically ER, stress, aimed at counteracting accumulation of misfolded and toxic proteins. Apoptosis 

is thought to be the main mechanism of cell death in MND, preceded by chromatolysis and 

somatodendritic attrition. In addition, in MND, expression of pro-apoptotic preteins is increased with 

cellular morphology recapitulating the characteristic hallmarks of apoptosis (Martin 1999). The 

possibility of necroptosis taking place has also been suggested and research aimed at targeting this 

relatively novel pathway is now being undertaken (Chevin and Sébire 2021). In addition to initiating 

programmed cell death, mitochondria can exacerbate other aspects of MND pathophysiology: for 

instance, they are the main producers of reactive oxygen species in non-immune cells and contribute to 

exacerbation of neuronal oxidative stress, another well recognised MND disease mechanism (Barber 

and Shaw 2010). They are also central to calcium reuptake following action potentials; notably, calcium 

overload is toxic to the cell and can be caused by glutamate excitotoxicity, another implicated 

mechanism (Shaw and Ince 1997). Further description of mitochondrial involvment in MND is provided 

in sections three and subsequent chapters.  

Advances in genetic characterisation of MND have led to the development of transgenic, primarily 

murine, models which have allowed researchers to study the pathophysiology of MND. The most 

widely used and characterised, to date, is the SOD1G93A transgenic model (Gurney Mark, Pu et al. 1994) 

although others are also used (De Giorgio, Maduro et al. 2019), including models over-expressing wild 

type FUS (Mitchell, McGoldrick et al. 2013). Nonetheless, these models would only be representative 

of a small proportion of genetic MND (i.e. less than a tenth of all MND cases) and do not fully reflect 

human disease phenotypes (for instance, MND is a disease that occurs typically in the elderly 
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population, whereas most murine models develop symptoms early in life). Hence, every treatment 

beneficial in rodents, except for riluzole and, to some degree, edaravone, has failed to demonstrate 

efficacy in subsequent clinical trials (Petrov, Mansfield et al. 2017). Therefore, the reliability of these 

rodent models has been questioned and alternative means to investigate MND pathophysiology have 

been advocated (Perrin 2014). In addition, although promising results are starting to emerge from 

antisense oligonucleotide trials targeting toxic SOD1 products (Miller, Cudkowicz et al. 2020) and 

similar work in C9orf72 is underway (NCT03626012), therapy for sporadic MND has not yet advanced. 

A better comprehension of disease pathogenesis is important not only to enable development of more 

effective treatments, but also to facilitate discovery of reliable diagnostic, progression, and treatment 

response biomarkers, which is another great area of need in the field (Turner, Kiernan et al. 2009). 

 

1.1.3 Motor neuron disease: clinical aspects 

Initial presentation of MND can be insidious and semiology is variable, but progression of motor 

symptoms is characteristic and unavoidable with death resulting, typically, from respiratory muscle 

failure leading to type II respiratory failure (Paulukonis, Roberts et al. 2015). 

Clinically, MND can be classified into amyotrophic lateral sclerosis (ALS), progressive muscular 

atrophy (PMA), and primary lateral sclerosis (PLS) according to the regions of the nervous system that 

are affected. ALS is the most common form of MND. The terms are often used interchangeably in the 

USA, whereas, in the UK, ALS implies a mixed upper motor neuron (UMN) and lower motor neuron 

(LMN) phenotype. PLS refers to a pure UMN form, and PMA to a pure LMN phenotype. These 

subtypes generally progress more slowly than typical ALS. Neurological examination is focused on 

identifying weakness (which is inevitable in MND) and presence of concomitant UMN and LMN signs 

that define ALS. UMN signs include hypertonia (spasticity), pathological hyperreflexia, preserved 

reflexes in a wasted limb, pathological reflexes (e.g. extensor plantar responses), clonus, and 

pseudobulbar affect. LMN signs include hypotonia, hyporeflexia or areflexia, atrophy, and (often 

widespread and florid) fasciculations. The relative burden of UMN and LMN involvement is variable: 

ALS variants with UMN or LMN predominance are also recognised.  

 

1.1.3.1 Amyotrophic lateral sclerosis 

The most prevalent site of onset of ALS is in the limbs, which is the case in about two thirds of patients. 

Bulbar-onset is found in about a third of people and is slightly more common in women, whereas axial 

and respiratory-onset are the rarest types, each affecting only about two percent of ALS patients 

(Logroscino, Traynor et al. 2010). Spread of disease often occurs across contiguous anatomical regions 
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and patterns of regional involvement are sometimes used as an indicator of speed of disease progression 

(Turner, Brockington et al. 2010). 

Limb-onset ALS is more prevalent in males. It presents, typically, with asymmetric distal weakness, 

more commonly of the dominant limb (Turner, Wicks et al. 2011) although, as disease progresses, the 

majority of patients (almost 85%) also develop bulbar symptoms. At presentation, patients may 

complain of problems with walking and/or arm function and fine hand movements. Patients might 

report gait changes, feeling that one leg is weaker or simply heavier, or present with a foot drop, when 

they struggle to lift their foot which slaps onto the floor causing them to trip as they walk. Frequent 

falls are common and, as symptoms progress, mobility aids may be required. Reduced hand dexterity 

is also characteristic, manifesting as difficulties with writing and other fine hand movements such as 

fastening and unfastening buttons, playing musical instruments, or handling tennis balls, which were 

all symptoms reported by patients participating in the research reported in this thesis. Selective atrophy 

of specific muscle groups in the early stages of disease is characteristic. When upper limbs are involved, 

thenar atrophy is common and first dorsal interosseous and abductor pollicis brevis tend to be 

preferentially affected, with finger flexors and hypothenar muscles relatively spared. This pattern is 

called “the split hand syndrome” and is indicative of ALS (Benny and Shetty 2012, Eisen and Kuwabara 

2012). Flail arm and flail leg subtypes are two predominantly LMN variants of limb-onset ALS 

(Wijesekera, Mathers et al. 2009). The former is also known as brachial amyotrophic diplegia (the “man 

in the barrel” syndrome) (Hu, Ellis et al. 1998), whereas the latter was referred to, historically, as the 

pseudopolyneuritic form of ALS (or Patrikios' disease) (Cappellari, Ciammola et al. 2008). Patients 

affected by brachial amyotrophic diplegia are typically males (the female to male ratio is 1 to 10) (Vucic 

and Kiernan 2007) and tend to present with progressive upper limb wasting and weakness with subtle 

lower limb UMN signs. Unlike typical ALS, wasting tends to be proximal and relatively symmetrical, 

although asymmetry is sometimes detected in the earliest stages (Garg, Park et al. 2017). Flail leg 

syndrome has a distal and asymmetrical lower limb onset. It can mimic a motor neuropathy as UMN 

signs may be absent or very subtle at presentation and neurophysiology may initially show only active 

denervation (Cappellari, Ciammola et al. 2008). Both flail arm and flail leg variants are characterised 

by slower progression: median survival is over five years (Wijesekera, Mathers et al. 2009), compared 

to two to three years for typical ALS (del Aguila, Longstreth et al. 2003). 

Bulbar-onset ALS (sometimes referred to as progressive bulbar palsy9) is more prevalent in women. It 

affects, initially, the bulbar region and results in dysarthria, dysphagia, and sialorrhea. Emotional 

lability is also frequent and found in about fifty percent of patients. Progression to limbs is not 

uncommon and takes place, on average, after 12 months from symptom onset with patients becoming 

unable to walk after a median interval of two years. Importantly, in this subset of patients, loss of 

 
9 The term progressive bulbar palsy is used to denote an exclusively, or largely predominant, bulbar presentation. 
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ambulation is an adverse prognostic factor indicating terminal disease (Turner, Scaber et al. 2010). 

Initial presentation can be insidious: patients (or carers) may notice that speech is slurred or quieter than 

normal and may have to repeat or write words to communicate. Complete anarthria often develops, 

which occurs, in the typical form of bulbar ALS, after a median of a year and a half from disease onset 

(Turner, Scaber et al. 2010). Swallowing impairment is another debilitating symptom, which can cause 

post-swallowing residues in the oral cavity and choking on both solids and liquids; these episodes may 

be accompanied by coughing and/or nasal regurgitation. Both the oral and pharyngeal stages of 

swallowing can be affected as a result of masticatory and lingual muscle weakness, spasticity, and a 

reduced swallowing reflex (Jani and Gore 2016). Another consequence of dysfunctional swallowing is 

excessive saliva in the mouth and drooling. Speech problems almost invariably precede swallowing 

problems. In clinic, a picture of bilateral tongue atrophy and fasciculations in the presence of a brisk 

jaw reflex is essentially pathognomonic for ALS. Although bulbar onset is generally considered an 

adverse prognostic feature and is associated with faster progression (Traxinger, Kelly et al. 2013), there 

is an UMN predominant form of isolated bulbar palsy, which has a more slowly progressive course, 

with symptoms and signs remaining confined to the bulbar region for a median of almost two years 

(Zhang, Chen et al. 2021). This tends to affect older women. 

Rarer presentations of ALS include neck drop and stooping due to weakness of extensor axial muscles 

(Uemura, Kosaka et al. 2013, Pancani, Tindale et al. 2017) and respiratory-onset ALS. The latter is 

often preceded by weight loss, it can be associated with axial weakness, and is more prevalent in males 

(Gautier, Verschueren et al. 2010). It can manifest with characteristic symptoms of neuromuscular 

respiratory dysfunction: initially as disturbed sleep, morning headaches, daytime sleepiness, and 

fatigue; and then with more overt orthopnoea and dyspnoea inevitably leading to hypercapnic, type II 

respiratory failure. Crises can be precipitated by lower respiratory tract infections. Prognosis is poor for 

this subtype of ALS (Gautier, Verschueren et al. 2010).  

In addition to motor symptoms; emotional lability, language dysfunction, subtle behavioural changes, 

and/or executive dysfunction can be detected in approximately fifty percent of people living with ALS. 

About a tenth of patients develop overt frontotemporal dementia, a condition that shares genetic and 

pathological features with ALS (i.e. the presence of C9orf72, FUS, or TARDBP mutations and TDP-43 

proteinopathy in some patients) (Neumann, Rademakers et al. 2009, Montuschi, Iazzolino et al. 2015, 

Strong, Abrahams et al. 2017, Balendra and Isaacs 2018, Majumder, Gregory et al. 2018). The clinical 

characteristics and spectrum of cognitive and behavioural dysfunction are detailed further in following 

sections. 

Lastly, about a third of patients report autonomic symptoms with one in seven having evidence of 

autonomic failure (Piccione, Sletten et al. 2015). Some sensory abnormalities may be present as well 
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(Isaacs, Dean et al. 2007) and may be even identifiable by neurophysiological assessments (Pugdahl, 

Fuglsang-Frederiksen et al. 2007). 

Diagnosis of ALS according to the revised El-Escorial criteria requires evidence of both UMN and 

LMN degeneration, evidence of disease spread to same or contiguous regions, and exclusion of mimic 

disorders (Brooks, Miller et al. 2000). Diagnostic categories according to degree of certainty are 

summarised in the table below. In the revised El-Escorial criteria, neurophysiological assessment 

provides laboratory support for LMN pathology and is especially relevant in the context of clinically 

probable ALS; specifically, by evidencing acute denervation (fibrillation potentials and positive sharp 

waves) and chronic partial reinnervation (motor unit potentials that are large and/or unstable with a 

reduced interference pattern) (Brooks, Miller et al. 2000, de Carvalho, Dengler et al. 2011, Geevasinga, 

Loy et al. 2016). The more recent Awaji-Shima neurophysiological criteria (de Carvalho, Dengler et al. 

2008) recommend a more comprehensive integration of neurophysiological results with clinical data 

which can be used in conjunction to assess whether a specific anatomic lesion is affected or not; in 

addition, in the Awaji-Shima criteria fasciculation potentials are also considered evidence of acute 

denervation. This approach has been shown to increase diagnostic sensitivity (Costa, Swash et al. 2012). 

Novel and less stringent diagnostic criteria arising from expert consensus have recently been published 

(Shefner, Al-Chalabi et al. 2020) and await further validation in future studies. 
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Table 1.1 Diagnostic categories according to the revised El-Escorial criteria (Brooks, Miller et al. 2000). 

Upper motor neuron signs are: hypertonia (spasticity), pathological hyperreflexia, preserved reflexes on a wasted limb, 

clonus, and pseudobulbar affect. Lower motor neuron signs are: weakness10, hypotonia, hyporeflexia or areflexia, atrophy, 

and widespread florid fasciculations. Regions assessed are: bulbar, cervical, thoracic, and lumbosacral. Neurophysiological 

evidence of lower motor neuron dysfunction include: fibrillation potentials, positive sharp waves, motor unit potentials that 

are large and/or unstable, and reduced interference pattern. The asterisk indicates that upper motor neuron signs need to be 

rostral to lower motor neuron signs; when this is not the case, clinically possible amyotrophic lateral sclerosis should be 

considered. The hash symbol indicates that upper and lower motor neuron signs need to be present in the same region. 

 Upper motor neuron 

signs 

(number of affected 

regions) 

Lower motor neuron 

signs 

(number of affected 

regions) 

Neurophysiology 

 

(number of affected 

regions) 

Clinically definite (3) (3)  

Clinically probable* (2) (2)  

Clinically probable 

Laboratory 

supported 

(1) 

or 

(1) 

or 

(2) 

 (1)  (2) 

Clinically possible# (1) 

or 

(1) 

or 

 

 (≥2) (0)  

 

Common mimics of ALS include other forms of MND and their differential diagnoses (described 

below): cervical radiculomyelopathy, coexistent cervical myelopathy and peripheral neuropathy, 

(McDermott and Shaw 2008) and other rare diseases such as: triple A syndrome (Strauss, Koehler et al. 

2008), adult hexosaminidase A deficiency (Drory, Birnbaum et al. 2003), adult polyglucosan body 

disease (Segers, Kadhim et al. 2012), and the controversial entity paraneoplastic ALS (Mélé, Berzero 

et al. 2018). Imaging of the neural axis, neurophysiology, clinical laboratory tests, and, occasionally, 

biopsies can aid in excluding the abovementioned conditions (Brooks, Miller et al. 2000, McDermott 

and Shaw 2008) in the context of an atypical clinical picture, as required on a case-by-case basis.  

Recognition of full-blown ALS is generally straightforward in clinic. However, various diagnostic 

issues remain unresolved. Median diagnostic delay from symptom onset to diagnosis is approximately 

a year, with about fifty percent of patients being initially misdiagnosed in that timeframe, and many 

patients visit multiple doctors before receiving the correct diagnosis (Paganoni, Macklin et al. 2014). 

The insidious symptom onset can partially explain this latency, which could also be ascribed to the fact 

that a single test able to unequivocally identify ALS has not yet been developed; diagnosis is primarily 

clinical and relies on the history, neurological examination, and exclusion of mimics. The most 

important ancillary supportive test is electromyography which enables LMN dysfunction to be 

 
10 Of note, although weakness appears as a LMN sign in the revised El-Escorial criteria, it is also possible to have 

weakness with exclusively UMN dysfunction. 
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corroborated or detected subclinically by demonstrating electrophysiological evidence of active 

denervation and chronic partial reinnervation (de Carvalho, Dengler et al. 2008). There is no fully 

approved objective diagnostic test to assess UMN function although transcranial magnetic stimulation 

(TMS) is under ongoing investigation (Menon, Geevasinga et al. 2015) and numerous advanced 

imaging modalities are being tested for this purpose. This gap may further contribute to delays in 

diagnosis, as well as making distinction of the different forms of MND more difficult. There are also 

implications for clinical trials as potential therapeutics are likely to be mostly beneficial in the early 

stages of disease, prior to irreversible loss of a substantial proportion of motor neurons. Hence, a 

sensitive and specific diagnostic biomarker is still required to aid clinicians establish early diagnosis 

and, ideally, to detect the disease in its prodromal, and potentially reversible, stages. 

 

1.1.3.2 Neuropsychological dysfunction in amyotrophic lateral sclerosis 

It is possible to characterise the wide spectrum of neuropsychological dysfunction associated with ALS 

using the revised Strong diagnostic criteria (Strong, Abrahams et al. 2017) which comprises seven 

clinical subtypes. 

The first subtype is ALS with behavioural impairment. The most common behavioural symptom is 

apathy, reported in approximately a third of cases (Witgert, Salamone et al. 2010, Santangelo, Siciliano 

et al. 2017). The Dimensional Apathy Scale can be used to assess and characterise this symptom: 

initiation apathy is more prominent than executive and emotional apathy and does not correlate with 

motor disability (Terada, Obi et al. 2011, Radakovic, Stephenson et al. 2016). Other changes indicative 

of frontotemporal dysfunction, such as lack of inhibition and of sympathy/empathy, as well as 

stereotypical, compulsive, hyperoral behaviours may also be present, albeit less frequently (Lillo, 

Mioshi et al. 2011, Strong, Abrahams et al. 2017). The assessment suggested to be most apt to detect 

behavioural dysfunction in ALS, according to a recent systematic review, is the Beaumont Behavioural 

Inventory (Gosselt, Nijboer et al. 2020); although there are other tests used to characterise 

neuropsychological dysfunction (described below) which have behavioural subscales. Presence of 

apathy or at least two of the symptoms above is sufficient to establish the diagnosis (Strong, Abrahams 

et al. 2017). In clinic, this subtype may present a diagnostic challenge as reactive mood changes as well 

as progressive motor and respiratory disability can confound the clinical picture. Hence, a skilful and 

targeted collateral history is required to assess baseline, timing of onset, and extent of the impairment; 

this is often carried out in conjunction with screening tests (Strong, Abrahams et al. 2017).  

The second subtype is ALS with cognitive impairment, most typically manifested as reduced letter 

fluency and characteristically presenting with executive and/or language dysfunctions (such as naming 

tasks, comprehension, repetition, and reading) (Abrahams, Goldstein et al. 2004). Social cognition is 

often affected (Strong, Abrahams et al. 2017) and selective attention appears reduced in a proportion of 
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patients (Pinkhardt, Jürgens et al. 2008). Memory and visuoperceptual dysfunction have been reported 

in ALS, but results of studies are inconsistent (Phukan, Pender et al. 2007). Many centres use letter 

fluency tasks as a screening tool because deficits are characteristic and tend to occur early in ALS 

(Abrahams, Leigh et al. 2000). Motor impairment can be a confounder; hence, some have attempted to 

account for progressive motor disability using the Verbal Fluency Index (Abrahams, Goldstein et al. 

1996). Other tests have been applied, for example, the Frontal Assessment Battery at bedside or FAB 

(Dubois, Slachevsky et al. 2000) can be employed to assess frontal dysfunction whereas the Montreal 

Cognitive Assessment or MoCA is generally used to characterise cognitive impairment (Nasreddine, 

Phillips et al. 2005). Both have been used in ALS (Osborne, Sekhon et al. 2014). The Addenbrooke's 

Cognitive Examination (Mathuranath, Nestor et al. 2000) is another test that is typically used to assess 

cognitive functions. It may be applied to discriminate between Alzheimer’s disease and frontotemporal 

dementia, but administration in ALS patients poses challenges due to the test not accounting for 

progressive motor disability (Chenji, Mah et al. 2018). Other commonly used tests which are specific 

to ALS include the Edinburgh Cognitive and Behavioural ALS Screen (Abrahams, Newton et al. 2014, 

Niven, Newton et al. 2015) and the Amyotrophic Lateral Sclerosis Cognitive Behavioural Screen 

(Woolley, York et al. 2010). Both these assessments incorporate behavioural subscales. They are 

primarily recommended as cognitive screening tools due to their adaptability and validity (Gosselt, 

Nijboer et al. 2020). The Edinburgh Cognitive and Behavioural ALS Screen is widely used in the UK 

as it has been shown to improve clinical care and benefit patients, their carers, and healthcare 

professionals whilst also providing some economic benefit (Hodgins, Mulhern et al. 2020) According 

to the revised Strong criteria, a diagnosis of ALS with cognitive impairment can be made when ALS is 

present in conjunction with executive and/or language dysfunction. In this context, executive 

dysfunction may manifest either as impaired letter fluency or alteration in another executive domain, 

whereas language impairment needs to be demonstrated on at least two tests which have measures that 

do not overlap and which demonstrate deficits that are not exclusive to fluency. 

The third subtype is ALS with combined cognitive and behavioural impairment. The criteria described 

above for both cognitive and behavioural subtypes apply. This subtype is found in approximately 25% 

of ALS patients affected by neuropsychological dysfunction (Phukan, Pender et al. 2007, Strong, 

Abrahams et al. 2017). 

The fourth subtype is ALS with frontotemporal dementia, in which both neurodegenerative diseases are 

present concurrently. As explained above, genetics and pathology of frontotemporal dementia and 

MND can overlap with both showing features of TDP-43 proteinopathies (and the other histological 

characteristics described above) and with a proportion of patients having C9orf72 expansions, FUS, or 

TARDBP mutations (Neumann, Rademakers et al. 2009, Montuschi, Iazzolino et al. 2015, Strong, 

Abrahams et al. 2017, Balendra and Isaacs 2018, Majumder, Gregory et al. 2018). The main 

frontotemporal dementia variants are behavioural, semantic, and non-fluent progressive aphasia 
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(Leyton and Hodges 2010), in which changes in behaviour, language comprehension, or language 

production predominate, respectively. The behavioural variant is the one most commonly associated 

with ALS (Bak 2010). Diagnostic criteria for behavioural variant frontotemporal dementia have been 

published (Rascovsky, Hodges et al. 2011): at least three cognitive-behavioural symptoms must be 

present, and they must be progressive and persistent. Symptoms include: behavioural disinhibition, 

apathy, lack of empathy/sympathy, stereotypic or compulsive behaviour, and/or hyperorality. 

According to the Rascovsky criteria, all diagnostic features must be present within three years of disease 

onset, with the exception of hyperoral behaviour. On neuropsychological tests, there is, typically, 

executive dysfunction with sparing of visuospatial skills and episodic memory (Rascovsky, Hodges et 

al. 2011). Structural imaging, such as CT or anatomical MRI, can illustrate selective atrophy of frontal 

and anterior temporal lobes, whereas nuclear medicine investigations (single positron emission 

tomography or positron emission tomography) often demonstrate hypometabolism and hypoperfusion 

of fronto-temporal regions (Rascovsky, Hodges et al. 2011, Rohrer 2012). Presence of such imaging 

features strengthens diagnostic certainty (Rascovsky, Hodges et al. 2011). Diagnosis of ALS with 

frontotemporal dementia can be established when ALS is present in conjunction with three or more 

progressive11 cognitive-behavioural symptoms as defined in the Rascovsky criteria (Rascovsky, Hodges 

et al. 2011, Strong, Abrahams et al. 2017). A diagnosis can also be made when only two of the 

Rascovsky’s criteria are present, provided they are in conjunction with psychotic features or lack of 

insight (Strong, Abrahams et al. 2017). Less frequently, ALS can also be found in conjunction with 

semantic or non-fluent variants of frontotemporal dementia (Strong, Abrahams et al. 2017). Although 

frontotemporal dementia may develop before, concomitantly, or after motor symptoms onset, a 

characteristic sequence of disease progression has been reported. An insidious onset of psychiatric 

(delusions and hallucinations) and cognitive-behavioural symptoms is followed by worsening cognitive 

dysfunction whilst psychotic features tend to self-resolve; lastly, motor symptoms characteristic of ALS 

manifest, bulbar onset is most common (Bak 2010). When associated with MND, frontotemporal 

dementia has been reported to progress faster than in its pure “non-motor” form (Bak 2010). 

A fifth subtype, ALS with comorbid dementia other than frontotemporal dementia, is also recognised. 

ALS comorbid with non-frontotemporal dementias (usually Alzheimer’s disease and/or vascular 

dementia) is rare. 

The sixth subtype is frontotemporal dementia with MND-like features, in which a diagnosis of 

frontotemporal dementia can be made and there is evidence of motor degeneration, but this is not 

sufficient to make a diagnosis of ALS according to the diagnostic criteria outlined above (Brooks, Miller 

et al. 2000, Strong, Abrahams et al. 2017). 

 
11 Progression can be demonstrated either by history or with longitudinal follow ups. 
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Lastly, the seventh subtype is defined as the ALS-Parkinsonism-dementia complex, a clinical subtype 

almost exclusively found in the island of Guam and Japanese peninsula of Kii (Zoccolella, Palagano et 

al. 2002, Manno, Lipari et al. 2013). Pathologically, they are characterised by neurofibrillary tangles, 

hence this may be considered a distinct entity both from a clinical perspective and because of 

neuropathological differences (Mimuro, Kokubo et al. 2007). 

 

1.1.3.3 Progressive muscular atrophy and primary lateral sclerosis 

In addition to ALS, there are two other main subtypes of MND: PMA and PLS. 

PMA is the purely lower motor neuron form of MND (Liewluck and Saperstein 2015). It is considered 

a variant of ALS by some authorities (Yedavalli, Patil et al. 2018) because about half of PMA patients 

are found to have corticospinal tract degeneration at autopsy (Ince, Evans et al. 2003) and approximately 

a fifth of those who initially present with purely LMN signs progress clinically to develop central motor 

neuron dysfunction and, thus, clinically-defined ALS (Kim, Liu et al. 2009). The differential diagnosis 

for LMN forms of MND includes: benign cramp fasciculation syndrome, inclusion body myositis, 

myasthenia gravis, monomelic amyotrophy (Hirayama disease), type IV spinomuscular atrophy, 

spinobulbar muscular atrophy (Kennedy’s disease), neuralgic amyotrophy, multifocal motor 

neuropathy with or without conduction block, motor-predominant chronic inflammatory demyelinating 

polyneuropathy, radiation-induced neuropathy, and post-polio syndrome (Turner and Talbot 2013, 

Garg, Park et al. 2017). Hirayama disease sometimes represents a particular challenge as it presents 

with wasting and weakness of one or both arms, but, in contrast to MND, symptoms plateau and do not 

progress; hence, it is not a life-limiting condition (Hirayama, Tomonaga et al. 1987). 

PLS is characterised by insidiously progressive weakness and spasticity with exclusively UMN signs 

and has the best prognosis amongst the various forms of MND (Almeida, de Carvalho et al. 2013). 

Unlike ALS, onset tends to be symmetrical and typically affects the lower limbs, although bulbar onset 

can also occur (Pringle, Hudson et al. 1992). Bladder dysfunction is not typical, but may develop in the 

course of the disease (Singer, Statland et al. 2007). Frontal cognitive dysfunction (including rare cases 

of frontotemporal dementia) has also been reported in PLS (Caselli, Smith et al. 1995, Mackenzie and 

Feldman 2004, Zago, Poletti et al. 2008). Diagnostic criteria require the patient to be at least 25 years 

old, for UMN symptoms to be present in a minimum of two regions (bulbar, upper, or lower limbs), 

evidence of progression over at least two years, and exclusion of mimic disorders. Unlike ALS, PLS 

diagnostic classification also includes disease duration: probable PLS refers to disease lasting between 

two and four years from diagnosis, whereas a diagnosis of definite PLS requires at least four years of 

disease duration (Turner, Barohn et al. 2020). Beside UMN-predominant ALS, hereditary spastic 

paraparesis is the main differential diagnosis. Additional differential diagnoses include: primary 

progressive multiple sclerosis, structural or vascular lesions at the level of the foramen magnus or 
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bilateral parasagittal falcine region, the anti-amphiphysin variant of stiff person syndrome, infectious 

spastic paraparesis caused by syphilis or human T-cell lymphoma virus I or II, and adult onset 

adrenoleukodystrophy (adrenomyeloneuropathy) (Turner, Barohn et al. 2020). 

 

1.1.3.4 Motor neuron disease: management 

At present, there is no cure for MND. Hence, supportive and symptomatic management aims are to 

maximise patients’ autonomy, dignity, and quality of life (Hobson and McDermott 2016). 

Multidisciplinary care extends survival and improves quality of life (Traynor, Alexander et al. 2003). 

Symptoms such as sialorrhoea, bronchial secretions, cramps, spasticity, laryngospasm, mood 

disturbances, and constipation can be managed with drugs and physiotherapy (McDermott and Shaw 

2008). Particular attention should be given to appropriate nutrition and to timely insertion of 

gastrostomy (ProGas 2015) to ensure that patients do not find themselves in the situation of being 

hungry, but unable to sustain their nutritional requirements. Additionally, weight loss is an adverse 

prognostic factor (Moglia, Calvo et al. 2019), so it is possible that appropriate nutritional interventions 

might improve survival, although this is currently unproven. Appropriate respiratory management is 

crucial as early use of non-invasive ventilation (NIV) prolongs survival by approximately six months 

as well as improving quality of life (Bourke, Tomlinson et al. 2006). 

Despite a growing body of research, pharmacological treatment aimed at slowing progression is very 

limited. The EMA and FDA-approved riluzole is the drug of choice for ALS and has been shown to 

provide a median survival benefit of three months (Bensimon, Lacomblez et al. 1994, Lacomblez, 

Bensimon et al. 1996, Miller, Mitchell et al. 2012). The benefits of the recently FDA-approved 

medication, edaravone, (Abe K 2017) are yet to be fully evidenced: inclusion criteria in the recent trial 

were strict and perhaps not representative of the general MND population (Hardiman and van den Berg 

2017). No survival benefit has been demonstrated to date, and concerns have been raised after an 

analysis based of database data showed that both placebo and control groups in the trial did worse than 

patients treated with standard of care (Turnbull 2018). 

MND is known to be a remarkably heterogeneous condition, not only pathophysiologically, but also 

from a clinical point of view. Examples of clinical phenotypic heterogeneity include variable 

presentation, site of disease onset, atypical symptomatology, relative upper and lower motor neuron 

disease burden, and duration of clinical course. These multiple sources of variability may partially 

explain why, to date, no validated marker of disease progression exists. This is a problem for clinical 

trials. Taking the example of variable rates of disease progression, this is not easily predictable at 

diagnosis and, whilst median survival is two to three years from symptom onset, five to ten per cent of 

patients survive for over a decade (Turner, Parton et al. 2003). This makes the standard primary 

endpoints in phase III clinical trials (survival or time to invasive ventilation) problematic, because trials 
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tend to become biased towards slow progressors, and consequently so prolonged and expensive that 

many promising agents in the laboratory never reach trial stage. Patient stratification is another problem 

associated with disease heterogeneity which has not yet been resolved (Swash 2019). Objective 

biomarkers of disease progression which could potentially act as a surrogate outcomes in clinical trials 

are the object of intensive research (Verber, Shepheard et al. 2019). At present, disease progression is 

most frequently evaluated by assessing the rate at which symptoms (such as muscle weakness, 

swallowing difficulties, and respiratory dysfunction) appear and by scoring disability, typically using 

the revised ALS functional rating scale (ALSFRS-R) which is reported in the appendix (Cedarbaum, 

Stambler et al. 1999). Notably, these assessments reflect the symptoms of disease, not primary 

pathophysiological mechanisms, and some ALSFRS-R questions can be affected by medical 

interventions. For instance, the saliva score can improve with appropriate management of sialorrhoea, 

whereas respiratory scores are significantly reduced in people using NIV even if this is indicated 

exclusively for sleep apnoea (and not MND-related respiratory dysfunction). For these reasons, 

researchers seek to discover sensitive indicators of underlying molecular processes which change 

proportionally to disease severity and could potentially provide information about early treatment 

response and clinical benefit in trials. The discovery of such a biomarker would be invaluable both in 

clinic, to optimise patient management plans and anticipate complications, and in clinical trials to 

shorten duration and reduce costs (Verber, Shepheard et al. 2019). 

 

SECTION 2  

Magnetic resonance imaging and spectroscopy in motor neuron disease 

Conventional anatomical MRI has an important role in the routine clinical workup of MND to exclude 

mimics. Nonetheless, currently, it is not used as a diagnostic, prognostic, or disease progression marker 

as sensitivity at individual level is low. Research has focused on employing other advanced MRI 

modalities to elucidate pathophysiology non-invasively and to explore their potential as imaging 

biomarkers. Magnetic resonance spectroscopy, in particular, is a promising tool to address the 

abovementioned issues. This advanced modality is a non-invasive tool to detect and quantify 

concentrations of molecules in vivo, some of which are highly relevant to MND-related disease 

processes. Furthermore, it can be carried out safely, as it uses non-ionising radiation, and in conjunction 

with standard clinical MRI, so it has potential to be incorporated into clinical practice. 

This section will briefly outline how MRI has been applied in MND research to date and will then focus 

on proton magnetic resonance spectroscopy (1H-MRS), which is an analogous technique to 31P-MRS, 

the modality employed in the experiments in this thesis. Currently, only 1H-MRS is employed in clinical 

neurology (for instance, NICE guidelines recommend it is used in the clinical workup of suspected 
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gliomas), whereas heteronuclear MRS, such as 31P-MRS, still remains confined to the realm of research. 

The small number of 31P-MRS studies that have been conducted in muscle in MND to date will be 

reviewed together with energy metabolism in section three of this chapter, as they provide 

complementary information on muscle bioenergetic profiling. No previous cranial 31P-MRS studies 

have been performed in MND to date. 

 

1.2.1 Magnetic resonance imaging  

Motor neuron disease-related neuroaxonal degeneration is reflected in focal atrophy of motor regions 

on conventional MRI evaluated using voxel-based morphometry and surface-based analysis (Ellis, 

Suckling et al. 2001, Grosskreutz, Kaufmann et al. 2006, Mezzapesa, D'Errico et al. 2013, de 

Albuquerque, Branco et al. 2017, Grolez, Kyheng et al. 2018). In group-level analyses, atrophy becomes 

more prominent as disease progresses and correlates with UMN signs (Walhout, Westeneng et al. 2015), 

disease severity, including cognitive dysfunction (Abrahams, Goldstein et al. 2005, Crespi, Dodich et 

al. 2018), and speed of disease progression (Charil, Corbo et al. 2009). Nonetheless, this marker is not 

sensitive enough to be diagnostic at individual patient level. 

In addition to atrophy, T2-, T2 star-, and susceptibility-weighted hypointensities can occasionally be 

detected in motor cortex and are likely caused by glial cells containing ferritin (Oba, Araki et al. 1993, 

Ignjatovic, Stevic et al. 2013, Adachi, Sato et al. 2015). Hyperintensities are sometimes present along 

the corticospinal tract (Peretti-Viton, Azulay et al. 1999, Hecht, Fellner et al. 2001, Charil, Corbo et al. 

2009) on T2-weighted sequences, although interpretation of these radiological findings is equivocal as 

they may be indicative of oedema, reactive gliosis, or even myelin damage. Magnetisation transfer 

imaging, which assesses demyelination and neurodegenerative processes, has also shown alterations 

along the corticospinal tract (Kato, Matsumura et al. 1997, Tanabe, Vermathen et al. 1998, Cosottini, 

Pesaresi et al. 2011). From functional MRI (fMRI) investigations, there is evidence of cortical 

remapping of motor regions (Konrad, Henningsen et al. 2002, Schoenfeld, Tempelmann et al. 2005, 

Konrad, Jansen et al. 2006, Stanton, Williams et al. 2007) and of loss of inhibitory interneurons leading 

to increased motor activation in the early stages of disease (Kollewe, Munte et al. 2011). However, as 

disease progresses, the neurodegenerative process becomes more pervasive and leads to reduced motor 

activation (Kollewe, Munte et al. 2011). 

Quantitative volumetric analyses have shown reduced grey and white matter volumes also in areas 

which were otherwise thought to be spared by MND-related neurodegeneration, such as corpus 

callosum, thalamus, cerebellum, temporal, parietal, and occipital lobes (Kassubek, Unrath et al. 2005, 

Mezzapesa, Ceccarelli et al. 2007, Thivard, Pradat et al. 2007, Zhang, Mao et al. 2014), indicating the 

multisystem nature of MND. This notion is supported by diffusion tensor imaging (DTI) and fMRI 

studies. DTI has consistently shown dysruption to callosal tracts (Ellis, Simmons et al. 1999, Graham, 
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Papadakis et al. 2004, Filippini, Douaud et al. 2010, Tang, Chen et al. 2015) and other extra-motor 

regions (Agosta, Pagani et al. 2007, Ciccarelli, Behrens et al. 2009, Sage, Van Hecke et al. 2009), 

whereas fMRI points towards changes in executive, limbic, and even sensory regions (Lule, Diekmann 

et al. 2007, Lule, Diekmann et al. 2010, Palmieri, Naccarato et al. 2010, Goldstein, Newsom-Davis et 

al. 2011). 

 

1.2.2 Proton magnetic resonance spectroscopy 

Magnetic resonance spectroscopy is a complementary technique to structural MRI, that aims to quantify 

the relative concentrations of biochemical metabolites. The basic principle underpinning MRS is that 

the resonant frequency of a given molecule is affected by the molecular environment, resulting in 

different chemical groups that contain the same atom (e.g. 1H) to be separated in frequency. The physics 

underlying this phenomenon is detailed in the appendix. 

Proton magnetic resonance spectroscopy allows detection of N-acetylaspartate (NAA), N-

acetylaspertylglutamate (NAAG), total creatine (tCr, i.e. phosphocreatine and creatine), and choline-

containing compounds (Cho). Additionally, other metabolites can be resolved by altering acquisition 

parameters (e.g. by employing a short echo time or TE) or by using specific spectral editing techniques 

which naturally denoise the signal to allow discrimination of metabolites otherwise concealed by the 

main 1H-MRS peaks. Examples of additional resonances that can then be resolved include the product 

of anaerobic glycolysis, lactate; sugars, such as myoinositol (mI); and amino acids, such as glutamate 

(Glu), glutamine (Gln), alanine, reduced glutathione (GSH), and γ-amino-butyrate (GABA) 

(Govindaraju, Young et al. 2000, Weiduschat, Mao et al. 2014). An example of a 1H-MRS spectrum is 

shown in Figure 1.1 (data courtesy of Prof Nigel Hoggard, University of Sheffield). 
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Figure 1.1 A proton spectrum acquired from the cerebellum of a healthy control at 3 tesla with a long echo time.  

The spectrum is characterised by the following main peaks: a resonance at 2.01 parts per million (ppm), primarily comprising 

N-acetylaspartate (NAA) and containing a minor contribution of N-acetylaspertylglutamate (NAAG), a peak at 3.03 ppm often 

denoted tCr or simply Cr containing resonances from both creatine and phosphocreatine, and a 3.18 ppm resonance 

representative of various choline-containing compounds (Cho). Additionally, other metabolites that can be resolved by 

altering the MRI sequences or using specific J-editing techniques include: lactate at 1.31 ppm, alanine at 1.46 ppm, glutamate 

and glutamine resolved as an individual peak denoted Glx at 2.04 to 2.45 ppm, reduced glutathione at 2.98 ppm, γ-amino-

butyrate at 3.03, scylloinositol at 3.34, and myoinositol at 3.52 (Govindaraju, Young et al. 2000, Weiduschat, Mao et al. 2014). 

The units on the x-axis are parts per million (ppm), indicating resonance frequency, whereas on the y-axis the real amplitude 

values are expressed in arbitrary units. Spectrum courtesy of Prof Nigel Hoggard, University of Sheffield. 

 

The area underneath each peak is proportional to the density of protons contributing to the signal, thus 

providing a proxy of metabolite levels. Most spectroscopic studies in MND have employed 1H-MRS 

and focused on identifying characteristic variations of brain metabolites to probe pathophysiology and 

test 1H-MRS as a potential biomarker. A qualitative description of these research articles is provided. 

Quantitative comparison between spectroscopic studies in the absence of the raw data is not feasible 

because of variation in types of hardware used, acquisition parameters, localisation methods, analysis 

techniques and software, and reported results in the literature. As further detailed in the description of 

MRS physics provided in the 8.6, all these factors can ultimately affect the resulting values and perhaps 

represent a reason that, despite a large body of literature on the subject, no consensus has yet been 

reached in regard to many MRS-related research questions in MND. 
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1.2.2.1 Explorative proton magnetic resonance spectroscopy studies and insights into 

pathophysiology 

Considering that MND inevitably affects the pyramidal tracts, most explorative studies, summarised in 

Table 1.2, have acquired spectra from primary motor cortex and regions spanned by the corticospinal-

corticobulbar tracts. The precentral gyrus was the region of interest in most cases (Jones, Gunawardena 

et al. 1995, Gredal, Rosenbaum et al. 1997, Ellis, Simmons et al. 1998, Schuff, Rooney et al. 2001, Han 

and Ma 2010, Sivak, Bittsansky et al. 2010, Foerster, Callaghan et al. 2012, Foerster, Pomper et al. 

2013, Weiduschat, Mao et al. 2014, Sako, Abe et al. 2016, Atassi, Xu et al. 2017, Cheong, Marjanska 

et al. 2017, Wang, Li et al. 2017), while a smaller number of studies imaged the brainstem (Pioro 1997, 

Cwik, Hanstock et al. 1998, Pioro, Majors et al. 1999, Sivak, Bittsansky et al. 2010, Foerster, Pomper 

et al. 2013, Cheong, Marjanska et al. 2017), and even fewer reported results from cervical spinal cord 

(Carew, Nair et al. 2011, Ikeda, Murata et al. 2013). The relative dearth of studies assessing the spinal 

cord is likely due to technical limitations: the diameter of the cord is only slightly larger than the 

minimum volume that can currently be resolved by 1H-MRS, causing acquisitions to have inherently 

low signal-to-noise ratios. In addition, even the slightest movement in that region (e.g. due to respiration 

or the cardiac cycle) results in significant motion artefact which, when combined with partial volume 

effects (i.e. some signal is acquired from surrounding cerebrospinal fluid – CSF), can confound results 

(Ikeda, Murata et al. 2013). This is because, in 1H-MRS, water is often used as a reference to quantify 

other molecules; water is present in both CSF and brain tissue, whereas other metabolites are found 

exclusively in cerebral matter. This discrepancy can be accounted for during the absolute quantification 

process if the relative proportion of CSF in the region of interest is known; nonetheless, if motion occurs 

during spectroscopic acquisition, the correction for partial volume effect may also be confounded and 

results may be biased (Kreis 2004). Another factor to consider is that the spinal cord is a particularly 

magnetically inhomogeneous area, a feature that renders it prone to magnetic susceptibility artefacts 

caused at interfaces between differing tissues. This issue, in conjunction with motion, may render 

interpretations of results still more challenging (Ikeda, Murata et al. 2013). 

To date, every spectroscopic study in MND of the primary motor cortex, brainstem, and spinal cord has 

shown a significant average reduction of NAA, with the exception of a single study  (Ellis, Simmons et 

al. 1998) which described a non-significant reduction of the NAA/tCr ratio in sixteen patients compared 

to eight healthy controls. Interpretation of this finding is controversial. Traditionally, NAA has been 

employed as a marker of neuronal viability since early immunohistochemical (Simmons, Frondoza et 

al. 1991) and chromatographic (Urenjak, Williams et al. 1992) studies showed it to be exclusively 

localised in neurons. According to this interpretation, an NAA decrease directly reflects neuronal loss 

which is characteristic of MND. However, it is possible to argue against this simplistic view which does 

not account for the complex biochemistry of the amino acid. Considering that NAA is synthesised in 

both mitochondria (Patel and Clark 1979) and the endoplasmic reticulum (Lu, Chakraborty et al. 2004), 
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MND-related bioenergetic deficits and endoplasmic reticular stress (Ruegsegger and Saxena 2016, 

Smith, Shaw et al. 2017) could each potentially decrease its concentration in the absence of neuronal 

cell death (Ciccarelli, Toosy et al. 2010). Novel discoveries might offer a third alternative explanation. 

Recently it has been demonstrated that, although the NAA synthetic enzyme, acetyl-CoA/l-aspartate N-

acetyltransferase, is expressed by neuronal cells (Wiame, Tyteca et al. 2009), its catabolic enzyme, 

aspartoacylase, is found in oligodendrocytes (Madhavarao, Moffett et al. 2004). In line with these 

findings, other groups (Bhakoo and Pearce 2000, Nordengen, Heuser et al. 2015) showed that NAA 

could also be detected in mature oligodendrocytes, casting doubt on the hypothesis that NAA is 

exclusively a neuronal marker. It has been hypothesised that the role of NAA is to store acyl groups 

and transfer them from neurons to oligodendrocytes (Ariyannur, Moffett et al. 2010) for myelin 

synthesis and maintenance (Chakraborty, Mekala et al. 2001). This could signify that NAA is analogous 

to molecules such as lactate and glutamate which are shuttled between neurons and glial cells. In MND, 

dysregulation of this cross-talk for lactate (Ferraiuolo, Higginbottom et al. 2011) and glutamate (Shaw 

and Ince 1997) is a well characterised pathophysiological mechanism. Accordingly, alterations in NAA 

concentration could be another indicator of dysfunctional neuronal-oligodendrocyte interactions in this 

disease. Further research is needed to clarify the precise pathophysiology that a reduction in NAA 

represents. 

With the exception of tCr, which appears unchanged by the disease process, as studies consistently 

show no significant difference between patients and healthy controls (Schuff, Rooney et al. 2001, 

Govind, Sharma et al. 2012, Atassi, Xu et al. 2017), it is unclear whether the concentration of the other 

metabolites measured by 1H-MRS is systematically altered by MND. Previously, consensus had been 

reached regarding a putative increase of Glx (quantified as (Glu+Gln)/tCr) (Pioro 1997, Pioro, Majors 

et al. 1999, Han and Ma 2010) until (Atassi, Xu et al. 2017) recently reported that absolute Glu was 

decreased and Gln was unchanged in their high-field 7T study. The group employed a very short TE (5 

ms) which minimises potential alterations caused by T2 variations induced by the disease process, and 

adjusting for this confound argues for the validity of their results. Consequently, the previously 

observed apparent (Glu+Gln)/tCr) increases could be alternatively interpreted as a consequence of T2 

disparities between patients and controls, although it is important to notice that alterations in Glu 

metabolism are thought to be highly relevant to MND excitotoxicity (Van Den Bosch, Van Damme et 

al. 2006). In the section 8.4, putative effects of TE and T2 relaxation on measured signal intensity are 

discussed.  

In a similar manner, (Foerster, Pomper et al. 2013, Ikeda, Murata et al. 2013) both showed an elevation 

of the glial marker mI in patients, a finding that was not replicated by (Atassi, Xu et al. 2017). With 

regard to Cho concentration, one study reported a decrease (Carew, Nair et al. 2011), two an increase 

(Schuff, Rooney et al. 2001, Govind, Sharma et al. 2012), and three studies a non-significant change 

(Cwik, Hanstock et al. 1998, Pioro, Majors et al. 1999, Atassi, Xu et al. 2017). 
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Spectral editing has allowed quantification of two molecules thought to be particularly relevant to the 

pathogenesis of MND: GABA, an inhibitory neurotransmitter, possibly reduced as a consequence of 

glutamate excitotoxicity (King, Woodhouse et al. 2016), and GSH, one of the molecules involved in 

maintenance of cellular oxidoreductive homeostasis, likely altered by MND-associated oxidative stress 

(Barber and Shaw 2010). Both metabolites were shown to be decreased by (Foerster, Callaghan et al. 

2012, Foerster, Pomper et al. 2013, Weiduschat, Mao et al. 2014), but were reported unchanged by 

(Atassi, Xu et al. 2017, Cheong, Marjanska et al. 2017). Considering the significance of these molecules 

to the pathophysiology of this neurodegenerative disease and the fact that they may be reflective of 

alterations in pathways that can be mitigated by pharmacological interventions (e.g. riluzole for 

glutamate excitotoxicity), additional research is warranted, possibly involving a translational approach 

linking spectroscopic data to measurements of metabolites in CSF. 



50 

 

Table 1.2 Explorative 1H-MRS studies of motor regions: primary motor cortex, brainstem, and spinal cord. 

Cho: Choline, Cr: Creatine, GABA: γ-amino-butyrate, Glu: Glutamate, Glx: Glutamate, glutamine, and γ-amino-butyrate resonance peak, GSH: Glutathione, mI: Myo-inositol, NAA: N-

acetylaspartate, NS: Non-significant, PMA: Progressive muscular atrophy, PMC: Primary motor cortex, tCr: Creatine and phosphocreatine 

Study Anatomical area of interest Number patients/ controls Significant results 

(Jones, Gunawardena et al. 

1995) 

PMC 7/7 NAA/tCr ↓, NAA/Cho ↓ 

(Gredal, Rosenbaum et al. 

1997) 

PMC  10/8 NAA ↓, NAA unchanged in PMA 

(Pioro 1997) Medulla 6/6 NAA/tCr ↓, NAA ↓, Glx/tCr ↑, Glu ↑ 

(Cwik, Hanstock et al. 

1998) 

Pons and Medulla 12/17 NAA/tCr ↓ 

(Ellis, Simmons et al. 1998) PMC  16/8 NS 

(Pioro, Majors et al. 1999) Medulla 10/7 NAA/tCr ↓, NAA ↓, Glx/tCr ↑ 
(Schuff, Rooney et al. 2001) PMC, Anterior and posterior limb of 

internal capsule 

10/9 NAA ↓ PMC, Cho ↑ Posterior limb of internal capsule 

(Han and Ma 2010) PMC, Posterior limb of internal capsule 15/15 
 

NAA/Cr ↓ PMC and posterior limb of internal capsule, Glu/Cr ↑ PMC and posterior limb of internal 
capsule, Glx/Cr ↑ PMC and posterior limb of internal capsule 

(Sivak, Bittsansky et al. 

2010) 

PMC, Pons and Medulla, Occipital lobe 11/11 
 

NAA/tCr ↓ PMC  

    

(Carew, Nair et al. 2011) Cervical spinal cord (C2) 
 

14/16 NAA/tCr ↓, NAA/mI ↓, Cho/tCr ↓ 

(Foerster, Callaghan et al. 

2012) 

PMC, Subcortical white matter 10/9 GABA ↓ PMC 

(Govind, Sharma et al. 

2012) 

PMC, Centrum semiovale 

Corona radiata 

Posterior limb of internal capsule 
Cerebral peduncle 

38/70 

 

NAA ↓, Cho ↑  

Cho/NAA ↑  

(Ikeda, Murata et al. 2013) Cervical spinal cord (C1-C3) 19/20 NAA/tCr ↓  

NAA/mI ↓  
mI/tCr ↑ 

(Foerster, Pomper et al. 

2013) 

PMC, Sub-cortical white matter, Pons 29/30 

 

GABA ↓ PMC 

NAA ↓ PMC, subcortical white matter, and pons, mI ↑ PMC, subcortical white matter 
(Weiduschat, Mao et al. 

2014) 

 

PMC 11/11 

 

GSH/totH2O ↓, GSH/tCr ↓, NAA/tCr ↓ 

(Cheong, Marjanska et al. 

2017) 

PMC, Pons 19/17 NAA/mI ↓ 

(Atassi, Xu et al. 2017) PMC 13/12 NAA ↓, Glu ↓, mI/NAA ↑, GSH and GABA NS 
(Wang, Li et al. 2017) Hand motor cortex, Postcentral gyrus  14/14 

 

NAA/tCr ↓ 
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Spectroscopic evidence of involvement of non-motor areas in MND is yet to be conclusively provided 

and 1H-MRS studies are summarised in Table 1.3.  

Given the prevalence of cognitive and behavioural dysfunction in MND, three studies measured NAA 

concentration in brain areas involved in cognition. An early study was perhaps underpowered, but 

showed relatively lower NAA in the anterior cingulate gyrus in a subgroup of patients (Strong, Grace 

et al. 1999); whereas (Usman, Choi et al. 2011) did not detect any significant differences in metabolites 

in the mesial prefrontal cortex. Lastly, (Quinn, Elman et al. 2012) compared patients with and without 

compromised verbal fluency while attempting to correlate the outcome of the test with NAA/tCr in the 

dorsolateral prefrontal cortex; no significant differences emerged from this study, which only assessed 

letter fluency and had no healthy control group. Thalamic involvement was assessed by two groups 

(Sharma, Saigal et al. 2011, Sudharshan, Hanstock et al. 2011). The first group reported no metabolite 

alterations, while the second showed a decrease of NAA and an increase in Cho.  

Considering the small number of studies and heterogeneity of areas investigated, it remains problematic 

to conclude whether non-motor area abnormalities are consistently detectable using 1H-MRS in MND. 

Advances in MRS imaging techniques which allow spectroscopic acquisitions from the entire brain 

could provide more certainty and remove a potential anatomical selection bias. Two of the three studies 

that employed this procedure detected anatomically feasible metabolic alterations of NAA along the 

corticospinal tracts (Govind, Sharma et al. 2012, Stagg, Knight et al. 2013). Interestingly, (Verma, Woo 

et al. 2013), also reported NAA/Cho changes in numerous cortical and subcortical areas including the 

striatum, the lingual gyrus, and the occipital lobe; the latter region is generally considered to be spared 

by the disease process and people with MND do not develop visual clinical features. 
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Table 1.3 Additional 1H-MRS explorative studies conducted in non-primary motor regions.  

ALS: Amyotrophic lateral sclerosis, ALS-FTD: Amyotrophic lateral sclerosis with concomitant frontotemporal dementia, Cho: 

choline, mI: Myo-inositol, NAA: N-acetylaspartate, NS: Non-significant, tCr: creatine and phosphocreatine. 

Study Anatomical area of 

interest 

Number of 

patients/health controls 

Significant results 

(Strong, Grace et al. 

1999) 

Anterior cingulate 

gyrus 

13/5 NAA/tCr ↓ in bulbar onset ALS 

(Sudharshan, Hanstock 

et al. 2011) 

Mid-cingulate gyrus 

Thalamus 

14/14 NAA/Cho ↓ Mid Cingulate 

gyrus 

NAA/Cho NS Thalamus 

(Usman, Choi et al. 

2011) 

Mesial prefrontal 

cortex 

24/15 

(of which 2 ALS-FTD) 

NAA/mI ↓ 

NAA NS 

mI NS 

(Sharma, Saigal et al. 

2011) 

Basal ganglia 

Thalamus 

14/17 NAA ↓ basal ganglia and 

thalamus 

Cho ↑ basal ganglia and 

thalamus (not in caudate) 

NAA/Cho ↓ basal ganglia and 

thalamus (not in caudate) 

(Quinn, Elman et al. 

2012) 

Dorsolateral 

Prefrontal Cortex 

Occipital region 

25/no healthy controls NS 
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1.2.2.2 Proton magnetic resonance spectroscopy as a putative diagnostic marker 

Proton magnetic resonance spectroscopy has been proposed as a possible diagnostic biomarker of MND 

based on potential as an objective indicator of UMN dysfunction. Some spectroscopic studies have 

shown an inverse correlation between UMN signs and NAA concentration in the precentral gyrus (Ellis, 

Simmons et al. 1998, Schuff, Rooney et al. 2001, Mitsumoto, Ulug et al. 2007); moreover, no changes 

in NAA were present in patients affected by PMA (Gredal, Rosenbaum et al. 1997). Consequently, five 

studies  (Chan, Shungu et al. 1999, Pohl, Block et al. 2001, Kaufmann, Pullman et al. 2004, Pyra, Hui 

et al. 2010, Cervo, Cocozza et al. 2015) calculated the sensitivity and specificity of 1H-MRS as 

compared to other candidate diagnostic tests, namely, standard structural MRI, DTI, and TMS. Studies 

are summarised in Table 1.4. Overall, 1H-MRS appeared more sensitive and specific than conventional 

MRI, DTI, and TMS. Additionally, (Foerster, Carlos et al. 2014) used Bayesian analysis and 

demonstrated that the combination of 1H-MRS and DTI yielded a very good positive likelihood ratio 

(6.20) and an excellent negative likelihood ratio (0.08), effectively advocating use of multimodal MRI 

in the diagnosis of MND. 

However, to be validated as a diagnostic marker to detect subclinical central motor dysfunction and to 

demonstrate superiority to the current standard of clinical assessment, 1H-MRS should be compared to 

neurological examination and ideally validated by neuropathology. Definitive demonstration of 

corticospinal degeneration can only be provided by a pathologist with tissue obtained either through 

biopsy or at post-mortem. This approach, albeit scientifically sound, is generally impractical: brain 

biopsies are invasive procedures not warranted in this group of patients, while the period between 

testing and autopsies (rarely performed clinically in the UK) is inevitably uncertain. Despite these 

barriers, this study design was adopted by (Kaufmann, Pullman et al. 2004) and their data suggested 

that MRS is able to detect subclinical UMN pathology. A limitation of the study is that relatively few 

autopsies were performed, decreasing statistical power. Additional evidence supporting 1H-MRS as a 

sensitive modality to detect pre- and subclinical dysfunction was provided by a study that investigated 

24 asymptomatic SOD1 mutation carriers. Interestingly, the spectroscopic metabolic phenotype 

observed in the spinal cord was analogous to patients clinically affected by MND (Carew, Nair et al. 

2011). 
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Table 1.4 Diagnostic sensitivity and specificity of 1H-MRS compared to other modalities.  

ALS: Amyotrophic lateral sclerosis, Cho: choline, CST: Corticospinal tract, DTI: Diffusion tensor imaging, FA: Fractional 

anisotropy, NA: Not applicable, NAA: N-acetylaspartate, tCr: creatine and phosphocreatine, TMS: Transcranial magnetic 

stimulation. 

Study Modalities 1H-MRS:  

sensitivity 

1H-MRS:  

specificity 

Alternative 

modality:  

sensitivity 

 Alternative 

modality:  

specificity 

(Chan, 

Shungu et al. 

1999) 

1H-MRS 

(NAA/tCr cut-off: 

2.5) 

MRI (CST 

hyperintensity) 

73% 90% 43%  7% 

(Pohl, Block 

et al. 2001) 

1H-MRS 

(NAA/Cho cut-

off: NA) 

TMS 

53% NA: no healthy 

controls were 

included in the 

study 

63%  NA: no 

healthy 

controls were 

included in the 

study 

(Kaufmann, 

Pullman et al. 

2004) 

1H-MRS 

(NAA/tCr cut-off: 

2.5) 

TMS 

86% 37% 77%  38% 

(Pyra, Hui et 

al. 2010) 

1H-MRS  

(NAA/Cho cut-

off: 5.640, 

NAA/tCr cut-off: 

1.8) 

DTI (FA cut-off 

0.422) 

100%(NAA/Cho) 

54%(NAA/tCr) 

 

85% 

(NAA/Cho) 

100% 

(NAA/tCr) 

79%  79% 

(Cervo, 

Cocozza et al. 

2015) 

1H-MRS 

(NAA/tCr cut-off: 

NA) 

MRI (CST 

hypointensity) 

71% 75% 63%  71% 
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1.2.2.3 Proton magnetic resonance spectroscopy as a putative marker of disease progression  

Longitudinal studies investigating whether 1H-MRS can be employed as a marker of MND progression 

are few and limited by small cohort sizes. Perhaps, this is because in a terminal disease, such as MND, 

longitudinal studies are subjected to substantial attrition and an inherent selection bias since only those 

patients with well-preserved respiratory function (required to be able to lie flat in the scanner for the 

duration of the MRS session) can be recruited.  

(Unrath, Ludolph et al. 2007) showed a significant decrease over time in NAA/tCr+Cho in the 

precentral gyrus of six patients assessed over a six-month period. (Bowen, Pattany et al. 2000) did not 

show any change in NAA in five patients scanned after a two-week interval, whereas they demonstrated 

a reduction in three patients scanned after three months. A NAA trend reported by (Rule, Suhy et al. 

2004) is inconsistent with other studies, but derived from the largest longitudinal cohort to date: average 

NAA decreased in the first three months of the study, but then rose above baseline levels in 13 patients. 

It remains unclear whether there is an association between proton spectroscopic data and other 

parameters employed to assess disease progression and disability, namely the ALSFRS-R, and forced 

vital capacity. Correlation was shown by some groups in cross-sectional studies (Ellis, Simmons et al. 

1998, Pioro, Majors et al. 1999, Sivak, Bittsansky et al. 2010, Govind, Sharma et al. 2012, Foerster, 

Pomper et al. 2013, Ikeda, Murata et al. 2013, Stagg, Knight et al. 2013, Foerster, Carlos et al. 2014, 

Atassi, Xu et al. 2017), but not by others (Sarchielli, Pelliccioli et al. 2001, Carew, Nair et al. 2011, 

Weiduschat, Mao et al. 2014, Liu, Jiang et al. 2015, Sako, Abe et al. 2016, Wang, Li et al. 2017). 

 

1.2.2.4 Proton magnetic resonance spectroscopy as a putative marker of treatment response 

Following two publications (Kalra, Cashman et al. 1998, Kalra, Tai et al. 2006) in which an amelioration 

of the NAA/tCr ratio early after initiation of treatment with riluzole was shown (measured after three 

weeks in the first study and after one day in the second), various other groups have employed 1H-MRS 

as a therapeutic response biomarker. 

(Kalra, Cashman et al. 2003, Khiat, D'Amour et al. 2010, Sacca, Quarantelli et al. 2012) carried out 

trials of gabapentin, minocycline, and growth hormone, respectively, and assessed whether 1H-MRS 

could detect any NAA change. These trials were negative and no alteration in 1H-MRS spectra 

following therapy was detected. 

In a recent longitudinal study, autologous bone marrow cells were infused intrathecally in 11 MND 

patients. One year post-infusion, an increase in NAA/tCr ratio was shown in the precentral gyrus 

compared to 11 untreated MND controls. Additionally, there appeared to be a correlation between 

baseline NAA and survival (Garcia Santos, Inuggi et al. 2016). 
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(Atassi, Ratai et al. 2010) employed 1H-MRS in a phase I study to establish the pharmacokinetics of 

creatine monohydrate. Interestingly, acquired spectra demonstrated a dose-dependent tCr increase as 

well as a Glu decrease, arguing that oral creatine monohydrate crosses the blood-brain barrier and 

suggesting that it might contribute to improvements in glutamate excitotoxicity.  

 

1.2.2.5 Proton magnetic resonance spectroscopy in motor neuron disease: conclusions 

Overall, spectroscopic studies have provided strong evidence of NAA reduction in motor regions in 

people living with MND. Further research is needed to determine the significance of this finding, to 

show whether other metabolites are consistently altered during the disease process, and to assess 

whether spectral variations can be systematically detected in non-motor areas of the brain.  

There is a need for further research to determine whether 1H-MRS is effective at discriminating MND 

from its common mimics in order to clarify a potential role in routine clinical practice. Moreover, it is 

important to assess whether the introduction of 1H-MRS would effectively benefit patients in regard to 

earlier diagnosis and improvement of care. This could be achieved in large randomised trials in which 

suspected patients would be randomly allocated work-up with and without 1H-MRS, as well as long-

term surveillance studies (Gluud and Gluud 2005). 

Given the variability of evidence to date, as well as the very small sample size of longitudinal studies, 

it is impossible yet to draw conclusions on whether 1H-MRS is useful in the assessment of MND 

progression. Further studies would benefit from evaluation of larger cohorts of patients. 

Some proof of concept studies suggest that 1H-MRS could act as a biomarker to assess treatment 

response. However, further research is needed to determine whether spectroscopy can be employed as 

a valid surrogate endpoint in clinical trials; response biomarkers reflect changes in a biological 

parameter following treatment, whereas surrogate biomarkers should also provide an indication of 

clinical benefit. This correlation between spectroscopy and clinical outcome is yet to be provided. 

Lastly, the field would significantly benefit from standardisation of study protocols and analysis 

techniques which would enable a more consistent comparison of study results. 

1H-MRS studies have demonstrated the potential of MRS to assess molecules in vivo in MND and as a 

biomarker. This has paved the way for exploring alternative spectroscopic modalities, especially 31P-

MRS, which is the spectroscopic modality of choice to assess bioenergetic dysfunction, a putative 

pathogenic mechanism in MND, and the main subject of this thesis. 
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SECTION 3  

Principles of bioenergetics 

This section introduces parameters that can be measured with 31P-MRS, elaborates on established 

rudiments of mitochondrial bioenergetics for which the following source was used (Nicholls 2013), and 

reviews current evidence for mitochondrial alterations in MND. 

 

1.3.1 Phosphorus magnetic resonance spectroscopy: metabolites 

31-phosphorus magnetic resonance spectroscopy, analogously to 1H-MRS, allows detection of 

metabolites. These are chemical moieties containing phosphorus: i.e. chemicals central to energy 

processes such as adenosine triphosphate (ATP), phosphocreatine (PCr), inorganic phosphate (Pi), and 

nicotinamide adenine dinucleotide (NAD(P)H and NAD(P)+). Their biological role is detailed in the 

remainder of this chapter. In addition, phosphorus is present in detectable concentrations in biological 

membranes, specifically in phospholipid anabolites (phosphomonoesters – PME) and catabolic 

products (phosphodiesters – PDE). Measurement of pH, free intracellular magnesium concentration 

(Mg++), adenosine diphosphate (ADP), and Gibbs free energy of ATP hydrolysis (ΔGATP) is also 

possible by mechanisms detailed in later chapters. A typical phosphorus spectrum is reproduced in the 

next chapter.  

 

1.3.2 Oxidative phosphorylation and creatine kinase system: mechanistic description 

In animal biology, bioenergetic processes are, strictly speaking, those energy transducing reactions that 

occur across the inner mitochondrial membrane and are referred to as oxidative phosphorylation. During 

oxidative phosphorylation, oxidation of reducing equivalents (nicotinamide adenine dinucleotide – 

NADH, and flavin adenine dinucleotide – FADH2) is coupled to phosphorylation of ADP to synthesise 

ATP, which is the main energy currency of the cell and required in all endergonic cellular reactions. 

Endergonic reactions are not spontaneous and necessitate energy to be carried out; in living organisms, 

this energy is transduced directly or indirectly via ATP hydrolysis. This is the reason that appropriate 

oxidative phosphorylation function is crucial to cellular processes and survival. 

Oxidative phosphorylation, depicted in Figure 1.2, is carried out by five complexes located across the 

inner mitochondrial membrane, which has a very low permeability to protons. Electrons derived from 

the substrates NADH and FADH2 (synthesised primarily in the tricarboxylic acid cycle, in the pyruvate 

dehydrogenase reaction, and during glycolysis) are tunnelled across electron transport chain (ETC) 

complexes until they are transferred onto oxygen which is reduced to water by complex IV (cytochrome 
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c oxidase). These exergonic reactions are coupled to the endergonic translocation of protons from the 

mitochondrial matrix to the intermembrane space by ETC complexes I (NADH dehydrogenase or, also 

known as ubiquinone oxidoreductase), III (cytochrome c reductase), and IV. It is of note that complex 

II (succinate dehydrogenase) only introduces electrons into the system without concomitant pumping 

of protons. The combined end result of these processes is to establish an electrochemical gradient across 

the inner mitochondrial membrane which, in turn, drives ATP synthesis by ATP synthase or complex 

V. 

 

Figure 1.2 Mitochondrial oxidative phosphorylation. 

The figure illustrates electron transport chain complexes, located across the inner mitochondrial membrane (yellow), which 

is characterised by very limited permeability to most ionic particles. Red arrows represent electrons tunnelling from reducing 

equivalents (NADH and FADH2) to complex IV where water is generated. Tunnelling is coupled to active transport of hydrogen 

nuclei in complex I, III, and IV generating the electrochemical gradient which drives synthesis of ATP by complex V (also 

known as ATP synthase). The figure was drawn by the author. 

 

In cells in which energy requirements change rapidly over short timescales, such as neurons and 

myocytes, oxidative phosphorylation is tightly coupled to the creatine kinase system (Figure 1.3). Upon 

a neuronal action potential or muscular contraction, cellular energy needs increase rapidly, and the 

creatine kinase reactions ensure that ATP concentration is maintained stable over time. Specifically, 

PCr acts as a buffer trans-phosphorylating ADP into ATP. Consequently, PCr concentration decreases 

at times of elevated energy requirements, whilst ATP concentration remains constant. When resting 

conditions are re-established, the PCr pool is replenished by oxidative phosphorylation and by 

mitochondrial creatine kinase; hence the rate at which PCr returns to its resting state values (measured 

by the PCr recovery constant) is considered an indirect measure of ETC activity. In this regard, it is 

important to notice that ATP is also synthesised by glycolysis (although at substantially lower 

stoichiometry compared to oxidative phosphorylation) and that alterations in pH affect PCr recovery, 

which is, hence, not an absolute measure of mitochondrial capacity. It is likely that this system is active 

also at times of chronic bioenergetic stress and dysfunction and, hence, PCr concentration reduction 

may be an early sign of dysfunctional energy metabolism. 
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Figure 1.3 The creatine kinase system. 

The figure illustrates the mechanism by which adenosine triphosphate (ATP), following synthesis by the ATP synthase, is 

transported in the mitochondrial intermembrane space by the adenine nucleotide translocator (ANT) in exchange for 

adenosine diphosphate (ADP). In the intermembrane space, ATP trans-phosphorylates creatine (Cr) to synthesise 

phosphocreatine (PCr) by the mitochondrial creatine kinase. PCr can exit the mitochondrion through voltage dependent anion 

channels (VDAC) and, in the cytoplasm, it can be substrate of the cytoplasmic creatine kinase which produces ATP. The figure 

was drawn by the author. 

 

It is also possible to approach cellular bioenergetics from a thermodynamic perspective. Generally, 

when assessing the thermodynamic status of a system, a main parameters of interest is Gibbs free energy 

(ΔG). ΔG provides a useful indicator of the potential for maximal useful energy release (i.e. work) of a 

closed system. The formal mathematical formulation of ΔG is as per equation 1.1: 

Equation 1.1 

 

∆G= ∆H-T∆S 
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Where H is enthalpy and S is entropy and T is temperature.  

Although living organisms are, by definition, open systems (i.e. systems in which both energy and 

matter are exchanged with their surroundings), it is still possible to use equilibrium thermodynamics 

(which is typically reserved to systems in which no matter is exchanged, i.e. isolated and closed 

systems) to characterise the thermodynamic status of specific sets of biological reactions. Specifically, 

this framework can be used when it can be reasonably assumed that the concentrations of products and 

reactants are in dynamic equilibrium (i.e. there is no net change in reactants or products being 

added/removed) and that pressure is constant. Under such circumstances, the system can be considered 

closed. Equilibrium thermodynamics is particularly useful when assessing processes leading to ATP 

synthesis which, as shown below, are inherently linked to the maximal amount of useful energy that 

can be released from ATP hydrolysis. 

Every reversible reaction [A] ↔[B] is characterised by its own equilibrium constant, K, defined as the 

ratio of concentration of products at equilibrium [Beq] over the concentration of reactants at equilibrium 

[Aeq], i.e. K=([Beq])/([Aeq]). The ratio of measured products [Bmeas] to measured reactants [Ameas] is 

defined as the observed mass action ratio (ℾ), i.e. ℾ=([Bmeas])/([Ameas]). There is a relationship between 

ΔG and the degree of displacement of ℾ from the reaction’s equilibrium, K. Specifically, ΔG as a 

function of log(ℾ/K) results in an ascending parabola centred around one. This signifies that, when ℾ=K, 

and hence log(ℾ/K)=1, ΔG is at its minimum (ΔG slope, i.e. ΔG “content”=0). As a consequence, when 

the reaction is at equilibrium, no useful energy can be released and no work can be done. As ℾ is 

displaced from equilibrium (a process that requires energy), the magnitude value of ΔG (i.e. ΔG’s slope) 

increases. This is effectively what happens to the mass action of the ATP reactions in living cells; ATP 

is substantially displaced from its natural equilibrium state, and it is this displacement that renders ATP 

the main source of “useful energy” (not the presence of the so-called “high energy phosphates”) 

(Nicholls 2013). On this basis, it is possible to derive the equation for ΔGATP: 

Equation 1.2 

 

∆G𝐴𝑇𝑃 =  ∆G’ +  RT ln
[𝐴𝐷𝑃] + [𝑃𝑖]

[𝐴𝑇𝑃]
  

 

Where R is the gas constant and T is temperature. ∆G’ depends on cellular conditions, primarily on 

intracellular ionic milieu determined by pH, Mg++, sodium, and potassium; notably calcium is 

considered negligible as largely bound to anionic proteins. ∆G’ can be calculated empirically using 31P-

MRS, and in this thesis the method by (Iotti, Frassineti et al. 2005) was used. 
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31P-MRS can be employed to measure ΔGATP which can, hence, be utilised as a measure of how much 

“useful energy” is potentially available from ATP hydrolysis. ΔGATP is also a measure of cellular ability 

to ensure the ATP reactions remain displaced from their natural equilibrium, as ATP concentration is 

maintained in large excess compared to ADP concentration by the ETC. Bioenergetic dysfunction, can, 

hence, be represented in a reduction of the ΔGATP magnitude value, reflected in a drop in ATP to ADP 

ratio. 

Mechanistically, ETC dysfunction can manifest in two ways, either as inhibition of ETC complexes or 

as mitochondrial uncoupling, and notably the two processes are not mutually exclusive. Complex 

inhibition leads to a decrease in the electrochemical gradient across the inner mitochondrial membrane 

and consequent reduction in ATP production. In mitochondrial uncoupling, electron transport across 

the ETC (oxidation) is no longer associated with ATP synthesis (phosphorylation). This condition is 

caused by a low-resistance pathway that allows protons to enter the mitochondrial matrix bypassing the 

ATP synthase; the uncoupled mitochondria oxidise substrate, but produce relatively less ATP, hence 

efficiency is reduced. Although mild uncoupling is an effective antioxidant defence and is considered 

to be beneficial, in severe uncoupling, the ATP synthase reverses and hydrolyses ATP triggering a 

severe energetic deficit. 

 

1.3.3 Bioenergetic dysfunction in motor neuron disease 

In ALS mouse and in vitro models, it has been consistently shown that the basal rate of mitochondrial 

ATP synthesis is decreased and that this is associated with mitochondrial depolarisation (Smith, Shaw 

et al. 2017). As described in above sections, mitochondrial depolarisation with concomitant reduction 

of ADP phosphorylation can result either from inhibition of the complexes of the ETC (which causes 

NADH to increase and oxygen consumption to drop), or from mitochondrial uncoupling (typically 

characterised by a reduction in NADH and increased oxygen utilisation) (Nicholls 2013). In MND, 

evidence for both hypotheses has been published (Smith, Shaw et al. 2017). Additionally, mitochondrial 

uncoupling has been suggested to underpin the paradoxical hypermetabolic state characteristically 

found in about fifty percent of patients (Dupuis, di Scala et al. 2003, Bouteloup, Desport et al. 2009, 

Dupuis, Gonzalez de Aguilar et al. 2009). Notably, in MND, hypermetabolism is considered to 

contribute to weight loss, which is an adverse prognostic factor (Marin, Desport et al. 2011). Various 

hypotheses have been proposed to identify pathogenic mechanisms that could cause these bioenergetic 

changes. For instance, a role for TDP-43 direct mitochondrial toxicity has been postulated (Gao, Wang 

et al. 2019), with recent studies suggesting that other proteinaceous aggregates characteristic of MND 

(the dipeptide repeat proteins (GR)80 found in C9orf72-related MND, mutant FUS, and SOD1) may 

also disrupt mitochondrial function (Mattiazzi, D'Aurelio et al. 2002, Onesto, Colombrita et al. 2016, 

Deng, Wang et al. 2018, Choi, Lopez-Gonzalez et al. 2019). Interestingly, mutations in some genes 
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encoding mitochondrial proteins (vesicle-associated membrane protein-associated protein B – VAPB, 

coiled-coil-helix-coiled-coil-helix-domain containing protein 10 CHCHD10, and valosin-containing 

protein VCP), can be pathogenic for MND (De Vos, Morotz et al. 2012, Bartolome, Wu et al. 2013, 

Genin, Plutino et al. 2016). It has been difficult to demonstrate that the mitochondrial ETC is impaired 

in patients’ motor neurons, primarily because investigations require a tissue sample which can generally 

only be acquired by biopsy, which is impractical, or autopsy, which would cause the sample to be 

affected by the dying process. Additionally, complex activities (particularly complex IV) can be 

compromised if a sample is inappropriately stored (Pache and Reichmann 1990). Studies appear to have 

focused on measurement of complex I to IV enzymatic activity and not on ATP synthesis. (Wiedemann, 

Manfredi et al. 2002) and have shown that complex I, II, III, and IV activity was reduced in the spinal 

cord of patients. Reduction of complex IV activity in spinal cord was also reported by (Fujita, Yamauchi 

et al. 1996) and (Borthwick, Johnson et al. 1999). These findings are in contrast to results from (Browne, 

Bowling et al. 1998) who showed that, in the brain, activity of complex I, II, and III of familial MND 

patients was elevated compared to patients with sporadic disease (who did not show any variation in 

ETC function) and to disease controls. In line with these findings, (Bowling, Schulz et al. 1993) showed 

elevated complex I activity in the motor cortex of a SOD1 patient. 

Other research has focussed on assessing metabolism in peripheral tissues, following the argument that 

MND is a multisystem disease. Skeletal muscles have received particular attention as they represent the 

effector tissue in MND. Despite numerous published studies, evidence for ETC dysfunction from 

biopsies is inconclusive (Wiedemann, Winkler et al. 1998, Vielhaber, Winkler et al. 1999, Krasnianski, 

Deschauer et al. 2005, Echaniz-Laguna, Zoll et al. 2006, Soraru, Vergani et al. 2007, Crugnola, 

Lamperti et al. 2010). 31-phosphorus magnetic resonance spectroscopy has also been applied in muscle 

(Table 1.5), but, analogous to histopathological studies, no consensus has yet been reached on whether 

bioenergetic dysfunction is present in MND muscle. 
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Table 1.5 31P-MRS studies conducted in motor neuron disease patients.  

ATP: Adenosine triphosphate, NS: Non-significant change. PCr: Phosphocreatine, Pi: Inorganic phosphate. 

Study Anatomical area of 

interest 

Number of 

patients/ 

healthy controls 

Results 

(Zochodne, Thompson et al. 

1988) 

Forearm flexors 11/30 PCr/Pi ↓ rest 

pH ↑ rest 

ATP/ (PCr + Pi) NS 

(Sharma, Kent-Braun et al. 

1995) 

Tibialis anterior 

 

 

5/5 PCr, Pi, PCr/Pi, and pH NS 

rest 

PCr consumption NS 

exercise 

(Kent-Braun and Miller 2000) Tibialis anterior 

 

 

6/6 Pi/PCr NS rest  

(Grehl, Fischer et al. 2007) Triceps surae 

 

 

8/38 PCr/ATP ↑ rest 

PCr consumption ↓ exercise 

PCr recovery constant NS 

(Ryan, Erickson et al. 2014) Triceps surae 

 

 

6/11 PCr, pH rest NS 

PCr recovery constant ↑ 
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In muscle, PCr recovery in patients was found to be prolonged by (Ryan, Erickson et al. 2014), but 

unchanged by (Grehl, Fischer et al. 2007). Additionally, there appears to be a decreased drop in PCr 

upon muscular contraction in MND patients. These phenomena were ascribed to denervation changes 

and lack of recruitment of motor units (Zochodne, Thompson et al. 1988), but other hypotheses, such 

as impaired central activation or even existence of MND related primary muscular changes, were also 

proposed (Sharma, Kent-Braun et al. 1995, Kent-Braun and Miller 2000). These studies concluded that 

no striking alterations of the bioenergetic status of myocytes can be detected in MND patients, but were 

perhaps limited by small sample sizes and heterogeneous reporting of resting parameters. 

Therefore, whilst 31P-MRS appears an ideally suited technique to investigate hypotheses of bioenergetic 

dysfunction in MND and may have practical potential as a biomarker of energy metabolism, this field 

remains in its infancy. The initial research question is whether 31P-MRS is feasible in brain motor 

regions. To determine utility as a future biomarker, characterisation of the reliability and reproducibility 

of the technique is necessary. The next step is to apply 31P-MRS to people with MND to determine 

whether patients can be differentiated from controls, whether there are disease-specific changes in 

metabolites in brain and in muscle. It is important to assess clinical relevance and sensitivity to 

longitudinal change. Lastly, this thesis aims to determine whether 31-phosphorus magnetic resonance 

spectroscopy can be applied in conjunction with other techniques to interrogate specific hypotheses of 

pathophysiological mechanisms underpinning individual aspects of MND, such as motor fatigability. 
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2. CHAPTER 2:                                                                   

METHODOLOGICAL CONSIDERATIONS IN 

ESTABLISHING AN IN VIVO 31-PHOSPHORUS 

MAGNETIC RESONANCE SPECTROSCOPY 

PROTOCOL IN BRAIN AND MUSCLE 

This chapter presents a description of the work that went into establishing the 31P-MRS acquisition 

protocol employed in the rest of the experiments of this thesis. The main aims were to acquire spectra 

with optimal signal to noise ratio (SNR) and localised to areas primarily affected by MND. Although 

some improvements to SNR and spatial resolution may be performed at the post-processing level, this 

cannot replace optimal acquisition methodology, which depends upon employing optimised hardware 

and sequences. The initial section of this chapter provides a brief introduction to MRS, using the 

following sources (de Graaf 2007, Keeler 2010). The methodology, results, and discussion sections 

report the experiments that were undertaken to solve practical issues that arose during protocol set-up. 

Specifically, following RF calibration, the aim of initial experiments was to ensure that the phosphorus 

coils worked appropriately and to optimise a localisation sequence. The selected sequence was then 

tested to assess signal response to phantoms of incrementing phosphorus concentration (to assess 

methodological accuracy), and these experiments also guided the choice of an external reference 

phantom for quantification. Different T1-weighted volumetric sequences were tested to select optimal 

parameters for co-registration and segmentation algorithms. Lastly, a protocol for rest and dynamic 

acquisition of muscle spectra was developed using an MR compatible pulley system built in-house. 

 

2.1 INTRODUCTION 

MRS signal is generated as follows: in an MR scanner, a proportion of nuclear spins is aligned parallel 

with the scanner’s magnetic field. When subjected to a radio frequency (RF) pulse which encompasses 

the Larmor frequency, nuclear resonance is generated. As the pulse subsides, spins return to their 

original arrangement in a process denoted relaxation and characterised by the T1 and T2 relaxation 

constants. The receiver coil detects the voltage induced by the current generated by the time-varying 

magnetisation in the transverse plane. The specific chemical environment in which some nuclei are 

embedded alters their characteristic resonance frequency and thus the energy these nuclei absorb and 

release. These changes, although minute, can be detected by spectrometers and result in multiple 

spectral peaks each representing a group of nuclei in their distinctive chemical milieu i.e. a specific 

molecule. Hydrogen and phosphorus nuclei are characterised by inherently different Larmor 
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frequencies. Consequently, whilst proton spectra can be acquired using standard clinical MRI hardware, 

which transmits and receives at hydrogen resonance frequency (127.9 MHz at 3 tesla), 31P-MRS 

requires a special coil that transmits and detects frequencies encompassing phosphorus Larmor 

frequency (51.6 MHz at 3 tesla). This is not routinely available on most clinical scanners. 

The detected signal is an electrical current proportional to the magnitude of the transverse component 

of the net transverse magnetisation vector which, in turn, is proportional to the concentration of 

resonating nuclei. However, numerous other factors affect signal intensity, including longitudinal 

relaxation constants (T1) and repetition time (TR), transverse relaxation constants (T2) and echo time 

(TE), the magnetic field strength of the scanner, localisation techniques, coil loading, coil sensitivity, 

and receiver gain. The contribution of some, but not all, of these factors can be eliminated by employing 

metabolite ratios. In 1H-MRS, tCr or total water is often assumed to be constant and used at the 

denominator as an internal reference to calculate ratios. However, there is no evidence that the 

concentration of any metabolite resolved by 31P-MRS is maintained constant across brain regions and 

in disease, so no absolute internal standard in 31P-MRS has yet been agreed. A potential alternative 

solution to this problem is to employ an external reference, although this also poses significant 

challenges, explored in chapter two and three. 

T1 and T2 relaxation constants vary among different nuclei, molecules, biological tissues, and 

pathologies. It is possible to exploit such differences to discriminate between tissues and identify 

disease processes by providing contrast in anatomical MRI, for instance between white matter, grey 

matter, and CSF. Specifically, this can be done by choosing optimal TE and TR values: T1 contrast (i.e. 

based on differences in T1 relaxation) is maximised using sequences with a relatively short TR (i.e. T1-

weighted images in which both TR and TE are short), whereas T2 contrast is enhanced by long TE (and 

long TR) sequences which produce T2-weighted images. Sequences in which a long TR and short TE 

are employed minimise both T1 and T2 relaxation components and yield images primarily representative 

of proton concentration, i.e. proton density-weighted images in standard MRI. The same principles 

apply to spectroscopy, where T1 and T2 relaxation effects are often considered confounders requiring 

correction, as the technique is mainly used as a (semi)quantitative measure of metabolite concentration 

in vivo. The relaxation properties of phosphorus and protons differ: the T1 of neuro-metabolites resolved 

by 31P-MRS is a few seconds in duration, whereas it is shorter for 1H-MRS. To minimise effects of T1 

relaxation on signal intensity, long TR acquisitions are needed. A practical consequence is that, in 31P-

MRS, a typical long TR value is 4 to 5 seconds (as compared to 1H-MRS where a long TR is usually 2 

seconds); this translates into significantly longer scan times in 31P-MRS compared to 1H-MRS.  

Owing to the greater natural abundance in vivo and relatively larger gyromagnetic ratio of hydrogen, 

1H-MRS generates spectra characterised by higher signal and is inherently more sensitive compared to 

31P-MRS. Although both 1H-MRS and 31P-MRS can detect compounds of concentration as low as a few 
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millimolar, the lower sensitivity of 31P-MRS implies that spatial resolution of phosphorus spectroscopy 

is limited compared to 1H-MRS; in 31P-MRS, minimal size acquisition voxels are typically 

approximately 30 mm3 compared to a few cubic mm for proton spectroscopy. 

 

2.2 AIMS AND OBJECTIVES 

The aim was to establish a working brain and muscle 31P-MRS protocol to be used for investigation of 

energy metabolism in MND. 

The specific objectives of experiments here described were: 

1) ensuring the appropriate functioning of available radiofrequency coils 

2) selection and optimisation of a localisation sequence to obtain well resolved, high SNR 31P-MRS 

brain spectra from regions primarily affected by MND 

3) assessment of selected sequence accuracy, experimentally determined by assessment of linear 

variation of signal intensity as a function of phantom metabolite concentration 

4) establishment of a phantom to be scanned concomitantly with research participants as an external 

reference with a view to quantification applications 

5) determination of optimal T1-weighted volumetric images for segmentation to correct for partial 

volume effects in later analyses 

6) establishment of rest and dynamic muscle protocols for characterisation of metabolic changes at 

rest, during, and after muscle contraction. This required a system to measure MVIC prior to31P-

MRS experiments and an in-house made pulley system to gauge force of contraction within the 

MRI scanner. 

 

2.3 MATERIALS AND METHODS 

2.3.1 Participants 

Four healthy volunteers took part in the experiments to establish the 31P-MRS brain protocol and six 

healthy volunteers were scanned to optimise muscle 31P-MRS sequences. Written informed consent was 

obtained from all participants following approval by the local ethical committee (STH 15418 Yorkshire 

and Humber REC 09/H1310/79) and according to the Declaration of Helsinki. Exclusion criteria were: 

pregnancy, previous history of neurological disease, pacemaker or any other non-MR compatible 

magnetic/electronic implant, and cognitive problems sufficient to impair informed consent. 
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2.3.2 Hardware 

All scans were conducted on a 3 Tesla Philips Ingenia wide bore MR system (Philips Healthcare, Best, 

The Netherlands) with heteronuclear capability. Two dual-tuned (31P/1H) transmit-receive quadrature 

birdcage head coils (Rapid Biomed GmbH, Würzburg-Rimpar, Germany), here denoted Rapid coil one 

and Rapid coil two, were used for brain MR. This is because, as illustrated in further sections, technical 

issues emerged with the first Rapid coil which had to be replaced. Rapid coil one was employed 

exclusively for the experiments described in section 2.4.1.1 and 2.4.1.2. The remainder of brain imaging 

and spectroscopic acquisitions were carried out using Rapid coil two. A phosphorus receiver Philips 

surface coil (Philips Healthcare, Best, The Netherlands) was adopted for muscle scans, and transmission 

was carried out using the scanner body coil. 

 

2.3.3 MR phantoms 

The following phantoms were used to assess SNR of the Rapid coils, to determine maximal accuracy 

of spectroscopic measurements, and in experiments to establish an external reference. 

1) Philips’ Sphere B (Philips Healthcare, Best, The Netherlands): containing 524 cc of 30 g/l 

methylphosphonic acid (CH₃P(OH)₂) which produces a quadruplet (J coupling constant = 17.2 

Hz) at 32.5 ppm. Sphere B was adopted as a phantom in RF pulse calibration and in spectral 

SNR measurements of both Rapid coils (section 2.4.1.1 and 2.4.1.3). 

2) A 150-mL polystyrene cylinder made in-house: containing 85% phosphoric acid (H3PO4). This 

phantom was used to measure image SNR from Rapid coil one (section 2.4.1.2). 

3) Six 500-mL plastic containers made in-house: one filled with water and the remainder filled 

with incrementing concentrations (five mM, ten mM, 50 mM, 100 mM, and 200 mM) of 

disodium phosphate (Na2HPO4,) all resonating at approximately 4.8 ppm and employed to 

assess the dependence of signal intensity on Na2HPO4 concentration, i.e. the technique’s 

accuracy. Initially, all five plastic bottles containing disodium phosphate were scanned 

simultaneously to assess strength of linear relationship between concentration and signal 

intensity. Subsequently, each 500-mL containers was scanned individually, starting with the 

lowest concentration (five mM), proceeding through increasing concentrations, and scanning 

the water phantom last. For each acquisition, every care was taken to ensure that each phantom 

was placed in exactly the same position within the coil and accuracy of placement was 

confirmed by two observers using an anatomical image prior to running the spectroscopic 

sequences. To prevent recalibration, the scanner was not moved between the various 

acquisitions. Results of accuracy measurements and rationale for the need to scan phantoms 

separately are reported in section 2.4.1.6. 

https://en.wikipedia.org/wiki/Netherlands
https://en.wikipedia.org/wiki/Netherlands
https://en.wikipedia.org/wiki/Netherlands
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4) Two 450-mL glass containers made in-house: filled with ten and 50 mM Na2HPO4 (Pi) and 

autoclaved for sterility used as external reference for in vivo brain acquisitions (section 2.4.1.7). 

5) Several 100-mL sodium chloride (NaCl) 0.9% w/v and two two-litre plastic bottles containing 

five g/l NaCl each (made in-house) were used for coil loading in all isolated phantom 

experiments. 

 

2.3.4 Sequences 

The sequence parameters employed for RF pulse calibration of the Rapid coils and 31P-MRS spectra in 

brain are detailed in Table 2.1 and Table 2.2. Table 2.3 includes the sequences used for structural brain 

MRI images. The sequences used in muscle 31P-MRS acquisitions are listed in Table 2.4. Table 2.2, 

Table 2.3, and Table 2.4 list test sequences that were used in developing the protocol, the final protocol 

included sequence 15, 18, 24, and 26. Phosphorus spectra were acquired at 51.7 Hz centre-frequency12, 

spectral bandwidth 3000 Hz, and 2048 sample points. Second order pencil beam shimming was 

employed. Manual tuning and matching was conducted by the author prior to all muscle 31P-MRS 

acquisitions. For all cranial acquisitions in humans, the glabella was used to localise each subject’s head 

to the centre of the coil. A coronal localisation scheme was used. In muscle, the coil was placed two 

and a half centimetres below the tibial tuberosity onto the anterior compartment of the leg. Positioning 

was performed every time by the same radiographer and visually checked for reproducibility by the 

author. 

  

 
12 RF pulses and detection cannot occur only at one frequency, but always need to encompass a range. In this case, 

the central frequency of that range was the 31P nuclei resonance frequency. 
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Table 2.1 Sequences employed for radiofrequency pulses calibration of Rapid coils. 

CSI: Chemical shift imaging, FA: Flip angle, ISIS: Image selected in vivo spectroscopy, N: number, NOE: Nuclear overhauser 

effect, TE: echo time, TR: repetition time. 

 

 

Sequence 

number 

Description  Localisation  

(decupling 

/NOE) 

TR 

(s) 

TE 

(ms) 

Initial 

FA  

(deg) 

FA 

spacing 

(deg) 

N of 

FA 

Scan 

length 

(min) 

Sequence 

1 

31P FA calibration  

Rapid coil one and 

two  

31P 1D CSI, 

ISIS  

(off/off) 

10 0.428 10 10 

evenly 

spaced 

21 7:00 

Sequence 

2 

31P FA calibration  

Rapid coil two  

31P 1D CSI, 

ISIS  

(off/off) 

5 0.428 10 10 

evenly 

spaced 

21 3:30 

Sequence 

3 

31P FA calibration  

Rapid coil two  

31P 1D CSI, 

ISIS 

(off/off) 

1 0.428 10 10 

evenly 

spaced 

21 1:45 

Sequence 

4 

31P FA calibration  

Rapid coil two  

31P 1D CSI, 

ISIS  

(off/off) 

20 0.428 10 10 

evenly 

spaced 

21 14:00 
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Table 2.2 Sequences employed to acquire brain phosphorus spectra 

CSI: Chemical shift imaging, ISIS: Image selected in vivo spectroscopy, NOE: Nuclear overhauser effect, NSA: Number of signal averages, PA: Pulse acquire, SNR: Signal to noise ratio, SV: 

Single voxel, TE: echo time, TR: repetition time. 

Sequence Description Localisation 

 

Decoupling 

/NOE 

TR 

(s) 

TE  

(ms) 

NSA Voxel size 

(mm/mm/mm) 

Scan length 

(min) 

Sequence 5 31P spectral SNR 31P PA off/off 4.50 0.0956 4 - 2:15 

Sequence 6 31P PA brain 31P PA off/off 4.50 0.0956 4 - 2:15 

Sequence 7 31P SV brain  

64 NSA 

31P SV, ISIS off/off 4.50 0.0956 64 30/30/30 4:57 

Sequence 8 31P SV brain  

128 NSA  

31P SV, ISIS off/off 4.50 0.0956 128 30/30/30 9:45 

Sequence 9 31P SV brain  

larger voxel  

31P SV, ISIS off/off 4.50 0.0956 64 62/60/60 4:57 

Sequence 10 31P SV brain  

long TR  

31P SV, ISIS off/off 4.00 0.0956 128 60/60/40 8:40 

Sequence 11 31P SV brain  

short TR  

31P SV, ISIS off/off 0.72 0.0956 128 60/60/40 1:34 

Sequence 12 31P 1D CSI brain  31P 1D CSI, ISIS off/off 3.91 0.2465 20 40/300/300 9:15 

Sequence 13 31P 2D CSI brain  

short TE  

31P 2D CSI, ISIS On (WALTZ-4)/on 4.00 0.2353 2 300/300/30 11.36 

Sequence 14 31P 2D CSI brain  

long TE  

31P 2D CSI, ISIS On (WALTZ-4)/on 4.00 0.8958 2 175/126/83 5:52 

Sequence 15 31P 2D CSI brain optimised 31P 2D CSI, ISIS On (WALTZ-4)/on 4.00 0.2599 2 25/25/40 16:24 

Sequence 16 31P 2D CSI brain 4 NSA  31P 2D CSI, ISIS On (WALTZ-4)/on 4.00 0.2599 4 25/25/40 32:40 
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Table 2.3 Sequences used in structural brain MRI acquisitions. 

FA: Flip angle, FOV: Field of view, IR: Inversion recovery, SNR: Signal to noise ratio, SV: Single voxel, TE: echo time, TI: Inversion time, TR: repetition time, TSE: Turbo spin echo. 

 

Sequence Description TR 

(ms) 

TE 

(ms) 

TI 

(ms) 

FA  

(deg) 

Oversampling Number 

of 

images 

Number 

of  

slices 

Acquisition 

Voxel  

(mm 

/mm 

/mm) 

-- gap (mm) 

FOV 

(mm) 

Reconstructed 

matrix and 

reconstructed 

voxel size  

(mm 

/mm 

/mm) 

Scan 

length 

(min) 

Sequence 

17 

Image SNR 50 10 - 25 - - 1 1.41/1.41/10 

-- 0 

180 - 0:52 

Sequence 

18 

T1w IR  8.4 3.9 1000 8 2 60 

 

60 1.00/1.08/1.00 

-- 0 

240 256 

(0.94/0.94/1) 

6:02 

Sequence 

19 

T1w IR  8.4 3.9 1000 8 - 60 60 1.00/1.08/1.00 

-- 0 

240 256 

(0.94/0.94/1) 

3:53 

Sequence 

20 

T1w IR  7.8 3.6 1000 8 2 55 55 1.09/1.16/1.10 

-- 0 

257 320 

(0.80/0.80/1.10) 

5:32 

Sequence 

21 

T1w IR  

 

7.2 3.6 1000 8 2 55 55 1.09/1.16/2.20 

-- 11 

257 256 

(1.00/1.01/1.10) 

2:47 

Sequence 

22 

T1w IR  

 

8.4 3.9 1400 8 2 60 60 1.00/1.08/1.00 

-- 0 

240 256 

(0.94/0.94/1.00) 

6:02 

Sequence 

23 

T2w TSE 3000 80 - 90 - - 33 0.55/0.67/4.00 

-- 0 

230 432 

(0.53/0.53/4.00) 

3:48 
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Table 2.4 Sequences employed in muscle phosphorus acquisitions. 

NOE: Nuclear overhauser effect, NSA: Number of signal averages, PA: Pulse acquire, TE: echo time, TR: repetition time. 

 

2.3.5 Fitting software and calculated parameters 

2.3.5.1 Software employed for data analysis 

Spectroscopic data were analysed using SpectroView (Philips Healthcare, Best, The Netherlands). 

Image signal intensities and standard deviations (SD) were obtained using the Philips’ vendor image 

analysis software. 

 

2.3.5.2 Pre-processing 

Prior to Fourier transformation, the free induction decay (FID) signal was multiplied by a decaying 

exponential: multiplication factor -1.5 for pulse acquire (PA) and single voxel (SV) -3 for chemical 

shift imaging (CSI). A Gaussian function (multiplication factor 12) was uused to enhance both spectral 

linewidth and SNR. The real part of the spectrum was manually phased to a purely absorptive line shape 

using both zeroth and first-order terms and peak frequency was manually shifted to assign a value of 0 

ppm to PCr. Further description of effects of these weighting functions and of phasing and frequency 

shift is provided in the next chapter which is dedicated to pre- and post-processing of MRS spectra. 

 

Sequence Description Localisation 

 

Decoupling/NOE TR 

(s) 

TE 

(ms) 

NSA Dynamics Scan 

length 

(min) 

Sequence 24 31P muscle 

PA 

31P PA 

 

on/on 4.5 0.10 32 NA 2.29 

Sequence 25 31P muscle 

dynamic 

acquisition, 6 

NSA 

31P PA 

 

on/on 5 0.10 6 16 8:00 

Sequence 26 31P muscle 

dynamic  

Acquisition, 

3 NSA 

31P PA 

 

on/on 5 0.10 3 32 8:00 

https://en.wikipedia.org/wiki/Netherlands
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2.3.5.3 Post-processing 

Real parts of metabolite peaks were fitted with a Voigt curve (Gaussian character 90%) using an 

iterative non-linear least-square algorithm13. Linewidths of the resonances of each ATP phosphate were 

assumed to be equal. The baseline was estimated using a polynomial curve (using 11 terms for brain 

and four for muscle). 

 

2.3.5.4 Resulting parameters 

Parameters relating to peak SNR, peak linewidth (i.e. the distance on the x-axis in ppm of a peak 

calculated at its half-maximum height), fitted metabolite areas, and metabolite area ratios resulted from 

the abovementioned analysis. In the experiments in 2.4.1.6, four voxels were contained within the 

volume of each phantom, and data reported as their amplitude mean. 

Image SNR of Rapid coil one was calculated as mean signal intensity divided by SD of signal intensity 

(Dietrich, Raya et al. 2007). It was not necessary to calculate image SNR for Rapid coil two as spectral 

SNR was deemed to be appropriate. 

Contrast to noise ratio of T1-weighted volumetric images was calculated as: (mean white matter signal 

intensity - mean grey matter signal intensity) / noise SD. Sampling of relevant grey and white matter 

was carried out as depicted below for all T1-weighted volumetric images. All images were sampled in 

the same location using same sampling volume with two regions of interests placed bilaterally outside 

the brain and four regions over paracentral lobules: two in grey matter and two in white matter as 

illustrated in figure below 

  

 
13 To improve robustness of the fit, the software assumes that peaks have a pre-determined shape. In this specific 

case, a Voigt curve was chosen (i.e. a curve that has both Gaussian and broader Lorentzian curve components).  
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Figure 2.1 An illustration of sampling of signal intensities and standard deviations from T1-weighted anatomical images. 

All T1-weighted volumetrics were assessed as above maintaining the locations sampled constant. Coronal orientation at the 

level of the cerebellar vermis/fourth ventricle was used and paracentral lobule sampled bilaterally for white and grey matter. 

 

Coefficients of variability (CV) were calculated as SD/mean and reported as percentages. 

Data in this chapter were reported to the first decimal point, except for linewidths to two decimal points, 

as this was the precision of the measurements returned by the Philips software. 

 

2.3.6 Measurements and gauging of force of contraction 

To conduct dynamic 31P-MRS measurements, it was necessary to gauge force of contraction in the MRI 

scanner. In addition, an objective clinical measurement or muscle power was required in MND patients, 

as one of the main features of disease is muscle weakness. Hence the following protocol was developed. 

Prior to every experiment, volunteers were carefully trained and all performed at least one practice test. 

They were instructed to do their best but, should they feel that the effort or weight applied was too much 

for them, they could stop the contraction at any time. This did not occur in any of the experiments 

conducted. 

Firstly, objective measurements of muscle force were conducted in a dedicated room outside the 

scanner. Maximal voluntary isometric contraction (MVIC) of tibialis anterior was assessed by asking 
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participants to dorsiflex their ankle using their maximal strength against resistance. Measurements were 

conducted using both a hand-held dynamometer (MicroFET 2, Hoggan Scientific LLC, Salt Lake City, 

UT, USA) and a fixed myometry system (Quantitative Muscle Strength Assessment – QMA, Aeverl 

Medical, Gainesville, GA). The latter apparatus was attached to a fixed frame using a dedicated foot 

pedal and straps. With each device, three measurements, each lasting five seconds, were conducted and 

the best of three was taken as MVIC. Importantly, the QMA apparatus returns a force-time curve 

measurement which clearly showed a “ramp time” i.e. the time taken for the muscle to initiate 

contraction from zero to maximal force. Ramp time was approximately one second, hence, for 

consistency MVIC was calculated from the average of the last four seconds. 

Secondly, once MVIC measurements were established, the same measurement set-up was replicated in 

the MRI scanner: the participant in the bore used the same MR-compatible foot pedal and straps and 

maximal care was taken to ensure body position from the preceding QMA experiments was the same, 

including using an MR-compatible spirit level to ensure that angle of straps were the same (i.e. parallel 

to the floor). A load equivalent to participants’ MVIC was applied as well as loads which were a 

proportion to a fourth and half of measured MVIC.  

For the dynamic 31P-MRS experiments, following a two-minute baseline acquisition, volunteers were 

cued in to dorsiflex their ankle and hold the applied weight. This isometric muscle contraction lasted 

for one minute in one experiment and two minutes in another two experiments, then participants were 

instructed to relax and acquisition continued until the end of the sequence (for four and five extra 

minutes, respectively) to measure recovery parameters. Different contraction times (one or two minutes) 

were tested to characterise the kinetics of any metabolite changes. The author was present in the MR 

room during all dynamic muscle acquisitions to release and take the weight at the beginning and end of 

muscle contraction and to ensure optimal performance of the protocol, which was appropriately 

performed by all participants. 

 

2.4 RESULTS 

In order to provide a logical explanation of the sequence of experiments performed. it has been 

necessary to introduce elements of discussion and reiterate some methodological points throughout this 

results section. The discussion will focus on the overall conclusions of the experiments. 
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2.4.1 Experiments conducted to optimise cranial protocol 

2.4.1.1 Radio frequency pulse calibration of Rapid coil one 

Figure 2.2 shows spectra acquired to calibrate RF of Rapid coil one (Sphere B, sequence 1). No signal 

was recorded in spectrum 1.16 (red box) which, therefore, corresponds to a 180˚ flip angle (FA). The 

maximum of the curve was at spectrum 1.7 which, provided that the experiment was conducted in 

conditions of full longitudinal relaxation, corresponds to a 90˚ FA. 

 

Figure 2.2 Radiofrequency pulse calibration of Rapid coil one.  

Each spectrum here depicted is acquired at a different and incrementing flip angle (FA – shown on x-axis). Variations of FA 

are responsible for the differences in detected signal intensity. Spectrum 1.16 corresponds to the minimum, and, thus to a FA 

of 180˚ whereas 1.7 represents the maximum (90˚ FA). 

 

2.4.1.2 Rapid coil one: spectroscopic and image signal to noise measurement  

The SNR of Rapid coil one was first assessed in phantoms and then in in vivo experiments. 

Spectral SNR, as measured on Sphere B using sequence 5, was calculated to be approximately 19.3 

(Figure 2.3). In this case, the SNR was deemed to be abnormally low (approximately a third of expected) 

for a phantom containing high concentrations of phosphorus. 
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Figure 2.3 Spectrum acquired from Sphere B containing methylphosphonic acid.  

The compound, which produces quadruplet (i.e. four peaks) due to scalar coupling, is centred at 32.5 ppm. The yellow line 

represents the actual spectrum, the blue line is the best fit according to SpectroView, and the red line depicts the estimate of 

the baseline. The x-axis illustrates the chemical shift in ppm, and the y-axis the signal amplitude in arbitrary units. 

 

Image SNR (i.e, based on standard anatomical MRI and, hence, on proton signal) was estimated using 

a 85% H3PO4 phantom using sequence 17, and the experiment was repeated ten times. The resulting 

mean and SD of both phantom and loading containers are reported in Table 2.5. As in the experiment 

above, results were deemed suboptimal in terms of measured SNR. 

Table 2.5 Mean signal to noise ratio (SNR) and standard deviations of H3PO4 phantom and loading containers.  

The imaging sequence was repeated ten times. 

 Mean SNR Standard deviation of SNR 

Methylphosphonic acid  32.1 7.2 

Loading containers 15.4 5.1 

 

Results of in vivo acquisitions using Rapid coil one are depicted in Figure 2.4 to Figure 2.6. A spectrum 

could only be resolved using a PA sequence (sequence 6, Figure 2.4), whereas no signal could be 

detected in any of the SV (Figure 2.5) or 2D CSI (Figure 2.6) acquisitions. In an attempt to increase 

SNR, three SV acquisitions were tested: two employing different numbers of signals averages (NSA), 

64 in sequence 7 and 128 in sequence 8, and a further acquisition with increased voxel dimensions 

(sequence 9). 2D CSI sequences with both short and long TEs (sequences 13 and 14) were also tested. 

On the basis of these experiments, Rapid coil one was deemed not appropriate for reliable 31P-MRS 

measurements in vivo: a fault with the pre-amplifier was subsequently identified and the coil was 

substituted with Rapid coil two, which was used in all subsequent experiments. 
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Figure 2.4 A poorly resolved spectrum acquired with Rapid coil one using a pulse acquire sequence.  

The shimming box is bordered in red in the anatomical image. 

 

 

Figure 2.5 A single voxel acquisition from the area framed in red.  

Only white noise could be detected in all single voxel acquisitions with Rapid coil one. 

 

 

Figure 2.6 A 2D chemical shift imaging acquisition illustrating that no phosphorus signal could be detected using Rapid 

coil one.  

The red grid corresponds to areas on which the sequence was applied. The illustrated white noise was derived from the voxel 

depicted in yellow. White noise resulted from all tested 2D-chemical shift imaging sequences tested using Rapid coil one 
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2.4.1.3 Radio frequency pulse calibration of Rapid coil two 

An RF pulse calibration analogous to that conducted for Rapid coil one is illustrated in Figure 2.7. The 

maximal value was recorded for spectrum 1.7 and the minimum was well defined at spectrum 1.16. 

Additional experiments were conducted to assess T1 saturation effects and their impact on the 

calibration curves by conducting a series of acquisitions altering only TR values (sequences two to 

four).  

Decreasing the TR to five seconds (Figure 2.8), caused the peak of the calibration curve to shift to the 

left (at spectrum 1.6) although the minimum remained at spectrum 1.16. This left shift was more 

pronounced for a TR of one second (Figure 2.9) with the maximum at 1.3, whereas the minimum could 

not be associated with an individual spectrum since no signal was recorded between 1.15 and 1.17. 

Prolonging the TR to 20 seconds did not cause a right shift of the curve, but produced the expected 

sinusoidal pattern, as shown in Figure 2.10 where the RF pulse corresponding to 90˚ FA is shown in 

the green rectangle whereas the signal minimum (corresponding to 180˚ FA) is shown in red. 

 

Figure 2.7 Radio frequency pulse calibration of Rapid coil two conducted at a repetition time of ten seconds using sequence 

one. 
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Figure 2.8 Radiofrequency calibration of Rapid coil two conducted at a repetition time of five seconds using sequence two. 

 

 

Figure 2.9 Radiofrequency calibration of Rapid coil two conducted at a repetition time of one second using sequence three. 
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Figure 2.10 Radiofrequency calibration of Rapid coil two conducted at a repetition time of 20 seconds using sequence four. 

The green box shows the spectrum generated by a 90˚ flip angle, whereas the red box indicates the minimum corresponding 

to a flip angle of 180˚. 

 

2.4.1.4 Rapid coil two: signal to noise ratio measurements 

As for the previous coil, SNR for Rapid coil two was assessed first in phantoms and then in vivo. 

SNR of methylphosphonic acid (Sphere B, sequence five) was calculated to be 71.0, approximately 3.5 

times the SNR produced by Rapid coil one using the same phantom and sequence. The resulting 

spectrum is shown in Figure 2.11 which can be compared with Figure 2.3. 

 

 

Figure 2.11 Spectrum acquired from Sphere B using Rapid coil two.  

Visually it appears similar to spectrum in Figure 2.3 except that baseline noise is much less pronounced. The yellow line 

represents the actual spectrum, the blue line is the best fit according to SpectroView, and the red line depicts the estimate of 

the baseline. The x-axis illustrates the chemical shift in ppm, and the y-axis the signal amplitude in arbitrary units. 
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Rapid coil two was tested in vivo using various sequences. Results are detailed here and in the next 

section; all sequences produced well-resolved spectra. In Figure 2.12, a spectrum acquired with 

sequence 6 is illustrated; this is the same sequence displayed in Figure 2.4 as acquired with Rapid coil 

one. For a quantitative comparison, Table 2.6 lists peak SNR of each phosphorus metabolite from the 

two coils’ PA acquisitions. The peak at 0 ppm represents PCr; peaks at -2.5, -8, and -16.5 ppm resolve 

the γ, α, and βATP phosphates, respectively. The γATP peak includes a resonance from βADP, whereas 

the αATP also comprises resonances from αADP, NAD+, and NADH. At approximately 5 ppm, Pi is 

resolved, whereas, PDE and PME are located at 2.5 and 6 ppm, respectively. Linewidths appear broad. 

This is a characteristic of PA sequences because magnetic inhomogeneities, shortening transverse 

relaxation, are more prominent when the entire cranial region is sampled concurrently. Additionally, no 

decoupling (which also improves some of the linewidths) was conducted as this would have increased 

the specific absorption rate, an issue discussed further in later sections. 

 

Figure 2.12 Spectrum acquired in vivo with Rapid coil two using a pulse acquire sequence.  

The red box in the anatomical axial image represents the shimming box. In the lower spectrum, following baseline subtraction, 

resolved peaks are (from left to right): phosphomonoesters (PME), inorganic phosphate (Pi), phosphodiesters (PDE), 

phosphocreatine (PCr), γ adenosine triphosphate (ATP), αATP, and βATP. The spectrum is illustrated in yellow and the best-

fit line is in blue. 
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Table 2.6 Peaks’ signal to noise ratio (SNR) for the spectrum shown in Figure 2.4 (acquired with Rapid coil one) and the 

spectrum shown in Figure 2.12 (acquired with Rapid coil two).  

The same pulse acquire sequence was used in both experiments. Not applicable (NA) indicates that SNR was too low for the 

peaks to be fitted appropriately. Metabolites are listed in the order of frequency the peaks resonate in a typical 31P-MRS 

spectrum, from left to right. 

 SNR Rapid coil one SNR Rapid coil two 

Phosphomonoesters 2.6 19.8 

Inorganic phosphate 3.0 16.2 

Phosphodiesters 2.4 20.8 

Phosphocreatine 6.9 52.2 

γ adenosine triphosphate NA 13.2 

α adenosine triphosphate 2.2 17.2 

β adenosine triphosphate NA 6.6 

 

As spectroscopic SNR of Rapid coil two was deemed sufficient, it was not necessary to assess image 

SNR. 

 

2.4.1.5 Optimisation of acquisition parameters and spectroscopic localisation 

To determine the optimal acquisition parameters and localisation technique to be employed in the final 

protocol, the following sequences were tested and compared on a healthy volunteer: PA (described 

above and illustrated in Figure 2.12), SV with both long and short TR (sequences 10 and 11), 1D CSI 

(sequence 12), and 2D CSI with 2 NSA (sequences 15). A 2D CSI with 4 NSA (sequences 16) was also 

tested on a second volunteer. Representative spectra are shown in Figure 2.13 to Figure 2.16. Table 2.7, 

Table 2.8 and Figure 2.17 compare SNR and linewidth of tested sequences.  

Linewidths for PA were larger compared to all other tested sequences for reasons explained above. In 

addition, linewidths of PDEs acquired with CSI sequences were smaller compared to those in SV. This 

was because heteronuclear decoupling (particularly effective for PMEs and PDEs) was only feasible 

with CSI acquisitions; decoupling improves line shape, as explained in 8.5.2.  

Generally, SNR of SV sequences was markedly reduced compared to CSI. Hence, although βATP and 

PME peaks were visually discernible in all spectra, they could not be fitted accurately by the 

SpectroView software in SV localisations. In addition, shortening TR caused signal to be further 

reduced and the integral of Pi could not be calculated. Notably, signal of γ and αATP peaks was only 

moderately decreased by TR shortening, whereas signal intensity for PCr was diminished to a quarter 

of the value measured with the longer TR acquisition, representing a consequence of T1 relaxation 

effects. Among the CSI sequences, 2D CSI 2 NSA (TR=4 sec) produced the highest spectral SNR, and 

this sequence was chosen for the final brain protocol. Whilst it was expected that the 2D CSI 2 NSA 

would have produced the highest SNR, this was not the case. possibly because the acquisition was 
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substantially longer (32 minutes) and hence likelihood of motion (which reduces SNR) greater. In 

addition, this sequence was tested on a different research participant, so differences in SNR might have 

been influenced by inter-individual variance in anatomy. This result illustrates some of the trade-offs 

that must be considered in optimising MRS sequences; in any case, a half an hour acquisition was 

deemed too lengthy for MND patients to tolerate in combination with other planned scans. 

 

Figure 2.13 Spectrum acquired from the voxel delineated in red using a single voxel technique with long repetition time 

(four seconds).  

The spectrum acquired from the red voxel in the coronal anatomical image is illustrated in yellow. The blue line in the lower 

graph is the best-fit line. Although phosphomonoester and β adenosine triphosphate appear visually fitted, the software could 

not calculate an accurate value for their signal intensities. 
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Figure 2.14 Spectrum acquired from voxel delineated in red using a single voxel technique short repetition time (721 ms). 

The acquisition voxel is shown in red in the coronal anatomical image. The spectrum acquired is illustrated in yellow in the 

upper graph and, following baseline subtraction, in the lower graph. The blue line in the lower graph is the best-fit line. 

Although phosphomonoester (PME), inorganic phosphate (Pi), and β adenosine triphosphate (βATP) appear visually fitted, 

the software could not calculate an accurate value for their signal intensities. Proportions of peak intensities were different 

compared to the spectrum in Figure 2.13 due to T1 weighting and noise is visually more prominent. 
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Figure 2.15 Spectra resulting from 1D chemical shift imaging technique.  

The fitted spectrum was acquired from the voxel in red in the upper image. Signal was detected in the axial plane from regions 

including motor cortex. Spectra are illustrated in yellow. In the lower graph, baseline subtraction was performed and the best-

fit line is depicted in blue. All peaks were well resolved and noise less prominent than in single voxel spectra. 
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Figure 2.16 Spectrum acquired from right motor cortex (voxel in yellow in anatomical image) with 2D chemical shift 

imaging and two signal averages.  

The fitted spectrum was acquired from the voxel in red in the anatomical coronal image. Signal was detected in the axial plane 

from regions including motor cortex. Spectra are illustrated in yellow. In the lower graph, baseline subtraction was performed 

and the best-fit line is depicted in blue. All peaks were well resolved and noise less prominent than in single voxel spectra. 

Although different in terms of calculated signal to noise ratios, doubling the number of signal averages did not appreciably 

change the appearance of the spectrum and these data are not shown. 

 

Table 2.7 Comparison of metabolite signal to noise ratios resulting from tested sequences.  

Sequences used were: pulse acquire (PA), single voxel (SV), and chemical shift imaging (CSI). Not applicable (NA) indicate 

inability of software to fit peaks. Metabolites are listed in the order the peaks resonate in a typical 31P-MRS spectrum, from 

left to right: phosphomonoesters (PME), inorganic phosphate (Pi), phosphodiesters (PDE), phosphocreatine (PCr), γ 

adenosine triphosphate (ATP), αATP, and βATP. NSA=number of signal averages, TR=repetition time. 

   PME Pi PDE PCr γATP αATP βATP 

PA  19.8 16.2 20.8 52.2 13.2 17.2 6.6 

SV long TR NA 2.3 2.9 12.2 2.4 3.3 NA 

SV short TR NA NA 2.0 3.4 2.3 2.8 NA 

1D CSI  2.3 4.7 6.0 20.8 4.5 5.4 2.3 

2D CSI 2 NSA 38.1 32.3 69.2 134.5 31.6 41.3 24.5 

2D CSI 4 NSA 13.4 21.3 25.3 66.1 19.5 20.0 11.8 
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Table 2.8 Comparison of metabolite linewidths (expressed in parts per million or ppm) resulting from tested sequences. 

Sequences used were: pulse acquire (PA), single voxel (SV), and chemical shift imaging (CSI). Not applicable (NA) indicate 

inability of software to fit peaks. Metabolites are listed in the order the peaks resonate in a typical 31P-MRS spectrum, from 

left to right: phosphomonoesters (PME), inorganic phosphate (Pi), phosphodiesters (PDE), phosphocreatine (PCr), γ 

adenosine triphosphate (ATP), αATP, and βATP. NSA=number of signal averages, TR=repetition time. 

 

 

Figure 2.17 Bar chart depicting signal to noise values (SNR) for resolved metabolites across tested acquisition sequences. 

Sequences used were: pulse acquire (PA), single voxel (SV), and chemical shift imaging (CSI). All experiments were conducted 

on the same volunteer with the exception of the 2D CSI NSA=4. The following metabolites are reported: phosphomonoesters 

(PME), inorganic phosphate (Pi), phosphodiesters (PDE), phosphocreatine (PCr), γ adenosine triphosphate (ATP), αATP, 

and βATP. TR: Repetition time. 

 

2.4.1.6 Accuracy of brain spectroscopic measurements 

Phantoms of known incrementing concentration of Pi were scanned to assess whether signal response 

to test objects was linear, in order to estimate sequence accuracy. The optimal sequence selected from 

previous experiments (2D CSI 2 NSA) was assessed. 
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   PME Pi PDE PCr γATP αATP βATP 

PA  1.27 0.97 1.44 0.63 1.03 1.03 1.03 

SV long TR NA 0.24 0.61 0.21 0.51 0.51 NA 

SV short TR NA NA 0.70 0.25 0.49 0.49 NA 

1D CSI  0.31 0.47 0.53 0.29 0.63 0.63 0.63 

2D CSI 2 NSA 0.72 0.38 0.38 0.30 0.72 0.72 0.72 

2D CSI 4 NSA 0.46 0.33 0.33 0.26 0.46 0.46 0.46 
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When all Pi phantoms were scanned concomitantly, only the 50 mM, 100 mM, and 200 mM phantoms’ 

peaks were resolved (Figure 2.18). Lack of signal from low concentration phantoms was interpreted as 

likely due to higher concentration phantoms forcing the dynamic range of the hardware to be wider than 

optimum and causing low signals not to be detected, a process similar in principle to photographic over-

exposure. 

 

Figure 2.18 Image overlaid spectra acquired from five phantoms containing different concentrations of inorganic 

phosphate using 2D chemical shift imaging sequence.  

No peaks were detected from the five mM and ten mM phantoms. 

 

To address this problem, a different experimental design was adopted. Phantoms were scanned 

individually rather than together, starting from five mM and preventing recalibration between 

acquisitions as detailed in the Methods (section 2.3.3). This allowed acquisition of signals from all 

phantoms including resonances at five and ten mM concentrations. The experiment showed an almost 

perfect linear relationship (R2=0.99) between measured signal intensity and phantoms concentrations; 

signal intensity as a function of phantom concentration is plotted in Figure 2.19. This result confirmed 

the accuracy of the technique.  
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Figure 2.19 Signal intensity (SI) of inorganic phosphate (Pi) resonances as a function of Pi concentration.  

A phantom containing water was scanned last as a negative control (zero value). There is a linear relationship between signal 

intensity and metabolite concentrations. 

 

2.4.1.7 An external reference for metabolite quantification 

As discussed in this chapter’s introduction and expanded in 8.6, an external reference phantom can be 

used to help address some of the technical challenges inherent in achieving genuine metabolite 

quantification and was investigated in the next series of experiments. Phantoms containing Pi were 

scanned cranial to two subjects’ heads to explore feasibility as an external reference for absolute 

metabolite quantification. Based on the previous observation that high phantom concentrations widen 

the dynamic range, hampering detection of lower signals, only ten and 50 mM phantoms were tested in 

vivo. 

Figure 2.20 shows results for the two volunteers scanned: one with a 50 mM Pi phantom (image on the 

left) and the other with a ten mM Pi phantom (image on the right), placed above their head. The 2D CSI 

2NSA sequence was used to acquire spectra from both the brain and the phantom. Resolution of brain 

spectra in the experiment with the 50 mM phantom was worse and SNR was consistently decreased 

compared to the ten mM acquisition. In addition, signal from 50 mM phantom was partially detectable 

in voxels outside the container. In experiments using the ten mM phantom, brain spectra were well 

resolved and signal was exclusively measurable from voxels within the phantom. Based on the results 

of these experiments, the ten mM phantom was included in the final protocol. 
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Figure 2.20 Phosphorus spectra overlaid onto a structural T1-weighted MRI image.  

The image on the left shows prominent peaks measured from a 50 mM inorganic phosphate (Pi) phantom located above the 

head, but detectable also in voxels outside the container. Phosphorus signal detected from the brain was relatively decreased 

compared to image on the right in which a 10 mM Pi phantom was used instead, and signal observed exclusively localised 

within the container. 

 

2.4.1.8 T1-weighted volumetric acquisitions 

Inclusion of a T1-weighted volumetric sequence was necessary for image co-registration and to assess 

putative effects of partial volume effects on results, for example possible differential CSF content of 

voxels between patients and controls. Images resulting from the various T1-weighted volumetric 

acquisitions tested are shown in Figure 2.21, and calculated contrast to noise ratios for each volumetric 

image are reported in Figure 2.22 (showing results averaged between right and left sides) and Figure 

2.23 (comparing the right and left sides). Contrast to noise ratio measured on the left side was 

consistently higher than the right. Sequence 18 was chosen for the final protocol based on highest and 

most uniform contrast to noise ratio among the tested acquisitions and because voxels were isotropic, 

which is advantageous for image reconstruction, improving efficiency without losing spatial resolution 

(Edelman, Dunkle et al. 2009). 
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Figure 2.21 Tested T1-weighted volumetric images.  

Image a was acquired with sequence 18 (oversampling=2, FOV=240 mm, TI=1000 ms), image b with sequence 19 (default 

sampling frequency, FOV=240, TI=1000 ms), image c with sequence 20 (FOV=320, TI=1000 ms, matrix reconstruction=320 

mm3), image d with sequence 21 (FOV=320, TI=1000 ms, matrix reconstruction=256 mm3), and image e with sequence 22 

(oversampling=2, FOV=240 mm, TI=1400). All images are shown at the level of the same coronal slice encompassing 

cerebellum, occipital horn of lateral ventricles, inferior and middle occipital gyrus, inferior and superior parietal gyrus, pre-

cuneus, and cingulate gyrus. 

 

 

Figure 2.22 Mean (averaged between right and left side) contrast to noise ratio for T1-weighted volumetric acquisitions 

depicted in Figure 2.21.  

Image a demonstrated the highest contrast to noise ratio.  
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Figure 2.23 Contrast to noise ratio for T1-weighted volumetric acquisitions depicted in Figure 2.21.  

Comparison between right and left side is shown. Contrast to noise ratio measured on the left side was consistently higher 

than the right. 

 

2.4.2 Experiments conducted to optimise muscle protocol 

2.4.2.1 Muscle acquisitions at rest 

A muscle spectrum was acquired from a healthy volunteer using a PA sequence (sequence 24), as 

illustrated below in Figure 2.24. SNR and linewidth of metabolites are reported in Table 2.9. The PA 

spectrum was remarkably superior in terms of resolution and SNR compared to brain acquisitions 

illustrated in previous sections. In contrast to brain, precise anatomical localisation was not considered 

critical for the planned muscle experiments and so further experiments were not performed. This PA 

sequence was included in the final protocol to assess muscle metabolism at rest in MND. 
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Figure 2.24 Spectrum acquired in vivo from ankle dorsiflexors using a pulse acquire sequence (A).  

The red box in B represents the shimming box. The spectrum is illustrated in yellow, best-fit line in blue, and baseline estimate 

(already subtracted from results) in purple. Resolved peaks (from left to right): phosphomonoesters (PME), inorganic 

phosphate (Pi), phosphodiesters (PDE), phosphocreatine (PCr), γ adenosine triphosphate (ATP), αATP, and βATP. 

 

Table 2.9 Peak signal to noise ratios (SNR) for spectrum shown in Figure 2.24 acquired from skeletal muscle with the coil 

located over the proximal anterior compartment of the lower leg.  

A pulse acquire sequence was used. Metabolites are listed in the order the peaks resonate in a typical 31P-MRS spectrum, from 

left to right. Linewidth is expressed in parts per million (ppm). NAD(P)++NAD(P)H represent reduced and oxidised 

nicotinamide adenine dinucleotide, respectively. 

 

An initial dynamic acquisition with sequence 25 was conducted at rest, which resulted in 16 spectra (6 

NSA), each representing a 30 second time-bin, shown in Figure 2.25. Pi, PDE, PCr, ATPs, as well as 

NAD(P)+ + NAD(P)H (denoted DN for dinucleotides in SpectroView and in the image below) all 

exhibited excellent resolution and SNR. PME peaks could not be fitted by SpectroView, but this was 

expected since concentrations of PMEs are extremely low in healthy individuals in muscle. 

  

 Muscle SNR Muscle linewidth (ppm) 

Phosphomonoesters 4.4 0.48 

Inorganic phosphate 33.2 0.44 

Phosphodiesters 18.2 0.20 

Phosphocreatine 292.6 0.36 

γ adenosine triphosphate 30.2 0.46 

α adenosine triphosphate 33.0 0.46 

NAD(P)++NAD(P)H 13.9 0.36 

β adenosine triphosphate 18.2 0.46 
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Figure 2.25 Phosphorus spectra acquired from the anterior compartment of the leg.  

The dynamic series is illustrated in the upper graph. In the anatomical image, the red square indicates the shimming box. In 

C, the yellow line represents the spectrum following baseline subtraction, in blue is the best-fit line. Each spectrum was 

acquired over a 30-second period and the sequence depicted lasted eight minutes in total. No contraction was performed hence 

signal intensity did not vary over time. The phosphorus spectrum in muscle is analogous to brain spectra with the exception 

that phosphomonoester peak is very low and was not fitted.  

 

Table 2.10 lists means, SDs, and CVs for metabolite ratios for spectra acquired during the sequence 

depicted in Figure 2.25. The CVs reported were derived from measurements on the 16 spectra shown 

above and are an indicator of measurement stability over time rather than reproducibility of the 

technique. Notably, CVs for brain were included in the next chapter where reproducibility data are 

reported.  
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Table 2.10 Means, standard deviations, and coefficients of variation (expressed as percentages) for metabolite area for 

spectra acquired during the sequence depicted in Figure 2.25. 

 

 

2.4.2.2 Exercise muscle acquisitions 

Figure 2.26 shows spectra resulting from a dynamic scan acquisition (sequence 25) during which the 

subject performed isometric exercise, contracting muscles of the anterior compartment of the leg against 

a static load calculated to represent half their MVIC for one minute. The load was determined by QMA 

fixed myometry and implemented within the scanner by means of an MR-compatible pulley system. 

Following a two-minute rest period, muscle contraction caused PCr to drop and Pi to increase (spectra 

1.5 and 1.6). When contraction ceased, PCr and Pi recovered to their initial values. Example spectra at 

rest and at the end of muscle contraction are also illustrated. 

  

 Mean (± standard deviation) Coefficients of variability (%) 

Phosphomonoesters NA NA 

Inorganic phosphate 11.16 (±1.96) 17.54 

Phosphodiesters 3.76 (±2.01) 53.45 

Phosphocreatine 143.62 (±5.20) 3.62 

γ adenosine triphosphate 38.20 (±3.17) 8.30 

α adenosine triphosphate 26.67 (±1.69) 6.33 

NAD++NADH 6.16 (±0.82) 13.29 

β adenosine triphosphate 15.03 (±0.92) 6.16 
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Figure 2.26 Dynamic muscle spectroscopy at half maximal voluntary isometric contraction with 30-second time bins 

(sequence 25).  

The dynamic series is illustrated in the top panel. The subject was at rest for initial two minutes (four bins), ankle dorsiflexed 

for one minute (two bins), and rested for the subsequent five minutes (ten bins). The drop in phosphocreatine (PCr) on 

contraction, followed by an increase towards baseline on recovery is evident. In the bottom two panels, full spectra are 

illustrated. During muscle contraction PCr decreased whilst inorganic phosphate (Pi) increased (panel B, spectrum 1.6) 

compared to a spectrum acquired at rest (panel A, spectrum 1.3). 

 

Figure 2.27 shows results of a third scan in which the number of averages was reduced to three and the 

number of acquired spectra was doubled to 32 (sequence 26). These sequence modifications were 

performed to assess the effect of improving temporal resolution to 15-second bins without increasing 

scan time. A consequence of diminishing the number of averages is a loss of spectral resolution. 

Nonetheless, the spectra acquired with sequence 26 were deemed sufficiently well resolved and no 

issues with peak fitting software were evident. Another difference in the acquisition below was that 

research participant was asked to sustain contraction for two minutes as opposed to one, in order to 
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assess kinetics of parameter changes, and specifically whether metabolites kept changing after one-

minute contraction. 

 

 

 

Figure 2.27 Dynamic muscle series with increased time resolution (15 seconds) at half maximal voluntary contraction.  

Effects of improving time resolution by increasing the number of acquired spectra per unit time: each spectrum depicted was 

acquired over a 15-second time period. Spectral resolution was considered sufficient for analysis with SpectroView. 

 

In the previously reported experiment, the subject exerted a force corresponding to half the MVIC. In 

order to assess the effect of participant effort, the dynamic protocol was repeated with the subject 

performing contraction at a quarter of MVIC; results are depicted in Figure 2.28. Visually, the PCr drop 

is reduced compared to Figure 2.27. This difference is quantified in Figure 2.29. 
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Figure 2.28 Dynamic muscle time series at quarter of maximal voluntary isometric contraction (MVIC). 

Experimental parameters were as in Figure 2.27 with the exception that subject’s exerted force was a quarter of measured 

MVIC. This resulted in a smaller drop in PCr compared to half MVIC dynamic sequences. 

 

In Figure 2.29, quantification of PCr/Pi changes detected over time when subject exerted half MVIC 

(blue line) and a quarter MVIC (red line) are compared. The ratio doubled when a quarter of MVIC was 

exerted, whereas it almost tripled at half MVIC, showing that magnitude of metabolite variation was 

proportional to the force of contraction. The experiment also showed that changes in metabolites 

plateaued within the first minute of contraction, indicating that one-minute exercise was sufficient 

duration in the final protocol. 
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Figure 2.29 Variations of inorganic phosphate to phosphocreatine ratio (Pi/PCr) over time when contractions at half and 

quarter maximal voluntary isometric contraction (MVIC) were performed.  

During an initial resting period, the ratio was approximately 0.1. As contraction was exerted (minute two) PCr levels reduced 

as phosphates were provided to adenosine diphosphate (ADP) to synthesise adenosine triphosphate (ATP) and Pi increased 

as the result of ATP hydrolysis. At minute four, muscle contraction ceased and the measured parameters gradually returned 

to baseline values. 

 

The signal resulting from other metabolites did not vary during muscle contraction with the exception 

of γATP and NADH+NAD+ (DN peak). The amplitude of these latter peaks fluctuated slightly during 

both half and quarter MVIC protocols, but change was not clearly proportional to contractile force. 

Figure 2.30 depicts changes of γATP/DN ratios during exercise protocols. This phenomenon has not 

been previously reported in the literature and the significance of these variations is yet to be determined. 
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Figure 2.30 Adenosine triphosphate to di-nucleotides ratio (γATP/DN) variation over time upon muscle contraction. 

Muscle contraction was exerted at half and quarter of participant’s maximal voluntary isometric contraction force (MVIC). 

Exercise started at minute two and ceased at minute four. 

 

2.5 DISCUSSION 

The goal of the experiments conducted in this chapter was to achieve maximal SNR, appropriate spatial 

localisation to regions of interest in brain, and optimise acquisitions in resting and dynamic muscle data.  

 

2.5.1 Rapid coil one 

Initial experiments aimed at acquired brain spectra using Rapid coil one did not produce expected 

results. Spectra could not be resolved by any sequence, with the exception of the PA acquisition that 

produced a spectrum characterised by a very low SNR. Loading containers and phantom image SNR 

were also deemed to be abnormally low. The lack of detectable signal of appropriate intensity was 

subsequently identified to be caused by a defect in the pre-amplifier and Rapid coil one was 

substituted with Rapid coil two. 

 

2.5.2 Rapid coil two: calibration 

Initial experiments employing Rapid coil two were conducted to illustrate effects of T1 relaxation on 

the RF calibration curve. The theoretical framework necessary to understand the paragraphs below is 

detailed in 8.4). More specifically, a TR that does not allow full longitudinal relaxation (i.e. TR < 5T1)14 

causes signal intensity to be affected by T1 saturation effects. The magnitude of the transverse 

magnetisation vector is proportional to M0sinβ and so is the signal intensity. In RF calibration, FA (β) 

 
14 Longitudinal relaxation is considered complete once a time of ≥ 5T1 has elapsed. 
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is altered while M0 is maintained constant by employing a sufficiently long TR. Conversely, if 

longitudinal relaxation is not complete (i.e. a short TR is used) M0 decreases by a factor proportional to 

1-e-TR/T1 causing signal intensity variations not to be solely dependent on β. The practical consequence 

is that decreasing TR to <5T1 caused the calibration curve to be skewed to the left whereas, when 

increased, the curve remained symmetrical. 

These experiments also illustrated that, in RF calibration, zero values can always (as long as they are 

well defined) be used to assign an appropriate value to the 180˚ FA since they are independent of TR 

length (because M0sin(180˚)=0). On the other hand, if maxima are used, then a TR≥ 5T1 must be 

employed to avoid underestimation of RF length (or power) as maxima tend towards shorter FA as TR 

diminishes. Another cause of a skewed calibration curve is non-linearity of the RF amplifier output, 

which was not the case in these experiments as the calibration curve became symmetrical when 

increasing TR. 

 

2.5.3 Optimisation of acquisition parameters and spatial localisation 

Both SV and multi-voxel localisation techniques were tested to choose an optimal localisation sequence 

for the final study protocol. 

 

2.5.3.1 Single voxel acquisitions at varying repetition times: T1 saturation effects in in vivo spectra. 

Short (721 ms) and long (4 s) TR SV acquisitions were compared. In vivo, in the short TR spectra, there 

was incomplete longitudinal relaxation manifested as a relatively greater reduction of signal intensity 

of longer-T1 metabolites (such as PCr and Pi) compared to short-T1 metabolites (such as ATP). This 

effect was apparent considering that, in the short TR acquisition, signal intensity of ATP peaks was 

almost unchanged compared to the long TR, whereas PCr decreased to about a quarter of the long TR 

spectrum. Notably, in the short TR sequences, signal intensity of Pi was reduced to such an extent that 

its resonance could not be discriminated from noise by the peak-fitting software. 

There is considerable heterogeneity of sequences employed in MRS research, and both long and short 

TR acquisitions have been applied in published 31P-MRS studies (Hattingen, Magerkurth et al. 2009, 

Weiduschat, Mao et al. 2015). Long TR acquisitions have the advantage that measured signal intensity 

is relatively independent of T1 saturation effects, but at the expense of relatively longer scan times. At 

shorter TR acquisitions, it can be impossible to discriminate whether measured differences are due to 

genuine variation in metabolite concentrations or T1 saturation effects. Theoretically, it is possible to 

correct for these effects, either by measuring T1 directly in participants or by using values reported in 

the literature (Ren, Sherry et al. 2015). However, literature values are typically measured in healthy 

volunteers, and may not be applicable to patients in whom pathological cellular changes are also likely 
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to alter nuclear relaxation properties. On the other hand, direct measurement of T1 relaxation constants 

again significantly adds to scan times. To avoid the need to correct for undesirable T1 saturation effects, 

a long TR acquisition was chosen for the final protocol as a pragmatic solution.  

 

2.5.3.2 Chemical Shift Imaging: varying dimensions, number of signal averages, and discussion on 

chemical shift artefact 

There was a substantial improvement in SNR when using CSI sequences compared to SV ones, likely 

because Nuclear Overhauser Effect (NOE)15, could be used in the multi-voxel scans but not in the SV 

acquisitions. This was due to concerns over excessive power deposition to tissues (the specific 

absorption rate) which would have exceeded safety limits in SV acquisitions.  

Among the CSI sequences tested (1D CSI, 2D CSI with 2 NSA, and 2D CSI with 4 NSA), spectra 

acquired with 2D CSI 2 NSA were undoubtedly superior in terms of SNR. This was an expected finding 

when comparing 2D to 1D CSI: in the latter, localisation is achieved following summation of two 

signals whereas, in 2D CSI, summation of four FIDs is necessary (see section 8.8 – addition of signals 

has a denoising effect).  

Comparison of 2D CSI 2 NSA and 2D CSI 4 NSA produced unexpected results. When all other 

conditions are unchanged, doubling NSA should, theoretically, improve SNR, but this was found to be 

consistently lower in all 2D CSI 4 NSA spectra. Notably, the two sequences were not acquired in the 

same subject (because of limited length of individual scanning sessions and unavailability of the initial 

research participant for a follow-up scan session); SNR may vary between individuals in in vivo 

acquisitions. Nonetheless the extent of decrease was substantial and unanticipated. It is therefore 

possible that subject movement may have contributed. Motion artefacts can be easily detectable in 

standard MRI, but they are not directly visible in MRS and manifest only as a decrease in SNR (Kreis 

2004). Unfortunately, we were unable to test this hypothesis because no structural imaging or localisers 

after the MRS acquisition were obtained, hence direct estimation of participant motion during MRS 

acquisition was not possible. Hence, it was decided against the use of 2D CSI 4 NSA because it was 

deemed to be an overly lengthy sequence (over 30 minutes) and, besides increasing the risk of 

participants’ motion, it was unlikely to be well tolerated by MND patients, who have specific symptoms 

(e.g. sialorrhoea, orthopnoea) that can make prolonged sequences problematic.  

 
15 An effect related to dipolar coupling in which saturation of a population of nuclei enhances (or diminishes) the 

signal of another population of nuclei. It is used in analytical chemistry to elucidate structure of molecules and, 

in this case, to improve SNR of spectra. Of note, it requires irradiating nuclei to saturate them causing an increase 

in the specific absorption rate and was, hence, not possible in some sequences. 
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Ultimately, the 2D CSI 2 NSA sequence was chosen for the final protocol because it enabled 

concomitant acquisition of spectra from all cerebral motor regions of interests in an acceptable scanning 

time (15 min) and produced good SNR spectra. 

In this work, it was not possible to experimentally correct for chemical shift displacement artefact 

although we did consider its potential impact. Chemical shift displacement artefact occurs when 

compounds that resonate at different frequencies do not localise to the same location in space, but have 

an offset relatively to each other. The formula for calculating this displacement is: Δx = Δω*Vx/max ω 

= Δω/γ*Gx. Where Δx is the displacement in a direction “x” subjected to gradient encoding, Δω is the 

chemical shift between two metabolites of interest (in Hz), Vx is the voxel size in the x dimension, max 

ω is the spectral bandwidth of the RF pulse, γ is the gyromagnetic ratio, and Gx is the gradient in the x 

direction. The formula above can be understood and derived from equations described in the appendix. 

In this thesis, the localisation sequence that was ultimately used caused a displacement artefact only in 

the anterior-posterior dimension. This could have been corrected by acquiring spectroscopic slices 

immediately anterior and posterior to the one utilised and interpolate results. Another possibility could 

have been to repeat the 2D-CSI acquisition inverting the gradient along the z axis, and again interpolate 

spectroscopic results. Both these options would have increased scan time substantially, which was 

deemed unfeasible for the patient population studied. The extent of the displacement was, nonetheless, 

calculated and was considered to be negligible. This is illustrated in the figure below. In addition, this 

artefact does not cause a systematic error affecting putative group level changes. 

 

 

Figure 2.31 Axial, coronal, and sagittal anatomical images of a healthy volunteer with superimposed spectroscopic slice 

(red) and calculated putative chemical shift artefact for PME (in white) which is found at the far right end of the spectrum 

(i.e. most prone to this artefact). Notably, the artefact does not occur on the coronal plane as this is phase encoded, whereas 

it only takes place in the anterior-posterior direction. 

 

2.5.4 Experimental accuracy and phantom for external reference 

Linear dependency of signal intensity of metabolite concentration was excellent, offering some 

reassurance on accuracy of the technique. Experiments also illustrated the importance of using a 

phantom of concentration comparable to metabolites in vivo to avoid expanding the dynamic range of 
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the hardware resulting in failure of detection of lower concentrations. On this basis, the ten mM 

phantom was included as external reference in the final protocol. 

 

2.5.5 T1-weighted volumetric acquisitions 

A T1-weighted volumetric image was added to the protocol with a view to spectral co-registration and 

white matter, grey matter, and CSF segmentation, to assess partial volume effects. To maximise T1 

contrast, an inversion recovery sequence characterised by a relatively long inversion time (TI=1000 ms) 

was chosen and different sampling frequencies, field of view (FOV), and reconstruction matrices were 

tested. 

Oversampling was employed to achieve a denoising effect. This was the reason for the substantially 

improved contrast to noise ratio in Figure 2.21 a, c, d, and e (which were acquired with an oversampling 

factor of 2) compared to image b (the only volumetric image acquired with standard oversampling). Of 

the various parameters tested, increasing sampling rate had the most prominent effect on SNR. 

Although signal was markedly increased by increasing FOV (Figure 2.21 d), there was a visually 

evident loss of spatial resolution associated with relatively larger voxel size. Interestingly, contrast to 

noise ratio was variable across brain regions (Figure 2.23) and was higher in regions of interests on the 

left compared to the right. 

To improve the spatial resolution of Figure 2.21 d, the reconstructed matrix size was increased (Figure 

2.21 c). This caused signal to slightly decrease and, with it, the contrast to noise ratio dropped to values 

slightly lower than those measured in Figure 2.21 d. 

Prolongation of TI from 1000 ms to 1400 ms to acquire Figure 2.21 e slightly reduced contrast to noise 

ratio, possibly because, for a given TE and TR, there is a TI length that produces optimal T1 contrast, 

which decreases if TI is changed. 

The image that produced the best contrast to noise ratio (Figure 2.21 a) was selected for the final 

protocol. This choice was also based on the fact that voxels in Figure 2.21 a were near isotropic, a 

desirable feature when reconstructing and segmenting high-resolution images (Edelman, Dunkle et al. 

2009). 

 

2.5.6 Optimisation of muscle 31P-MRS 

The PA sequence in muscle was included in the final protocol to provide information on resting status 

of muscle metabolites. The quality of spectra from muscle PA was far superior to brain PA sequences. 

This is likely because: 1) a surface coil placed in close proximity to the region of interest was employed; 

2) muscle contains significantly larger concentrations of ATP and PCr compared to brain; ATP 
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concentration is approximately 3 mM in brain and 8 mM in muscle, whilst PCr has a concentration of 

3 mM in neural tissue and 11 mM in myocytes (Thulborn and Atkinson 2014); 3) decoupling and NOE, 

which improve line shape and SNR, respectively, were included in the PA sequence in muscle, but not 

in brain. This is because they would have increased the specific absorption rate to unsafe levels in brain; 

4) the muscle sequence comprised 32 NSA whereas the brain PA sequence comprised 4 NSA. 

For the purpose of protocol set up of dynamic exercise studies, it was first essential to ensure that force 

exerted within bore of the magnet was directly proportional to each individual’s MVIC, for two main 

reasons. Firstly, experiments performed at submaximal contraction provide information on 

mitochondrial oxidative capacity (as explained in chapter one, section three), whereas experiments at 

stronger contraction are more informative on changes associated with muscle fatigability. Secondly, 

considering that the cardinal feature of MND is muscle weakness, ensuring that all participants 

performed the exercise at a proportion of their own MVIC addressed a potential systematic bias. To 

gauge force of contraction, MVIC was first measured in healthy controls in a dedicated room using a 

hand-held dynamometer. Following the observation that, on a number of occasions, the volunteers’ 

force of contraction exceeded that of the researcher, it was decided to employ the QMA fixed myometry 

system, which is independent of operator force, unlike hand-held dynamometry. 

A dynamic exercise protocol was developed which enabled assessment of variation in phosphorus 

metabolites during muscular contraction. The anterior compartment of the leg was selected as tibialis 

anterior has been shown to be affected consistently in MND patients (Pierry, Alix et al. 2017). Particular 

care was taken to optimise temporal resolution (four spectra per minute) while still maintaining a 

manageable scan time for participants and good quality spectra. A one-minute contraction (instead of 

two minutes) was chosen as results showed that, after one minute, no further significant changes in PCr 

and Pi occurred. In addition, time of recovery acquisition was decreased to three minutes (for a total 

dynamic sequence acquisition time of six minutes), as metabolites returned to baseline and remained 

stable within this time frame. Dynamic protocols showed that contraction-induced PCr and Pi changes 

were proportional to force exerted by ankle dorsiflexors and, hence, that the pulley system was capable 

of appropriately gauging contractile force. For the final protocol, a third of MVIC was to balance the 

relative benefits of the half and quarter MVIC experiments and considering previous literature that 

suggested a decreased PCr decrement in patients at 25% MVIC which may have affected appropriate 

fitting of recovery constants (Grehl, Fischer et al. 2007). Thirty percent MVIC is still low enough not 

to induce substantial pH changes but, given these data, was judged to slightly increase the likelihood of 

detecting PCr changes in patients, compared to 25% MVIC. PCr and Pi dynamics can be particularly 

informative since they are indirect indicators of muscular oxidative capacity and they were assessed in 

the patient group as detailed in following chapters.  



108 

 

As detailed in chapter one, previous studies which have applied 31P-MRS to muscle in MND have not 

demonstrated clear disease-related changes, but none have assessed the muscle metabolic phenotype 

concurrently with the brain and carefully gauging contraction force. Additionally, we aim to determine 

whether DN concentration is altered in patients’ muscles; the peak has been only recently discovered 

representative of NADH and NAD+ (Lu, Zhu et al. 2016) and no study conducted to date in MND has 

measured the concentrations of these two metabolites. Results are reported in chapter four. Another 

observation from dynamic data was that γATP/DN changed during muscle contraction, a new finding 

not previously reported in the literature. This finding could be due to increasing energy demand leading 

to increased flux through the ETC requiring more reducing equivalents (NADH) to maintain stable ATP 

concentrations, although this hypothesis needs corroboration in future studies. 

 

2.6 CONCLUSIONS 

In summary, an optimised 31P-MRS protocol to assess brain and muscle phosphorus metabolites in 

MND patients was established. The final protocol included a long-TR 2D CSI sequence with 2 NSA 

lasting 16 minutes, a T1-weighted volumetric image (voxel size=1.00/1.08/1.00 mm, oversampling=2, 

FOV=240 mm, TI=1000 ms), a T2-weighted acquisition used to position the spectroscopic grid, one PA 

muscle sequence at rest, and two muscle dynamic sequences each lasting six minutes with bin duration 

of 15 seconds, during which subjects exerted one third submaximal and maximal contractile forces. A 

ten mM phantom was chosen as an external reference for metabolite quantification of spectra acquired 

from primary motor cortex and motor tracts. In the next chapter, methodological considerations in 

relation to spectroscopic pre- and post-processing will be discussed, and an optimised processing 

protocol developed. 
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3. CHAPTER 3:                                                                                     

31-PHOSPHORUS MAGNETIC RESONANCE 

SPECTROSCOPY: DATA PROCESSING AND 

PRECISION 

This chapter concludes reporting on spectroscopic protocol development and includes data on precision 

of the technique. 

The initial sections of the introduction are dedicated to 31P-MRS data processing. The main 

spectroscopic analysis steps are described and divided into pre-processing (phasing, frequency shifting, 

and denoising) and post-processing (peak-fitting, resonance integration, baseline estimation, 

quantification of parameters, correction for relaxation effects, and co-registration of spectroscopic data 

to anatomical images). Each processing stage is defined and described, and experimental data are 

included, whenever necessary, to elucidate concepts and to support the rationale for specific analysis 

choices applied in the final protocol used for clinical experiments. A brief section at the end of the 

introduction presents concepts related to precision.  

Experiments related to characterisation of precision are detailed in methods, results, and discussion 

sections of this chapter. Specifically, whilst developing the analysis protocol, the impact of using 

different fitting algorithms (from different software packages), phasing, (a user-dependent step) and 

apodisation (recommended in some guidelines, but not in others) was assessed in terms of effects on 

reproducibility of brain results. Results of these analyses were used to choose the most reproducible 

post-processing protocol. 

When not otherwise cited, the following sources were used for theoretical treatment of processing steps 

(de Graaf 2007, Keeler 2010) as well as jMRUI technical documentation (available at 

http://www.jmrui.eu/) and SpectroView user documentation available on the Philips’ scanner software. 

 

3.1 INTRODUCTION 

Spectroscopic analysis is conventionally divided into pre-processing and post-processing stages. 

Broadly speaking, pre-processing refers to those analysis steps that are conducted in the time domain 

to maximise spectral quality prior to integration of peaks and calculation of signal intensity. These steps 

include phasing, alignment of signal to desired reference frequency, and denoising steps. Some 

authorities also consider baseline correction to be a pre-processing step (de Graaf 2007), but this is 

debated, and distinction between pre-processing and post-processing is somewhat arbitrary. In this 

http://www.jmrui.eu/
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thesis, baseline correction was included amongst post-processing steps since it is conducted 

concomitantly to integration of resonance areas in both software packages utilised in this experimental 

work: jMRUI and SpectroView. At the post-processing stage, the various resonances are fitted and 

integrated and additional parameters, such as pH and free Mg++ concentration, can also be calculated. 

Fitting can be rendered more robust by specifying starting values and prior knowledge and by ensuring 

optimal baseline estimation. These steps decrease uncertainty and improve reliability of measurements. 

Goodness of fit and maximal accuracy of individual measurements can be characterised by the Cramér-

Rao lower bound (CRLB, defined in 3.1.2.3), which was calculated and reported in this chapter. 

Additional steps following calculation of results include correction for relaxation effects and co-

localisation of spectroscopic signal to anatomical region of interest, which is necessary to determine 

whether the relative proportion of white matter, grey matter, and CSF differs between patients and 

controls in analysed voxels. This is particularly important in case-control studies assessing diseases 

such as MND which may cause brain atrophy (Mezzapesa, Ceccarelli et al. 2007). 

 

3.1.1 Spectroscopic pre-processing 

3.1.1.1 Opening localised spectroscopic data: a note of caution 

Prior to starting analysis, it is important to ensure that 2D spectroscopic data maintain the correct spatial 

orientation (in the case of coronal acquisitions, right to left and head to foot) when opened in the chosen 

analysis software (e.g. jMRUI). Spectroscopic data can be saved in different formats, for instance, the 

Philips MR system used in this thesis allows DICOM (standard or enhanced) and SPAR-SDAT (Philips 

proprietary) formats; both enhanced DICOM and SPAR-SDAT can be read by jMRUI software. To 

determine whether the correct spatial orientation was retained in jMRUI, an additional scan was 

conducted using two phosphorus phantoms (Philips’ Sphere B, containing 524 cc of 30 g/l 

methylphosphonic acid placed in the top left area of FOV and a 450-mL glass container made in-house 

filled with 50 mM Pi and autoclaved for sterility placed in the bottom right corner) as illustrated in the 

figure below. SpectroView was taken as illustrating the correct orientation as this is the Philips’ 

proprietary software for spectroscopic analysis. 
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Figure 3.1 2D Chemical shift imaging (CSI) acquisition of two phantoms containing phosphorus.  

The sequence used is the 2D CSI selected from experiments in chapter two (sequence 15). Sphere B refers to Philips’ Sphere 

B, containing 524 cc of 30 g/l methylphosphonic acid, whereas the area denoted Pi contained a 450-mL glass container made 

in-house filled with 50 mM inorganic phosphate. The two areas labelled “loading” refer to the loading containers (two two-

litre plastic bottles containing five g/l NaCl each, made in-house). The image on the left includes a heatmap (in red and yellow) 

overlaid onto a localiser in coronal orientation. The heatmap depicts signal intensity of peak detected at 32.5 ppm i.e. at the 

resonance frequency of methylphosphonic acid. This is the reason that the area of Sphere B is visualised in yellow whereas 

inorganic phosphate is not visible. Proton signal intensity of the two phosphorus phantoms on the MR image is lower compared 

to loading containers, hence, they are not well delineated on the localiser. The localiser and spectroscopic grid are also 

included (images on top and bottom right, respectively) to aid comparison with spectroscopic data opened in jMRUI in the 

figure below. 

 

Spectroscopic data in enhanced DICOM and SPAR-SDAT formats were then opened in jMRUI as 

illustrated in the figure below. Enhanced DICOM returned the correct spatial orientation matching 

SpectroView, whereas this was not the case for SPAR-SDAT data, which returned a mirror image 

inverted along the head-to-foot direction. This was due to differences in indexing of spectra. To 

minimise risk of inadvertently introducing orientation errors, enhanced DICOM were used for all 

remaining analyses. 
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Figure 3.2 Spatial orientation of 2D chemical shift imaging data opened in jMRUI.  

The acquisition protocol including positioning is detailed in Figure 3.1. A and D illustrate spectroscopic grids resulting from 

opening data in enhanced DICOM and SPAR-SDAT formats, respectively. Heatmaps represent total signal intensity and are 

most prominent in the areas of Sphere B. B and C illustrate spectra resulting from methylphosphonic acid (B) and inorganic 

phosphate (C). Methylphosphonic acid is displayed on the right of the spectrum even though it resonates at 32.5 ppm. This is 

only a consequence of a wrap-around artefact. Inorganic phosphate was present at much lower concentrations than 

methylphosphonic acid, hence the substantially reduced SNR. Line shape of all peaks was poor due difficulties with shimming 

encountered on the day. Spatial localisation of enhanced DICOM was correct and matched SpectroView, whereas SPAR-

SDAT data were inverted along the foot-to-head dimension. All spectra were visually checked and compared to ensure that 

enhanced DICOM opening order corresponded to SpectroView, which was the case. 

 

3.1.1.2 Phasing 

The Fourier transformation of an exponentially decaying cosinusoidal function results in a peak having 

exclusively positive y values. The shape of such a peak is referred to as “absorptive”. Conversely, the 

Fourier transform of a cosinusoidal function shifted in the x-axis and beginning at its minimum results 

in a negative peak. If the function is shifted and neither its maximum nor minimum correspond to the 

first point on the x-axis, the resulting Fourier transform is a biphasic wave having a “dispersive” line 

shape, characterised by both positive and negative components, as illustrated in the top spectrum in 

Figure 3.3. A correctly phased phosphorus spectrum (see bottom-left in the figure below) contains peaks 

of exclusively absorptive line shapes. Dispersive peaks are due to phase errors which can result from 

imperfections of transmitter, receiver, or sequence timing (for instance, suboptimal timing of recording 

of the FID), RF pulses, or other hardware factors (such as analogue to digital converter – ADC – and 

incorrect sampling intervals), or consequent to subject motion and off-resonance effects. These latter 

errors occur when the RF pulse frequency used for excitation of a specific metabolite is not fully on 

resonance with the metabolite’s Larmor frequency. Consequently, the path followed by the metabolite’s 

net magnetisation vector during excitation is more complex causing it to maintain a z component even 

when FA is 90ᵒ (hence signal intensity is diminished) and acquire a phase difference. There are two 

types of phase errors: zeroth- and first-order. Zeroth-order errors affect all frequencies and peaks in the 

same way (i.e. they are not frequency-dependent) and might be due to hardware imperfections or subject 

motion. First-order errors may result from off-resonance effects and depend on frequency; hence, they 

are more prominent for peaks such as βATP, that lie at the extreme ends of the horizontal axis of the 
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resulting spectrum. It is possible to correct such errors and convert dispersive line shapes into absorptive 

ones through zeroth- and first-order phasing. This is a trial-and-error process in which the phase angle 

is adjusted, FID shifted to ensure that maxima correspond to first x-axis point, and line shape improved. 

Phasing may be automated, especially when working with large datasets, but, whenever possible, 

manual input is preferred as this can reduce evident errors, as illustrated in the figure below in which 

manual and automated phasing using jMRUI are compared (own data). The brain spectrum shown was 

acquired from a healthy volunteer using the 2D CSI protocol selected from experiments detailed in 

previous chapter (sequence 15). 

 

Figure 3.3 Manual and automatic phasing of a brain spectrum acquired from white matter in a healthy volunteer (own 

data, acquisition using sequence 15 as detailed in chapter two). 

Phasing was conducted using jMRUI. The spectrum on the top is unphased and line shapes are dispersive with both positive 

and negative components. Such a spectrum would be very challenging to fit automatically as these line shapes are difficult to 

model. The two graphs on the left illustrate manual phasing: zeroth-order (middle-left graph) improves line shape of most 

peaks but the βATP peak (blue circle) is subjected to off-resonance effects and a first-order frequency-dependent phasing 

error, hence it remains negative. This error can be resolved by first-order phasing (lower-left graph), yielding an appropriately 

phased spectrum. The graph on the right illustrates the same spectrum phased using the automated function in jMRUI; this 

automated step did not resolve the phase error of the βATP peak (blue circle) and hence, was not used in subsequent analyses. 

 

Although modern fitting algorithms such as the advanced method for accurate, robust, and efficient 

spectral fitting (AMARES, typically employed in 31P-MRS analyses and included with jMRUI, 

http://www.jmrui.eu) (Vanhamme, van den Boogaart et al. 1997, Naressi, Couturier et al. 2001, Stefan, 

Cesare et al. 2009) are relatively robust to phase variations, incorporating them in their models, phasing 

is still important as large phase errors, such as those in the image above, can lead to improper peak 

integration and consequent inaccurate concentration estimates. This is because a dispersive line shape 

is more difficult to model than an absorptive one, leading to decreased precision of fit and affecting the 

integration step.  

http://www.jmrui.eu/
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Manual phasing was chosen for the remainder of the experiments (based on results such as those shown 

in Figure 3.3), but it was recognised that this added an additional user-dependent step to analysis of 

brain data, with potential to introduce subjectivity. Of note, phasing of muscle spectra was always 

unambiguous. Since phasing is the main user-dependent step of spectroscopic analysis, the impact of 

this step on measurement reliability and agreement was assessed in subsequent experiments on brain 

data (detailed in methods, results, and discussion) to select the optimal spectroscopic analysis software 

and methodology. 

 

3.1.1.3 Frequency shift 

Following phasing, the spectrum is shifted on the x-axis to assign a value of 0 ppm to the PCr peak 

maximum, which is the reference compound in 31P-MRS. Small variations in chemical shift along the 

x-axis can result from B0 drifts (described in appendix). An example of frequency shift is provided in 

the figure below (own data acquired from the deep white matter of a healthy volunteer using sequence 

15, as described in the previous chapter). 

 

Figure 3.4 Illustration of frequency shift of a spectrum to assign a zero ppm chemical shift to phosphocreatine, the 

reference compound in 31P-MRS.  

Spectrum was acquired from white matter in a healthy volunteer using the 2D chemical shift imaging sequence selected 

following protocol optimisation experiments described in previous chapter. 

 

Frequency shift is also a manual step, although it is much less likely to result in inter-operator variability 

than manual phasing. This is because fitting algorithms such as AMARES (and to a lesser extent 

SpectroView) can account well for such minute changes in chemical shift by imposing soft constraints 

to peak frequencies prior to fitting. When a soft constraint on frequency is imposed, the algorithm 

searches for the peak maximum by iterating within the chosen frequency interval. In the analyses 

conducted in this thesis, frequency shift was always unambiguous, and user-dependent bias at this stage 

was excluded as a potential source of variability. 
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3.1.1.4 Denoising 

At the pre-processing stage, it is also possible to denoise the signal. Denoising methods are based on 

the observation that, as the MRS signal decays over time, most of the information of interest is contained 

at the beginning of the FID, whereas latter points comprise primarily noise. 

The most common denoising method is apodisation. This involves multiplying the FID by a smoothing 

function also decaying over time, which results in additional weighting being assigned to points at the 

beginning of the FID, whilst reducing the relative weight of those at the end. In jMRUI, it is possible to 

choose between a Lorentzian (a decaying exponential) and a Gaussian function (which is a half-normal 

curve in the time domain) to perform this process. Apodisation by a decaying function has a denoising 

effect, but it also broadens the linewidth as it causes the MRS signal to decay faster (the Fourier 

transform of a quickly decaying signal returns a broad peak and vice versa). Hence these modifications 

are sometimes defined as “line broadening” and the degree of apodisation is expressed in Hz (i.e. by 

how many hertz the resulting peak is broadened following apodisation). It is also possible to improve 

(i.e. reduce) linewidth by multiplying the FID by a function which increases over time. This is the 

default in SpectroView in which all signals are multiplied both by a decaying exponential, to reduce 

SNR, and an ascending function to improve linewidth. 

Use of apodisation exclusively for illustrative purposes (but without altering the signal prior to fitting) 

is a standard procedure in the field and was performed throughout the experiments in this thesis. 

However, apodisation that alters the signal prior to fitting is controversial. This technique is used in 

analytical chemistry and recommended in recently published muscle spectroscopic guidelines 

(Meyerspeer, Boesch et al. 2020), but strongly discouraged by many authors and in the guidelines 

published for brain analysis (Wilson, Andronesi et al. 2019). Opponents argue that, by enhancing the 

initial points of the FID, apodisation may also affect the information contained in the measurement, 

possibly introducing bias to results. In addition, the AMARES algorithm was especially designed for 

low SNR signals, such as those resulting from 31P-MRS acquisitions, so there might be no need for 

additional denoising. Additional experiments (described in subsequent sections of this chapter) were 

conducted to assess reproducibility and potential bias following apodisation of spectroscopic brain data. 

Of note, muscle data are much less noisy than brain data, hence, apodisation was not required in muscle, 

even for illustrative purposes. 

An alternative means of denoising is to truncate the latter points of the FID (containing primarily noise) 

and replace them with points having intensity values equivalent to zeros, in a process known as 

truncation and zero-filling. This method is generally not recommended as it generates a discontinuous 

function which, following Fourier transformation, results in peaks having smaller waves on each side 

(known as “sync waves”) that may affect quantification. This phenomenon is referred to as a truncation 

artefact. 
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3.1.2 Spectroscopic post-processing 

3.1.2.1 AMARES and peak fitting 

In 31P-MRS, one of the most frequently used fitting algorithms is AMARES, which was developed for 

noisy signals and overlapping resonances and is, hence, particularly apt for phosphorus spectroscopy. 

SpectroView also employs a non-linear least square algorithm which enables modelling of individual 

resonances. Fitting by these non-linear least square algorithms occurs in the time domain and benefits 

from imposition of prior knowledge and additional modelling of phase and frequency variations. For 

instance, in the experiments conducted in this thesis, linewidths were fixed to each other for each ATP 

multiplet, with coupling constants taken to be 18 Hz for brain and 15.6 Hz for muscle and amplitudes 

fixed to a 1:1 ratio for each ATP doublet and to a 1:2:1 for each ATP triplet. In addition, linewidths 

were constrained between 5.0 and 20.0 Hz for PCr and between 5.0 and 30 Hz for all other resonances. 

Values were chosen on the basis of published literature (de Graaf 2007, Hattingen, Magerkurth et al. 

2009), AMARES documentation (http://www.jmrui.eu), and following a process of trial and error to 

select parameters yielding optimal fit. In AMARES, it is also possible to impose prior knowledge to 

each peak’s line shape, either Gaussian or Lorentzian: Lorentzian peaks represent purely exponentially 

decaying signals, whereas Gaussians are more apt for lines broadened by magnetic inhomogeneities. In 

this thesis, both were tested and no substantial difference in fitting results between the two was 

observed. Lorentzian line shapes were employed for all further analyses in this thesis. 

In addition, in SpectroView, there is also the option of using a Voigt curve, which incorporates both 

Lorentzian and Gaussian characters, although its use is controversial as it has been shown to add an 

additional factor to the results that might introduce bias into the data (Stagg 2014).  

Example of fitted spectra are shown in Figure 3.5 B. 

 

3.1.2.2 Baseline estimation 

The broad baseline visible especially in brain spectra is due to phosphorus containing macromolecules 

(Hattingen, Magerkurth et al. 2009). This can be regarded as a broad peak, represented by a rapidly 

decaying signal in the time domain. Therefore, it is possible to estimate the baseline from the initial 

points of the FID. AMARES accounts for this by weighting the initial FID points by a quarter sine 

wave, a procedure resulting in flattening of the baseline16. There is no set number of initial datapoints 

to be taken for this procedure. To optimise the analysis protocol, the first 5, 10, 20, 50, 100, and 200 

 
16 Of note, SpectroView employs a different method for baseline estimation, fitting a polynomial line and the user 

can specify the number of polynomial terms.  

http://www.jmrui.eu/
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points of the FID were each tested, in turn, to assess effects on baseline estimation in two brain spectra 

acquired from deep white matter in a healthy control. Visual assessment of goodness of fit was then 

conducted. When the initial 5 or 10 points were chosen, the baseline was underestimated and 

resonances’ signal intensity overestimated, as illustrated in Figure 3.5, column A. Conversely, when 

baseline was estimated from the initial 50, 100, or 200 points, the baseline appeared overestimated 

whilst resonances’ signal intensity was underestimated, as illustrated in Figure 3.5, column C. Based 

on these experiments, the first 20 points of the FID were chosen (Figure 3.5 B) for the optimised 

spectroscopic analysis protocol; of note, this is also the AMARES pre-set value. This approach was 

chosen to limit user interaction (i.e. arbitrarily altering baseline estimates on a case-by-case basis), 

although does not account for potential individual variations in baseline. An alternative approach would 

have been to adjust baseline estimates for each individual spectrum, but this was considered an 

inherently arbitrary process prone to bias and likely to add substantial operator variability; in addition, 

analysis time would have been substantially increased. 

 

Figure 3.5 Peak fitting results following baseline estimation from initial five points (A-spectra on the left), 20 points (B-

spectra in the middle), and 200 points (C-spectra on the right) of free induction decay (FID).  

The first row illustrates estimated baselines, the second row the individual resonance components, the third row the sum of all 

estimates and the fourth row illustrates the spectrum overlaid onto the estimate. In A, baseline was underestimated leading to 

overestimation of metabolites’ areas (arrows in blue). In C, baseline was overestimated and resonances underestimated (black 

arrows). Results for baseline estimates employing 10, 50, and 100 points are not shown as they were visually undistinguishable 

form results in A (when using 10 datapoints) and in C (when using 50 and 100 datapoints). 

 

3.1.2.3 Resulting parameters: amplitudes, CRLB, pH, and Mg++ 

The procedures described above return the area under the curve, the SD of the fit, linewidth, and 

chemical shift for each spectral peak. 

The peaks’ area under the curve is the main parameter employed in spectroscopic studies (as this is 

proportional to metabolite concentration), although considerable heterogeneity exists in terms of 

quantification methods and parameters reported in 31P-MRS literature. Issues related to quantification 

are detailed in section 8.6: calculated signal intensities must be normalised to account for technical 

factors (expressed as K in equation 8.30) affecting the amplitudes of resonances. In addition, it is also 

possible to calculate metabolite concentrations using an appropriate reference compound of known 
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concentration, as detailed in section 2.5.4. In this thesis, quantification of metabolites was initially 

planned to take place employing the external reference method using a phantom17 scanned at the same 

time as each research participant. For this purpose, experiments detailed in chapter two were conducted 

to optimise concentration within phantom (section 2.4.1.7). Over the course of experiments conducted 

in this chapter, it emerged that signal from the reference phantom placed cranially to the participants’ 

head could not always be resolved. To investigate this, a scan was conducted to assess the sensitivity 

profile of the phosphorus coil. A phantom containing a three-litre bottle filled with the synthetic 

polymer polyalphaolefin (Spectrasyn four, Philips Healthcare, Best, The Netherlands) was scanned 

employing a turbo spin echo sequence (TR=3 s, TE=80 ms, FA=90ᵒ, 33 slices, matrix=0.53x0.53x4.00 

mm3). Total signal intensity per voxel was calculated and displayed as a function of distance from the 

top of the coil. Results are shown in the figure below.  

  

 
17 Ideally two phantoms of different concentrations would have been more apt to create a calibration line, but no 

space for a second phantom was present in the coil. 

https://en.wikipedia.org/wiki/Netherlands
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Figure 3.6 Top panel depicts the Spectrasyn four phantom imaged with turbo spin echo sequence detailed in text above.  

The yellow line marks the area from where voxel values were measured (H: head, i.e. cranial direction, F: foot i.e. caudal 

direction). The graph shows voxel values on the y-axis and position along the yellow line on the x-axis. Maximal signal 

intensities were recorded in areas corresponding to centre of coil (250-350 mm). Signal intensity steeply diminished with 

distance from centre especially after 200 mm of coil and was reduced to almost zero at the coil’s edges. There was no concern 

that this effect would be relevant for acquisition from human brain as it was calculated that, by centring at glabella 

(corresponding to the centre of the brain on sagittal plane) and taking standard brain anthropometric measures (nasion to 

prosthion), it was estimated that the maximal distance between centre of coil and most distal part of medulla would fall within 

7 cm from isocentre i.e. the entire volume of the brain would fall within the high sensitivity area of the coil. 

 

This experiment illustrated that signal intensity was not homogeneous throughout the entire sensitivity 

volume of the coil, but steeply declined at the edges. It is important to note that the above experiment 

illustrates the sensitivity profile of proton-based, rather than 31P-MRS, measurements, and the latter are 

likely to be more homogeneous; adiabatic pulses were used in all phosphorus spectroscopic CSI 

sequences and the characteristic feature of such pulses is generation of homogeneous B1 fields. 

Nonetheless, some inhomogeneities might remain, especially at the edge of the FOV, which is where 

the reference phantom had to be placed. To directly assess the B1 effect, it would have been necessary 

to acquire a B1 map prior to each participant’s spectroscopic acquisition, but this was not possible as it 
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would have rendered acquisition time exceedingly lengthy. Another alternative would have been to use 

an external reference phantom scanned at a separate time and, subsequently, correct for technical factors 

including receiver gain and differences in coil loading. This was not possible as the scanner was no 

longer available for such experiments to the author. Of note, B1 effects are not relevant when using 

ratios acquired from the same spectrum; such effects can be included as part of the “K factor” and, 

hence, cancel each other out in the ratio. Spectroscopic parameters are frequently reported as ratios, and 

this procedure eliminates technical factors such as coil loading (see further theoretical detail in 8.7). 

The advantage is that differences between patients and controls are likely to result from underlying 

biological processes rather than acquisition-related factors. A disadvantage is that this approach does 

not provide an absolute concentration value which could be of use when comparing spectroscopic data 

with alternative modalities, such as, for instance, tissue biopsies. In proton spectroscopy, total creatine 

is often placed at the denominator as this has been shown to be relatively constant in diseases, including 

in MND (as detailed in introduction, section two). Nonetheless, it is not possible to assume a priori that 

any of the metabolites resolved by 31P-MRS are unchanged by pathology, so the choice of reference 

compound is challenging. One option is to assign the sum of all metabolites (i.e. the total phosphorus 

signal) as the denominator, after having ensured that this is not significantly different between patients 

and controls. Data can then be expressed either as a proportion or as a percentage of total signal 

intensity. This latter approach was chosen for the remaining experiments in this thesis as it was 

considered to minimise potential biases and assumptions (Klunk, Xu et al. 1994, de Graaf 2007). 

The AMARES algorithm also returns CRLBs, which is the minimum achievable variance of a given 

estimator. This is a theoretical bound, and the real estimator might have higher variance, but it can never 

have lower variance than the CRLB. Small values of CRLB are desirable. Numerous different CRLB 

thresholds have been used in the literature, although, generally, a CRLB below 20% is considered 

adequate in proton spectroscopy (Sidek, Ramli et al. 2016), whereas higher values are accepted in 

heteronuclear spectroscopy (for example, values above 30% were rejected in published 31P-MRS 

literature (van de Bank, Maas et al. 2018)). The reason for this higher threshold is that the main 

determinant of CRLB of amplitudes is noise, which is relatively more prominent in heteronuclear 

spectroscopy (Cavassila, Deval et al. 2000). 

At this stage of the analysis, it is also possible to calculate free Mg++ concentration and pH from the 

chemical shift of βATP and Pi, respectively (Iotti, Frassineti et al. 1996, Iotti and Malucelli 2008, Ren, 

Sherry et al. 2015). The chemical shift of resonances varies with the chemical environment surrounding 

the metabolites. This property can be exploited to calculate concentration of Mg++ from the chemical 

shift difference between PCr and βATP using empirical formulas (at physiological pH, ATP is a 

negatively charged molecule which often is found bound to Mg++ in vivo). Calculation of pH relies on 

the assumption that the Pi resonance is composed of two almost completely superimposed peaks 

representing protonated and de-protonated moieties. As pH varies, the ratio of protonated to 
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deprotonated peaks changes, causing minute alterations in the position of the Pi peak maximum on the 

x-axis, which reflects pH variation. Such changes can be incorporated in the Henderson-Hasselbalch 

equation and used to calculate pH. Of note, such equations require coefficients derived from empirical 

titrations which also vary from tissue to tissue. Hence, slightly different equations can be used for brain 

and muscle (Iotti, Frassineti et al. 2000, Iotti and Malucelli 2008, Rata, Giles et al. 2014, Cichocka, 

Kozub et al. 2015). In jMRUI, the following is used: (Iotti, Frassineti et al. 2000). 

 

3.1.2.4 Correction for relaxation effects 

As detailed in 8.6, signal intensity is dependent on concentration of metabolites, but also on their 

specific T1 and T2 relaxation properties. Since the shape of the relaxation function is established, if the 

relaxation constants of metabolites of interest are known, it is possible to correct for such relaxation 

effects. In the 31P-MRS acquisition protocol employed in this thesis, T2 saturation effects were 

considered negligible; TE was relatively short and the localisation sequence did not involve refocussing 

pulses, which increas T2 weighting (lack of T2 weighting is one of the advantages of Image selected in 

vivo spectroscopy – ISIS – localisation (Ordidge, Connelly et al. 1986)). T1 saturation effects are 

potentially more relevant and, although they were minimised by using long TR (see experiments in 

previous chapter), calculated amplitudes were also corrected using known phosphorus T1 values from 

published literature: for brain (Peeters, van Uden et al. 2019) was used, whereas for muscle 

(Meyerspeer, Krššák et al. 2003, Bogner, Chmelik et al. 2009) were employed. The formula linking T1 

relaxation to TR and amplitudes (which can be arranged to correct for T1 saturation effects) is: 

Equation 4.1 

𝑀𝑧(𝑇𝑅) = 𝑀0 (1 − 𝑒−
𝑇𝑅
𝑇1) /(1 − 𝑐𝑜𝑠𝛼𝑒−

𝑇𝑅
𝑇1) 

 

Mz is the measured amplitude, M0 is the amplitude corrected for T1 relaxation effects, TR is the 

repetition time, T1 is the longitudinal magnetisation relaxation time constant for the given metabolite, 

and α is the nutation angle (90ᵒ in the acquisition protocol here employed). 

In chapter two, it was discussed that spectroscopic metabolite relaxation constants may be affected by 

disease. Therefore, a limitation of correction for T1 relaxation effects using this methodology is that it 

cannot account for putative individual alterations of T1, which may be of interest due to pathology and 

therefore differ between patient and control groups. Empirical measurement of longitudinal relaxation 

parameters in individual patients is possible, but time consuming and was not feasible within achievable 

timeframes for participants in this study. This represents a potential limitation of the methodology 

which nonetheless was selected as a pragmatic approach to address the T1 relaxation issue, in 

combination with the choice of a long TR. 
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3.1.2.5 Image segmentation 

T1-weighted images were initially segmented into white matter, grey matter, and CSF using the fuzzy-

c algorithm described by (Chuang, Tzeng et al. 2006) in MATLAB (R2017b, The MathWorks, Inc., 

Natick, Massachusetts, United States; script curtesy of Dr Maria-Eleni Dounavi). Representative 

segmentation masks are shown in the figure below. 

 

Figure 3.7 Coronal slice and relevant segmentation masks (fuzzy-c algorithm). 

Cerebrospinal fluid masks, grey matter masks, and white matter masks are shown in second column from left, second column 

from right, and in right column, respectively. The algorithm used for segmentation is described by (Chuang, Tzeng et al. 2006) 

and courtesy of Dr Maria-Eleni Dounavi. 

 

Although cortical regions were segmented satisfactorily, errors were evident in brainstem segmentation 

using this algorithm. Hence segmentation was repeated using Statistical Parametric Mapping software 

(SPM12, https://www.fil.ion.ucl.ac.uk/spm/software/spm12/) as illustrated below. 

  

https://www.fil.ion.ucl.ac.uk/spm/software/spm12/
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Figure 3.8 Coronal slice and relevant segmentation masks (Statistical Parametric Mapping). 

Cerebrospinal fluid masks, grey matter masks, and white matter masks are shown in second column from left, second column 

from right, and in right column, respectively. Segmentation was conducted with Statistical Parametric Mapping 12.  

 

Although the segmentation quality of cortical areas appeared equivalent between the two tested 

methods, the SPM algorithm was chosen, as it was clearly more robust in the brainstem region. Usage 

of this software within the research community is widespread and standardised, and this methodology 

was chosen for subsequent experiments. 

 

3.1.2.6 Selection of relevant voxels 

Coregistration scripts were then developed by the author in-house using MATLAB (R2019b, The 

MathWorks, Inc., Natick, Massachusetts, United States) on the basis of (Quadrelli, Mountford et al. 

2016), which was readapted and simplified for a multivoxel grid. In brief, care was taken to ensure that 

FOV coordinates of spectroscopic grid and T1-weighted volumetric acquisition coincided in all 

dimensions. This removed the need for complex affine transformations as both spectroscopy and 

imaging measurements were acquired from the same region of interest and had the same 3D coordinates. 

Of note, the anterior-posterior thickness of the T1-weighted image was 60 mm with a slice thickness of 

1 mm, whereas the 2D CSI slice had a thickness of 40 mm (for detailed parameters see chapter two). 

This was necessary as a wrap-around artefact could have appeared in the first and last slices of the T1-

weighted image, hence the ten most anterior and ten most posterior slices were removed prior to co-
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registration (resulting in a thickness of 40 mm equivalent to the thickness of the spectroscopic slab). 

The images below illustrate co-registration performed in MATLAB against the spectroscopic grid in 

SpectroView (which was taken as the reference, as this is the Philips proprietary software) for the 

brainstem voxel. All other voxels were also visually checked and corresponded to the SpectroView grid. 

 

Figure 3.9 Coregistration of spectroscopic voxel onto anatomical T1-weighted volumetric image in MATLAB. 

An example of coregistration of voxel located at the level of the midbrain represented with superimposed yellow spectrum on 

the left and dark voxel on the right. 

 

Segmentation and coregistration of the spectroscopic voxel was used in chapter four to adjust for any 

potential partial volume effects in results. 

 

3.1.3 Accuracy and precision 

Generally speaking, quantitative techniques can be characterised by two fundamental properties: 

accuracy and precision. Accuracy refers to how close a given measurement is to its underlying “true 

value”, whereas precision is related to characterisation of measurements’ variability. A visual 

illustration of these concepts is provided in Figure 3.10 A. In spectroscopy, linearity of signal to 

concentration is necessary to ensure accuracy; this was the case in this protocol, as illustrated in chapter 

two (section 2.5.4). 
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Figure 3.10 A visual exemplification of accuracy and precision (A) and a table illustrating which measures of precisions 

can be used in repeatability and reproducibility studies to assess agreement and reliability (B).  

In A, the first illustration (1) shows a set of measurements (represented by blue dots) that cluster tightly around the “true 

value” (here represented as the centre of the target) indicating that the technique is both highly accurate and precise. If 

measured values cluster around the target, but are more disperse, the technique is still very accurate, but lacks precision (2). 

An inaccurate, but precise technique returns values that cluster tightly around the “wrong value” (3). An inaccurate and 

imprecise technique is characterised by highly variable measurements clustering around a mean that does not correspond to 

ground truth (4). In B: to measure reliability it is advised to calculate the reliability coefficient in repeatability studies and the 

intraclass correlation coefficient (ICC) in reproducibility studies. Bland-Altman plots are apt to characterise agreement 

between measures in both repeatability and reproducibility studies. The figure was drawn by the author. 

 

There are numerous metrics that can be used to characterise the precision of a measurement 

(summarised in Figure 3.10 B) A relatively intuitive parameter is the CV which is the SD of a given set 

of measurements divided by the mean. CVs can also be calculated from the difference of repeated 

measures and can be used to characterise variability of test-retest experiments in repeatability and 

reproducibility assessments prior to starting clinical studies.  

In a repeatability study, two (or more) measures are acquired under exactly the same conditions to assess 

inherent measurement errors. In reproducibility studies, repeated measures are taken after a factor 

potentially contributing to variability is arbitrarily changed, to assess impact of that specific factor on 

measurement precision. For instance, two measurements may be acquired after a specific time interval 

has elapsed (to determine instrument stability over time, assuming constant biological values) or after 

they have been analysed by two different researchers (to assess inter-operator variability) (Bartlett and 

Frost 2008).  

Within the context of repeatability and reproducibility studies, additional parameters have been 

developed to characterise reliability and agreement of repeated measures.  
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Reliability is a concept that is particularly important in case-control studies when the main aim is to 

differentiate between two (or more) cohorts of research participants. In such cases, to be able to 

discriminate between two distributions with high statistical power, the technique needs to have a lower 

measurement error than the inherent variability present between the subjects within the groups of 

interest, i.e. technique needs to be reliable. Reliability is, hence, dependent on the variability of the 

technique employed, but also on the heterogeneity of the sample populations investigated. In 

repeatability studies, where the assumption is that measurement error is negligible, it is sufficient to 

report the within-subject SD (or the repeatability coefficient which is equivalent to within-subject SD 

times 1.96√2) (Bartlett and Frost 2008). In reproducibility studies, the main reliability measure is the 

intraclass correlation coefficient (ICC), which incorporates both within-subject and between-subject 

variances: the assumption is that between-subject variance corresponds to the “true” variance of the 

distributions of interest, whereas the within-subject variance represents the variability of the technique. 

The ICC is defined as between-subjects variance / (between-subject variance + within-subject variance), 

as calculated by repeated measure ANOVA. Over the years, the ICC formula has been constantly 

refined and there are now multiple ICCs in use in published literature which differ primarily in the way 

they incorporate additional error terms. The choice of correct ICC depends on the specific research 

question and guidelines are available (Koo and Li 2016). ICC values generally fall between 0 and 1 

(although some formulas may also return negative values, indicating very poor reliability). For a given 

population, values close to 0 denote that most variability is caused by experimental factors, whereas 

values that approximate 1 imply that variations between measurements are to be ascribed to “true 

variance” amongst subjects in the cohort of interest (i.e. excellent reliability). 

On the other hand, agreement refers to how similar individual measurements acquired from the same 

subject are when repeated. In general, reliability is useful parameter when considering group-level 

cross-sectional comparisons, whereas agreement is relevant to longitudinal studies (in which it is 

important to detect variations in individual research participants that correspond to biological changes 

over time). Agreement parameters may be visualised through Bland-Altman plots (an example from the 

data from this study is provided in the figure below) (Bland and Altman 1986). In a Bland-Altman plot, 

the mean derived from two measurements conducted on the same individual is plotted on the x-axis and 

the difference between those two values on the y-axis. The spread of the values on the y-axis indicates 

the magnitude of measurements’ agreement (larger spread indicating lower agreement and vice versa); 

this can be quantified through the Bland-Altman upper and lower limits of agreements, i.e. the values 

within which 95% of the differences between measurements is expected to fall. In addition, it is possible 

to determine whether one set of measurements has systematic biases at higher or lower measurement 

values, as illustrated in the figure below. 
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Figure 3.11 An example of a Bland-Altman plot (own data).  

Own data acquired from a voxel in the pons in 12 healthy controls using sequence 15, as detailed in the methodology session 

of this chapter. The measured parameter is phosphocreatine (expressed as a proportion of total signal intensity), calculated 

twice for each participant employing slightly different manual phasing methods in jMRUI. Each datapoint represents one 

individual participant’s result which is derived from two repeated measurements. The mean of the two values is plotted on the 

x-axis and the difference between the two values on the y-axis. In this example, values on the y-axis are expressed as a 

percentage difference from the mean of the two values, to simplify interpretation. The upper and lower limits of agreements 

(ULOA and LLOA, respectively) are illustrated with dashed lines, falling between 10% and -7% in this case, which indicates 

that the difference between two measurements conducted on the same individual is within 10% of the “true” value in 95% of 

cases. Dotted lines illustrate the ULOA and LLOA confidence intervals (which are necessary as they are also estimates). 

Additional information that can be derived from this graph is whether one analysis methodology produces systematically 

biased results compared to the other, which can be visually determined from the graph as follows: if the average value between 

the ULOA and the LLOA (here illustrated with a continuous black line) and its confidence interval (here illustrated with an 

area in blue) encompass the 0% value on the y-axis (red dotted line), then there is no systematic bias between the two 

techniques. On the other hand, if this value falls outside the confidence interval, then one of the two analyses systematically 

produces overestimates (or underestimates). Lastly, it is possible to draw a linear regression line across all points to determine 

whether there is a systematic bias at higher (or lower) measured values. In this case, all points cluster uniformly around the 

mean and the 0% value also falls within the confidence interval of the mean, indicating no systematic bias of any kind 

(Giavarina 2015). 

 

In summary, on the basis of experiments above, the following analysis protocols were chosen: manual 

phasing and frequency shifting were followed by fitting, employing a non-linear least square algorithm 

(in SpectroView and jMRUI), using appropriate prior knowledge to return resonance amplitudes which 

were then corrected for T1 relaxation effects. In jMRUI, CRLBs, pH, and Mg++ concentrations were 

also calculated (this was not feasible in SpectroView). Experiments were then conducted to: (1) select 

the optimal analysis software to employ (jMRUI or SpectroView); (2) assess the necessity for 

apodisation; and (3) assess whether CRLB of metabolite estimates were sufficiently low. 
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3.2 AIMS AND OBJECTIVES 

Experiments detailed in the remainder of this chapter were aimed at selecting an optimised processing 

protocol and characterising the precision of resulting 31P-MRS metabolite estimates for the final clinical 

study. To compare jMRUI and SpectroView and to determine robustness of software in terms of 

reliability, agreement, and CRLB, the same set of data was analysed five times: twice employing 

different phasing methods in jMRUI, a third time including apodisation in jMRUI, and twice more with 

rephased datasets in SpectroView.  

Specifically, the objectives were the following: 

1) Compare mean and CV values resulting from each tested analysis protocol. 

2) Assess quality of measurements in terms of CRLB and the number of spectra that could 

be fitted. 

3) Assess and compare reliability parameters in jMRUI and SpectroView. 

4) Assess and compare agreement parameters in jMRUI and SpectroView. 

 

3.3 METHODS 

3.3.1 Participants 

Twelve healthy volunteers were scanned after obtaining written informed consent (STH 15418 

Yorkshire and Humber REC 09/H1310/79, approved by the local ethical committee according to the 

Declaration of Helsinki). Exclusion criteria were: pregnancy, a previous history of neurological disease, 

pacemaker or any other non-MR compatible magnetic/electronic implant, claustrophobia, and cognitive 

problems sufficient to impair informed consent. 

 

3.3.2 Study design 

Data were analysed five times: three times employing the software jMRUI and twice using the Philips 

proprietary software SpectroView. jMRUI data were analysed twice with the author manually rephasing 

the same dataset (denoted phasing “A” and phasing “B”) to assess intra-operator variability. For the 

third analysis, apodisation was performed on the “B” dataset, to generate dataset “C” to assess the effect 

of denoising and to allow comparison with SpectroView datasets. Analysis with SpectroView was 

conducted twice with the author again phasing data twice (phasing “D” and phasing “E”). Of note, it is 

not possible to analyse spectroscopic data in SpectroView without prior apodisation (the software 

returns an error); this is the reason only analysis of denoised data was conducted on the Philips software. 

Hence, to allow direct comparison between jMRUI and SpectroView, dataset C was necessary. 
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The figure below is an illustration of the experimental design including calculated parameters, as further 

detailed in paragraphs below. 

 

Figure 3.12 A schematic representation of the design of reproducibility experiments described in chapter three.  

Spectroscopic data acquired from 12 healthy research participants were processed five times: three times using jMRUI and 

twice with SpectroView. In jMRUI, the set of brain spectra was analysed twice employing two different manual phasing 

methods (A and B) and a third time adding apodisation (C) to method B. In SpectroView, two different manual phasing methods 

(D and E) were tested, both following apodisation (which could not be excluded from the protocol). Comparisons of interest 

between analyses are listed in the righthand panel. ANOVA: Analysis of variance, CVs: coefficient of variability, ICC: intra-

class correlation coefficient; Vs: versus. 

 

3.3.3 Hardware and sequences 

Acquisitions were carried out on the 3 Tesla Philips Ingenia wide bore MR system (Philips Healthcare, 

Best, The Netherlands) with heteronuclear capability, employing the dual-tuned (31P/1H) transmit-

receive quadrature birdcage head coil (Rapid Biomed GmbH, Würzburg-Rimpar, Germany), denoted 

“Rapid coil two” in the previous chapter. A T2-weighted sequence (TR=3000 msec, TE=80 msec, 

FA=90ᵒ, voxel size=0.55x0.67x4.00 mm3, FOV=230, reconstructed matrix=432) was used to localise 

the phosphorus spectroscopic slab to motor regions as illustrated and described in the previous chapter 

(sequence 23). Phosphorus spectra were localised using a 2D CSI sequence and ISIS. Positioning of the 

voxel grid was always conducted by the same assessor and always crosschecked by a second researcher. 

On axial imaging, the marginal ramus of the cingulate sulcus was identified as a consistent landmark 

and the sulcus anterior to it as the central sulcus. This enabled identification of primary motor cortex 

within the precentral gyrus immediately anterior to the central sulcus. The voxel was placed on a 

coronally orientated image with its centre over the midline, the first row of voxels was located with the 

upper border placed over the pial surface ensuring location on primary motor cortex. This resulted in 

voxel k being consistently placed over third ventricle, p over midbrain, and t over pons. Voxels o and q 

were placed over the hippocampi (Figure 3.13). Spectra were acquired at 51.7 Hz centre-frequency, 

spectral bandwidth 3000 Hz, and 2048 sample points. Second order pencil beam shim with WALTZ-4 

heteronuclear decoupling and NOE were carried out and the following sequence parameters were used 

https://en.wikipedia.org/wiki/Netherlands
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for 31P-MRS acquisitions: TR=4000 ms, TE=0.26 ms, 2 signal averages, with a native voxel size of 

25x25x40 mm3 for a total scan length of 16.24 minutes (sequence 15 in chapter two). 

 

3.3.4 Processing 

3.3.4.1 Software 

Spectroscopic data were processed with jMRUI 6.0 (available at http://www.jmrui.eu/license-and-

download/download-beta-release/) (Vanhamme, van den Boogaart et al. 1997, Naressi, Couturier et al. 

2001, Stefan, Cesare et al. 2009) and SpectroView (Philips Healthcare, Best, The Netherlands). 

T1 relaxation correction and statistical analyses (including relevant graphs) were conducted in 

MATLAB (R2019b, The MathWorks, Inc., Natick, Massachusetts, United States) using scripts created 

by the author with the exception of ANOVA comparisons which were conducted in Graphpad Prism 

(version 8.3.0 for Windows, GraphPad Software, San Diego, California USA, www.graphpad.com) and 

the function to plot categorical scatter plots (Dinesh Natesan, 2016 

https://github.com/AbstractGeek/CategoricalScatterplot).  

 

3.3.4.2 Pre-processing 

In jMRUI, the real part of each spectrum was manually phased to a purely absorptive line shape using 

both zeroth and first-order terms. Manual phasing was repeated twice by the author, to generate two 

datasets. Spectra of the B dataset were saved and also apodised to 2 Hz (Lorentzian function) to generate 

dataset C. 

In SpectroView, phasing of all spectra was conducted manually twice by the author. Phasing of these 

datasets took place following multiplication by the following functions: an exponential (factor -3), to 

filter noise, and a Gaussian (factor 12), to improve linewidth. 

In all cases, spectra were shifted on the abscissa to assign a value of 0 ppm to PCr. 

Datasets were not analysed simultaneously: dataset B and E were analysed only after phasing of A and 

D were completed, after an approximately two-week interval. 

 

3.3.4.3 Post-processing 

Peak fitting in jMRUI was conducted as detailed in the introduction of this chapter. 

In SpectroView, PME, Pi, PDE, PCr, and the α, β, and γ phosphates of ATP were fitted using a Voigt 

curve with a Gaussian character of 90%. Linewidths of the resonances of each ATP phosphate were 

http://www.jmrui.eu/license-and-download/download-beta-release/
http://www.jmrui.eu/license-and-download/download-beta-release/
https://en.wikipedia.org/wiki/Netherlands
http://www.graphpad.com/
https://github.com/AbstractGeek/CategoricalScatterplot
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fixed to each other. Baseline was estimated using a polynomial curve with 11 terms. An example of a 

spectrum fitted with SpectroView is illustrated in chapter two (Figure 2.16). 

All amplitudes were corrected for T1 relaxation effects as detailed in the introduction of this chapter. 

 

3.3.4.4 Resulting parameters 

Analysis from jMRUI returned thirteen resonances per spectrum: phosphocholine (PC), 

phosphoethanolamine (PE), Pi, glycerophosphocholine (GPC), glycerophosphoethanolamine (GPE), 

PCr, γATP doublet, αATP doublet, and βATP triplet. In addition to summing the relevant ATP 

multiplets to each other (i.e. to generate γ, α, and βATP estimates), PC and PE were summed to yield a 

PME estimate, whilst GPE and GPC were summed resulting in a PDE estimate. Mg++, pH, and CRLBs 

were also computed in jMRUI as detailed in the introduction. 

In SpectroView, only PME, Pi, PDE, PCr, and the α, β, and γ phosphates of ATP could be fitted, and 

the software did not allow computation of Mg++ or pH, nor calculation of CRLBs. 

For each spectrum, resonances were reported as a ratio of the sum of all peaks i.e. expressed as relative 

proportion of total phosphorus signal. 

 

3.3.4.5 Statistical analysis 

3.3.4.5.1 Comparison of mean values through analysis of variance 

For dataset analysed with five alternative methods, mean values, SDs, and CVs were calculated for all 

amplitudes as well as for pH and Mg++ in all spectroscopic voxels. For each voxel encompassing motor 

tracts (i.e. the voxels of interest in the MND study, highlighted in blue in Figure 3.13), mean values 

derived from the five different analysis protocols were compared using 2-way ANOVA followed by 

Tukey's multiple comparisons test. 
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Figure 3.13 Voxels in blue (encompassing motor regions of brain) represent areas analysed. 

Letters refer to voxel indices used in results sections. Landmarks used for reproducible positioning are detailed in methods. 

Positioning of voxel grid was conducted by the same assessor and always crosschecked by a second researcher. 

 

The ANOVA analysis allowed (and corrected) for comparisons of all possible pairings of analysis 

protocols, but, in the results, only comparisons of interest specified a priori were reported: protocol A 

Vs B (to assess the effect of phasing in jMRUI), B Vs C (to assess the effect of apodisation in jMRUI), 

C Vs D and C Vs E (jMRUI compared to SpectroView), and D Vs E (to assess the effect of phasing in 

SpectroView). Box and whisker plots (indicating median, interquartile range, minimum, and maximum) 

and ANOVA tables were reported. 

 

3.3.4.5.2 Quality control 

For each dataset analysed with five alternative methods, amplitudes, pH, and Mg++ values that could 

not be fitted or calculated were reported together with CRLBs of spectra, CRLBs of pH, and CRLBs of 

Mg++. 

 

3.3.4.5.3 Reliability and agreement 

For the first acquisition, reliability (ICC) and agreement (Bland-Altman plots) parameters were also 

calculated for all voxels of interest and for all measured parameters to compare analysis protocols. 

Specifically, these parameters were calculated from alternative phasing methods in both jMRUI and 

SpectroView to assess software robustness to phasing. Phasing was the main operator-dependent step; 
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hence, these analyses were conducted to assess intra-operator reproducibility and robustness of software 

and fitting algorithms.  

For the purpose of this thesis, ICC for test-retest reliability for a single rater was calculated employing 

the following formula: (between-subjects variance - error) / [between-subjects variance + (k-1)error + 

(k/number of subjects) * (within-subjects variance – between-subjects variance] according to (Koo and 

Li 2016). 

Bland-Altman plots were calculated as detailed in the introduction. 

 

3.4 RESULTS 

3.4.1 Cohort characteristics 

Twelve research participants were scanned: five women (mean age=24.8 years, SD=±3.1 years) and 

seven men (mean age=31.3 years, SD=±6.1 years). 

 

3.4.2 Descriptive statistics 

3.4.2.1 Amplitudes 

Means and SDs for each measured metabolite from each tested voxel are listed in the table below. The 

five tested analysis methods (A to E) are detailed in the methods. Voxels are labelled a to u, 

corresponding to anatomical localisations visualised in Figure 3.13. 
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Table 3.1 Means and standard deviations (SD) for voxels a to u as depicted in Figure 3.13.  

Metabolites are expressed as proportion of total phosphorus signal. PME: Phosphomonoesters, Pi: Inorganic phosphate, 

PDE: Phosphodiesters, PCr: Phosphocreatine, ATP: Adenosine triphosphate.  

 

  

a b c d e f g h i j

A mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD)

PME 0.172 0.053 0.149 0.030 0.136 0.039 0.159 0.046 0.153 0.043 0.134 0.026 0.135 0.031 0.150 0.042 0.143 0.036 0.126 0.030

Pi 0.067 0.031 0.075 0.029 0.080 0.025 0.071 0.035 0.071 0.019 0.082 0.021 0.087 0.023 0.081 0.029 0.074 0.018 0.079 0.027

PDE 0.183 0.067 0.178 0.051 0.181 0.035 0.157 0.039 0.170 0.039 0.168 0.052 0.181 0.048 0.185 0.045 0.151 0.043 0.192 0.037

PCr 0.193 0.024 0.212 0.028 0.207 0.016 0.226 0.049 0.202 0.025 0.214 0.030 0.203 0.023 0.215 0.036 0.236 0.052 0.207 0.025

γATP 0.186 0.051 0.181 0.032 0.177 0.026 0.186 0.026 0.187 0.035 0.177 0.023 0.169 0.023 0.154 0.031 0.165 0.025 0.166 0.021

αATP 0.143 0.042 0.135 0.045 0.158 0.056 0.135 0.035 0.138 0.031 0.141 0.027 0.156 0.032 0.158 0.037 0.156 0.037 0.145 0.019

βATP 0.056 0.036 0.069 0.033 0.060 0.036 0.072 0.030 0.079 0.031 0.083 0.046 0.070 0.028 0.057 0.028 0.076 0.037 0.085 0.032

a b c d e f g h i j

B mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD)

PME 0.174 0.054 0.154 0.030 0.136 0.041 0.156 0.053 0.151 0.046 0.133 0.026 0.138 0.030 0.146 0.031 0.146 0.035 0.124 0.029

Pi 0.066 0.031 0.073 0.034 0.080 0.025 0.061 0.027 0.070 0.018 0.077 0.022 0.082 0.021 0.080 0.027 0.070 0.017 0.076 0.027

PDE 0.174 0.066 0.175 0.054 0.176 0.034 0.141 0.042 0.165 0.042 0.158 0.044 0.165 0.046 0.177 0.042 0.149 0.045 0.181 0.035

PCr 0.195 0.026 0.209 0.024 0.212 0.017 0.233 0.048 0.203 0.031 0.219 0.030 0.207 0.018 0.222 0.040 0.242 0.049 0.210 0.025

γATP 0.189 0.054 0.179 0.024 0.184 0.031 0.194 0.035 0.185 0.030 0.182 0.031 0.172 0.020 0.159 0.029 0.169 0.034 0.167 0.021

αATP 0.144 0.044 0.137 0.056 0.165 0.053 0.137 0.036 0.137 0.034 0.142 0.025 0.156 0.031 0.166 0.041 0.161 0.045 0.152 0.013

βATP 0.058 0.037 0.072 0.038 0.053 0.033 0.092 0.032 0.098 0.060 0.089 0.052 0.079 0.031 0.054 0.024 0.077 0.033 0.091 0.042

a b c d e f g h i j

C mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD)

PME 0.179 0.056 0.153 0.028 0.137 0.039 0.161 0.043 0.152 0.042 0.137 0.026 0.136 0.030 0.147 0.032 0.151 0.034 0.130 0.031

Pi 0.069 0.031 0.073 0.031 0.079 0.027 0.069 0.032 0.070 0.016 0.085 0.026 0.085 0.022 0.081 0.025 0.070 0.017 0.078 0.028

PDE 0.191 0.062 0.182 0.057 0.180 0.045 0.160 0.047 0.177 0.054 0.170 0.053 0.182 0.037 0.183 0.047 0.154 0.048 0.186 0.038

PCr 0.176 0.030 0.189 0.022 0.196 0.018 0.210 0.051 0.185 0.027 0.188 0.030 0.191 0.014 0.206 0.032 0.235 0.049 0.198 0.025

γATP 0.175 0.050 0.174 0.026 0.175 0.027 0.176 0.023 0.177 0.023 0.170 0.025 0.166 0.020 0.151 0.024 0.165 0.032 0.161 0.020

αATP 0.144 0.046 0.151 0.056 0.169 0.045 0.151 0.043 0.137 0.037 0.144 0.031 0.160 0.028 0.159 0.038 0.159 0.041 0.152 0.015

βATP 0.067 0.030 0.078 0.034 0.072 0.036 0.088 0.029 0.102 0.050 0.107 0.055 0.079 0.031 0.073 0.021 0.088 0.023 0.094 0.034

a b c d e f g h i j

D mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD)

PME 0.144 0.077 0.104 0.050 0.086 0.035 0.105 0.043 0.098 0.041 0.077 0.035 0.076 0.029 0.106 0.040 0.098 0.032 0.075 0.034

Pi 0.068 0.032 0.069 0.018 0.075 0.030 0.065 0.031 0.063 0.017 0.072 0.027 0.075 0.025 0.070 0.024 0.057 0.022 0.078 0.043

PDE 0.213 0.117 0.289 0.108 0.305 0.090 0.222 0.114 0.229 0.107 0.283 0.176 0.295 0.152 0.267 0.152 0.178 0.101 0.243 0.073

PCr 0.215 0.041 0.208 0.039 0.211 0.034 0.239 0.048 0.217 0.039 0.201 0.050 0.200 0.040 0.233 0.064 0.254 0.054 0.216 0.036

γATP 0.164 0.052 0.145 0.037 0.150 0.037 0.159 0.056 0.159 0.031 0.149 0.041 0.148 0.040 0.143 0.031 0.149 0.040 0.140 0.024

αATP 0.148 0.075 0.134 0.058 0.124 0.031 0.135 0.055 0.150 0.045 0.145 0.056 0.138 0.041 0.142 0.054 0.158 0.046 0.153 0.031

βATP 0.057 0.037 0.062 0.039 0.058 0.043 0.074 0.041 0.083 0.041 0.080 0.040 0.067 0.047 0.061 0.038 0.106 0.042 0.096 0.038

a b c d e f g h i j

E mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD)

PME 0.130 0.046 0.107 0.044 0.092 0.035 0.106 0.037 0.092 0.034 0.075 0.031 0.083 0.026 0.108 0.034 0.108 0.029 0.070 0.028

Pi 0.068 0.033 0.061 0.023 0.069 0.026 0.061 0.027 0.081 0.067 0.070 0.028 0.076 0.018 0.067 0.019 0.057 0.017 0.072 0.026

PDE 0.239 0.125 0.306 0.154 0.293 0.098 0.206 0.115 0.228 0.124 0.284 0.181 0.270 0.093 0.237 0.126 0.208 0.096 0.245 0.083

PCr 0.209 0.048 0.190 0.048 0.202 0.031 0.225 0.037 0.203 0.039 0.198 0.050 0.199 0.023 0.224 0.048 0.228 0.031 0.213 0.035

γATP 0.160 0.052 0.145 0.042 0.155 0.031 0.158 0.048 0.152 0.033 0.149 0.040 0.150 0.030 0.150 0.029 0.137 0.038 0.139 0.020

αATP 0.158 0.075 0.136 0.060 0.142 0.044 0.154 0.057 0.154 0.051 0.152 0.057 0.151 0.032 0.159 0.053 0.154 0.048 0.159 0.029

βATP 0.078 0.044 0.077 0.037 0.057 0.029 0.090 0.038 0.091 0.049 0.071 0.037 0.071 0.028 0.076 0.034 0.108 0.028 0.103 0.035

k l m n o p q r s t u

A mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD)

PME 0.123 0.034 0.131 0.031 0.147 0.036 0.147 0.040 0.156 0.036 0.171 0.038 0.175 0.047 0.180 0.070 0.205 0.082 0.202 0.064 0.247 0.114

Pi 0.075 0.025 0.078 0.019 0.082 0.028 0.064 0.032 0.074 0.025 0.073 0.015 0.063 0.027 0.066 0.030 0.072 0.035 0.081 0.034 0.066 0.038

PDE 0.177 0.032 0.179 0.041 0.165 0.039 0.165 0.050 0.197 0.039 0.183 0.027 0.166 0.046 0.168 0.049 0.177 0.059 0.166 0.038 0.135 0.053

PCr 0.219 0.027 0.211 0.027 0.213 0.025 0.217 0.045 0.210 0.031 0.225 0.046 0.212 0.046 0.196 0.052 0.223 0.054 0.226 0.052 0.236 0.042

γATP 0.169 0.023 0.170 0.024 0.153 0.020 0.141 0.050 0.151 0.029 0.154 0.030 0.155 0.045 0.154 0.032 0.160 0.070 0.158 0.044 0.133 0.026

αATP 0.156 0.022 0.155 0.030 0.157 0.031 0.172 0.047 0.137 0.041 0.145 0.034 0.158 0.036 0.171 0.059 0.131 0.070 0.141 0.056 0.152 0.076

βATP 0.080 0.045 0.077 0.039 0.084 0.025 0.093 0.054 0.076 0.034 0.049 0.017 0.076 0.037 0.103 0.055 0.052 0.051 0.035 0.022 0.062 0.035

k l m n o p q r s t u

B mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD)

PME 0.123 0.030 0.129 0.029 0.145 0.033 0.152 0.032 0.156 0.031 0.176 0.037 0.172 0.043 0.176 0.063 0.194 0.079 0.199 0.069 0.204 0.074

Pi 0.072 0.022 0.075 0.017 0.079 0.030 0.058 0.031 0.068 0.027 0.069 0.015 0.058 0.021 0.065 0.031 0.060 0.032 0.078 0.033 0.053 0.028

PDE 0.167 0.029 0.162 0.037 0.156 0.031 0.159 0.057 0.179 0.048 0.176 0.024 0.160 0.048 0.149 0.052 0.152 0.071 0.164 0.046 0.150 0.061

PCr 0.220 0.028 0.215 0.029 0.224 0.030 0.225 0.054 0.213 0.031 0.225 0.039 0.215 0.049 0.212 0.060 0.217 0.058 0.222 0.052 0.240 0.059

γATP 0.169 0.022 0.173 0.025 0.160 0.013 0.145 0.046 0.155 0.030 0.157 0.030 0.161 0.046 0.162 0.031 0.157 0.052 0.159 0.039 0.129 0.040

αATP 0.157 0.024 0.157 0.030 0.164 0.031 0.179 0.047 0.140 0.044 0.147 0.032 0.166 0.040 0.176 0.059 0.132 0.048 0.138 0.051 0.149 0.076

βATP 0.092 0.050 0.090 0.042 0.079 0.044 0.109 0.074 0.090 0.047 0.050 0.018 0.075 0.046 0.081 0.054 0.096 0.107 0.052 0.054 0.128 0.165

k l m n o p q r s t u

C mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD)

PME 0.127 0.022 0.130 0.029 0.151 0.024 0.156 0.039 0.159 0.032 0.174 0.036 0.168 0.042 0.166 0.050 0.199 0.080 0.199 0.066 0.231 0.065

Pi 0.074 0.023 0.075 0.016 0.081 0.024 0.066 0.032 0.080 0.018 0.075 0.020 0.060 0.024 0.067 0.033 0.074 0.031 0.080 0.032 0.064 0.034

PDE 0.178 0.037 0.173 0.035 0.160 0.032 0.160 0.057 0.193 0.039 0.184 0.019 0.172 0.045 0.145 0.058 0.155 0.069 0.160 0.043 0.150 0.052

PCr 0.201 0.024 0.199 0.026 0.218 0.033 0.220 0.054 0.202 0.034 0.213 0.035 0.212 0.049 0.208 0.058 0.208 0.055 0.216 0.045 0.232 0.038

γATP 0.164 0.021 0.167 0.022 0.154 0.013 0.147 0.041 0.143 0.023 0.152 0.025 0.153 0.042 0.142 0.047 0.154 0.045 0.155 0.038 0.121 0.029

αATP 0.154 0.023 0.157 0.030 0.165 0.029 0.171 0.056 0.146 0.046 0.144 0.036 0.162 0.038 0.181 0.044 0.126 0.036 0.141 0.049 0.157 0.067

βATP 0.100 0.045 0.099 0.032 0.095 0.028 0.106 0.059 0.084 0.041 0.059 0.017 0.080 0.043 0.108 0.061 0.101 0.105 0.048 0.041 0.067 0.029

k l m n o p q r s t u

D mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD)

PME 0.071 0.043 0.074 0.023 0.113 0.044 0.120 0.036 0.088 0.038 0.096 0.043 0.101 0.057 0.132 0.076 0.122 0.069 0.136 0.043 0.150 0.079

Pi 0.067 0.012 0.061 0.020 0.076 0.052 0.063 0.041 0.081 0.066 0.070 0.021 0.059 0.029 0.074 0.073 0.059 0.032 0.086 0.056 0.065 0.037

PDE 0.243 0.106 0.283 0.119 0.266 0.158 0.226 0.178 0.304 0.122 0.270 0.091 0.288 0.123 0.281 0.210 0.192 0.102 0.214 0.100 0.258 0.219

PCr 0.216 0.039 0.208 0.044 0.220 0.057 0.216 0.077 0.200 0.052 0.220 0.043 0.206 0.049 0.182 0.055 0.246 0.047 0.224 0.045 0.205 0.061

γATP 0.150 0.026 0.141 0.025 0.123 0.036 0.119 0.038 0.122 0.030 0.136 0.032 0.124 0.042 0.114 0.054 0.154 0.057 0.145 0.054 0.115 0.038

αATP 0.163 0.046 0.148 0.049 0.132 0.036 0.140 0.061 0.123 0.040 0.137 0.052 0.139 0.049 0.158 0.091 0.159 0.067 0.148 0.079 0.140 0.082

βATP 0.090 0.039 0.085 0.027 0.070 0.031 0.116 0.063 0.082 0.038 0.070 0.027 0.083 0.040 0.093 0.054 0.075 0.035 0.052 0.028 0.068 0.055

k l m n o p q r s t u

E mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD)

PME 0.060 0.025 0.074 0.026 0.114 0.037 0.119 0.031 0.096 0.040 0.093 0.046 0.107 0.063 0.147 0.079 0.140 0.062 0.150 0.049 0.146 0.073

Pi 0.067 0.014 0.058 0.017 0.062 0.027 0.066 0.044 0.079 0.059 0.069 0.024 0.058 0.032 0.086 0.089 0.059 0.028 0.093 0.071 0.065 0.035

PDE 0.230 0.092 0.282 0.099 0.257 0.147 0.237 0.155 0.300 0.137 0.262 0.093 0.277 0.108 0.209 0.173 0.180 0.103 0.189 0.096 0.257 0.179

PCr 0.218 0.033 0.204 0.044 0.219 0.051 0.212 0.081 0.196 0.048 0.222 0.040 0.205 0.046 0.193 0.059 0.239 0.039 0.235 0.063 0.224 0.060

γATP 0.155 0.025 0.140 0.022 0.126 0.034 0.115 0.031 0.120 0.031 0.138 0.033 0.127 0.044 0.120 0.054 0.164 0.067 0.143 0.056 0.122 0.044

αATP 0.176 0.043 0.155 0.043 0.140 0.034 0.137 0.046 0.128 0.042 0.144 0.052 0.144 0.045 0.157 0.063 0.160 0.056 0.145 0.076 0.143 0.081

βATP 0.095 0.032 0.086 0.021 0.082 0.034 0.114 0.054 0.083 0.032 0.072 0.024 0.082 0.041 0.106 0.061 0.075 0.040 0.058 0.020 0.063 0.048
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3.4.2.1.1 Phosphomonoesters 

For PME measurements, no statistically significant differences emerged between the following analysis 

methods: A compared to B (comparison of phasing in jMRUI), B compared to C (apodisation in 

jMRUI), and D compared to E (phasing in SpectroView). Statistically significant differences emerged 

between mean values resulting from jMRUI (analysis C) and SpectroView (analysis D and E) in all 

voxels. Scatter plots and ANOVA tables are reported below.  

Analyses with jMRUI resulted in lower CVs compared to SpectroView for all assessed voxels. For 

jMRUI data, CVs were below 30% with the exception of a right-sided cortical region and within the 

pons, where they were just over 30% (Figure 3.15). 

 

 

Figure 3.14 Box and whisker plots illustrating phosphomonoester (PME) values in each participant in each voxel 

calculated using methods A to E (detailed in methods section of this chapter).  

Only voxels located within motor regions are included in this figure. Voxel location is indicated above each graph, index is 

illustrated in Figure 3.13. 
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Table 3.2 ANOVA tables illustrating multiple comparisons for phosphomonoesters (PME). 

Comparisons took place between method A and B (phasing in jMRUI), B and C (no apodisation Vs apodisation in jMRUI), C 

compared to D and C compared to E (analysis in jMRUI compared to analysis in SpectroView), and D compared to E (effect 

of different phasing in SpectroView) for phosphomonoesters (PME). Relevant voxel indices are reported above each table as 

illustrated in Figure 3.13. CI: Confidence interval, diff: Difference, ns: Not significant, Vs: Versus 

 

  

a c

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value

A vs. B -0.00115 -0.04005 to 0.03775 ns >0.9999 A vs. B 0.00001317 -0.02180 to 0.02182 ns >0.9999

B vs. C -0.005498 -0.04439 to 0.03340 ns 0.9942 B vs. C 0.00006454 -0.02175 to 0.02188 ns >0.9999

C vs. D 0.03826 -0.0006319 to 0.07716 ns 0.0558 C vs. D 0.05103 0.02922 to 0.07284 **** <0.0001

C vs. E 0.05317 0.01428 to 0.09207 ** 0.0031 C vs. E 0.05008 0.02827 to 0.07189 **** <0.0001

D vs. E 0.01491 -0.02399 to 0.05380 ns 0.8082 D vs. E -0.0009508 -0.02276 to 0.02086 ns >0.9999

d h

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value

A vs. B 0.004379 -0.02967 to 0.03843 ns 0.996 A vs. B 0.0052 -0.01764 to 0.02804 ns 0.9656

B vs. C -0.005805 -0.03985 to 0.02824 ns 0.9881 B vs. C 0.0007758 -0.02206 to 0.02361 ns >0.9999

C vs. D 0.0524 0.01835 to 0.08644 *** 0.0007 C vs. D 0.03741 0.01457 to 0.06024 *** 0.0003

C vs. E 0.0555 0.02145 to 0.08955 *** 0.0003 C vs. E 0.04113 0.01829 to 0.06396 **** <0.0001

D vs. E 0.003106 -0.03094 to 0.03715 ns 0.9989 D vs. E 0.003721 -0.01912 to 0.02656 ns 0.99

b f

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value

A vs. B -0.006516 -0.03242 to 0.01938 ns 0.951 A vs. B 0.001727 -0.02394 to 0.02739 ns 0.9997

B vs. C 0.001593 -0.02431 to 0.02749 ns 0.9998 B vs. C -0.004175 -0.02984 to 0.02149 ns 0.9901

C vs. D 0.05031 0.02441 to 0.07621 **** <0.0001 C vs. D 0.06361 0.03794 to 0.08928 **** <0.0001

C vs. E 0.04721 0.02132 to 0.07311 **** <0.0001 C vs. E 0.05912 0.03346 to 0.08479 **** <0.0001

D vs. E -0.003093 -0.02899 to 0.02281 ns 0.997 D vs. E -0.004486 -0.03015 to 0.02118 ns 0.987

e g

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value

A vs. B 0.001752 -0.02534 to 0.02885 ns 0.9997 A vs. B 0.002749 -0.009405 to 0.01490 ns 0.9664

B vs. C -0.001735 -0.02883 to 0.02536 ns 0.9997 B vs. C 0.001928 -0.01023 to 0.01408 ns 0.991

C vs. D 0.05484 0.02774 to 0.08194 **** <0.0001 C vs. D 0.05364 0.04149 to 0.06580 **** <0.0001

C vs. E 0.05736 0.03026 to 0.08446 **** <0.0001 C vs. E 0.05114 0.03899 to 0.06330 **** <0.0001

D vs. E 0.002517 -0.02458 to 0.02961 ns 0.9989 D vs. E -0.002498 -0.01465 to 0.009656 ns 0.9763

j l

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value

A vs. B 0.004086 -0.01948 to 0.02766 ns 0.9874 A vs. B 0.001439 -0.01754 to 0.02042 ns 0.9995

B vs. C -0.007231 -0.03080 to 0.01634 ns 0.9039 B vs. C -0.001852 -0.02083 to 0.01713 ns 0.9986

C vs. D 0.05855 0.03498 to 0.08212 **** <0.0001 C vs. D 0.0507 0.03172 to 0.06968 **** <0.0001

C vs. E 0.05878 0.03521 to 0.08235 **** <0.0001 C vs. E 0.05246 0.03348 to 0.07144 **** <0.0001

D vs. E 0.0002319 -0.02334 to 0.02380 ns >0.9999 D vs. E 0.00176 -0.01722 to 0.02074 ns 0.9989

t

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value

A vs. B 0.001681 -0.02875 to 0.03211 ns 0.9998

B vs. C -0.001925 -0.03235 to 0.02850 ns 0.9997

C vs. D 0.06484 0.03442 to 0.09527 **** <0.0001

C vs. E 0.0656 0.03518 to 0.09603 **** <0.0001

D vs. E 0.0007589 -0.02967 to 0.03119 ns >0.9999
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Figure 3.15 Coefficients of variability for phosphomonoesters (PME)calculated from voxels encompassing motor regions 

as depicted in Figure 3.13.  

PMEs are expressed as proportion of total phosphorus signal. 

 

3.4.2.1.2 Inorganic phosphate 

Mean Pi values were not affected by any analysis methodology (Figure 3.16 and Table 3.3), except for 

voxel l where analysis in jMRUI returned significantly higher mean values than analysis in 

SpectroView. Data variability was high both in jMRUI and SpectroView especially in cortical regions 

(voxels a, b, c, d, h) and in the brainstem (voxel t) with CVs exceeding 30% (Figure 3.17).  
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Figure 3.16 Box and whisker plots illustrating inorganic phosphate (Pi) values in each participant in each voxel calculated 

using methods A to E (detailed in method section of this chapter).  

Only voxels located in motor regions are included in this figure. Voxel location is indicated above each graph. Index is 

illustrated in Figure 3.13. 
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Table 3.3 ANOVA tables illustrating multiple comparisons between method A and B (phasing in jMRUI), B and C (no 

apodisation Vs apodisation in jMRUI), C compared to D and C compared to E (analysis in jMRUI compared to analysis in 

SpectroView), and D compared to E (effect of different phasing in SpectroView) for inorganic phosphate (Pi).  

Relevant voxel indices are reported above each table as illustrated in Figure 3.13. CI: Confidence interval, diff: Difference, 

ns=not significant, Vs=versus. 

 

  

a c

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value

A vs. B 0.0002513 -0.01487 to 0.01538 ns >0.9999 A vs. B 0.0008574 -0.01332 to 0.01504 ns 0.9998

B vs. C -0.002836 -0.01796 to 0.01229 ns 0.9831 B vs. C 0.001101 -0.01308 to 0.01528 ns 0.9994

C vs. D 0.0007374 -0.01439 to 0.01586 ns >0.9999 C vs. D -0.0003919 -0.01457 to 0.01379 ns >0.9999

C vs. E 0.001774 -0.01335 to 0.01690 ns 0.9972 C vs. E 0.00526 -0.008920 to 0.01944 ns 0.8258

D vs. E 0.001037 -0.01409 to 0.01616 ns 0.9997 D vs. E 0.005652 -0.008528 to 0.01983 ns 0.7853

d h

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value

A vs. B 0.01266 -0.01015 to 0.03547 ns 0.5149 A vs. B -0.0003724 -0.01762 to 0.01687 ns >0.9999

B vs. C -0.008648 -0.03146 to 0.01416 ns 0.8142 B vs. C -0.0006763 -0.01792 to 0.01657 ns >0.9999

C vs. D 0.002248 -0.02056 to 0.02506 ns 0.9986 C vs. D 0.009534 -0.007711 to 0.02678 ns 0.5191

C vs. E 0.007099 -0.01571 to 0.02991 ns 0.8993 C vs. E 0.01008 -0.007159 to 0.02733 ns 0.4632

D vs. E 0.004851 -0.01796 to 0.02766 ns 0.9731 D vs. E 0.0005512 -0.01669 to 0.01780 ns >0.9999

b f

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value

A vs. B 0.001174 -0.01282 to 0.01517 ns 0.9992 A vs. B 0.006062 -0.01080 to 0.02292 ns 0.8414

B vs. C 0.0007905 -0.01321 to 0.01479 ns 0.9998 B vs. C -0.008511 -0.02537 to 0.008348 ns 0.6051

C vs. D 0.003321 -0.01068 to 0.01732 ns 0.9601 C vs. D 0.0117 -0.005156 to 0.02856 ns 0.2928

C vs. E 0.00955 -0.004447 to 0.02355 ns 0.3093 C vs. E 0.01347 -0.003385 to 0.03033 ns 0.1718

D vs. E 0.006229 -0.007768 to 0.02023 ns 0.71 D vs. E 0.00177 -0.01509 to 0.01863 ns 0.9982

e g

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value

A vs. B 0.001713 -0.03407 to 0.03750 ns >0.9999 A vs. B 0.005186 -0.007892 to 0.01826 ns 0.7884

B vs. C -0.0007621 -0.03655 to 0.03502 ns >0.9999 B vs. C -0.002795 -0.01587 to 0.01028 ns 0.9726

C vs. D 0.006479 -0.02930 to 0.04226 ns 0.9851 C vs. D 0.008436 -0.004642 to 0.02151 ns 0.3645

C vs. E -0.01024 -0.04603 to 0.02554 ns 0.9237 C vs. E 0.006012 -0.007066 to 0.01909 ns 0.6849

D vs. E -0.01672 -0.05251 to 0.01906 ns 0.6716 D vs. E -0.002424 -0.01550 to 0.01065 ns 0.9838

j l

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value

A vs. B 0.002032 -0.02799 to 0.03205 ns 0.9997 A vs. B 0.003069 -0.008477 to 0.01461 ns 0.9407

B vs. C -0.001982 -0.03200 to 0.02804 ns 0.9997 B vs. C 0.0003872 -0.01116 to 0.01193 ns >0.9999

C vs. D -0.0002169 -0.03024 to 0.02980 ns >0.9999 C vs. D 0.01484 0.003292 to 0.02638 ** 0.006

C vs. E 0.008932 -0.02109 to 0.03895 ns 0.9132 C vs. E 0.01595 0.004407 to 0.02750 ** 0.0027

D vs. E 0.009149 -0.02087 to 0.03917 ns 0.906 D vs. E 0.001114 -0.01043 to 0.01266 ns 0.9987

t

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value

A vs. B 0.001883 -0.03941 to 0.04318 ns >0.9999

B vs. C -0.004092 -0.04539 to 0.03720 ns 0.9984

C vs. D -0.01683 -0.05813 to 0.02446 ns 0.7636

C vs. E -0.01864 -0.05993 to 0.02266 ns 0.6906

D vs. E -0.001804 -0.04310 to 0.03949 ns >0.9999
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Figure 3.17 Coefficients of variability for inorganic phosphate (Pi) calculated from voxels encompassing motor regions as 

depicted in Figure 3.13.  

Pi is expressed as proportion of total phosphorus signal. 

 

3.4.2.1.3 Phosphodiesters 

Mean PDE results analysed with SpectroView were elevated in all assessed voxels compared to JMRUI 

although did not reach statistical significance in a, d, e, and t. No significant differences were found 

between different phasing methods and apodisation in jMRUI did not affect results significantly. A 

substantial difference in variability between analysis in jMRUI and SpectroView was observed; CVs in 

jMRUI were approximately equivalent or lower than 30%, whereas they were considerably elevated in 

all SpectroView analyses. Scatter plots and ANOVA tables are reported below. 
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Figure 3.18 Box and whisker plots illustrating phosphodiesters (PDE) values for each participant for each voxel calculated 

using methods A to E (detailed in methods section of this chapter).  

Only voxels located in motor regions are included in this figure. Voxel location is indicated above each graph. Index is 

illustrated in Figure 3.13. Of note, the y-axis was scaled 0 to 0.4 as in all other figures in this sub-chapter to allow for a more 

intuitive graphical comparison. As some values acquired from SpectroView exceeded 0.4, these results are also reported in 

the appendix with the axis scaled to include all datapoints. 
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Table 3.4 ANOVA tables illustrating multiple comparisons between method A and B (phasing in jMRUI), B and C (no 

apodisation Vs apodisation in jMRUI), C compared to D and C compared to E (analysis in jMRUI compared to analysis in 

SpectroView), and D compared to E (effect of different phasing in SpectroView) for phosphodiesters (PDE).  

Relevant voxel indices are reported above each table as illustrated in Figure 3.13. CI: Confidence interval, diff: Difference, 

ns: Not significant, Vs: Versus. 

 

  

a c

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Significant? Summary Adjusted P Value Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Significant? Summary Adjusted P Value

A vs. B 0.008047 -0.04835 to 0.06445 No ns 0.9938 A vs. B 0.005378 -0.05927 to 0.07003 No ns 0.9993

B vs. C -0.02125 -0.07764 to 0.03515 No ns 0.8148 B vs. C -0.004191 -0.06884 to 0.06046 No ns 0.9997

C vs. D -0.02561 -0.08201 to 0.03078 No ns 0.6906 C vs. D -0.1133 -0.1779 to -0.04862 Yes *** 0.0001

C vs. E -0.04451 -0.1009 to 0.01189 No ns 0.1797 C vs. E -0.1075 -0.1721 to -0.04284 Yes *** 0.0002

D vs. E -0.01889 -0.07529 to 0.03751 No ns 0.8703 D vs. E 0.005778 -0.05887 to 0.07043 No ns 0.999

d h

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Significant? Summary Adjusted P Value Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Significant? Summary Adjusted P Value

A vs. B 0.01201 -0.06737 to 0.09138 No ns 0.9925 A vs. B 0.007329 -0.08349 to 0.09815 No ns 0.9993

B vs. C -0.01677 -0.09614 to 0.06260 No ns 0.9737 B vs. C -0.008225 -0.09904 to 0.08259 No ns 0.9989

C vs. D -0.07097 -0.1503 to 0.008406 No ns 0.099 C vs. D -0.09184 -0.1827 to -0.001028 Yes * 0.0463

C vs. E -0.04078 -0.1202 to 0.03859 No ns 0.589 C vs. E -0.04451 -0.1353 to 0.04631 No ns 0.6272

D vs. E 0.03019 -0.04919 to 0.1096 No ns 0.8125 D vs. E 0.04733 -0.04348 to 0.1381 No ns 0.5715

b f

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Significant? Summary Adjusted P Value Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Significant? Summary Adjusted P Value

A vs. B 0.001801 -0.07435 to 0.07795 No ns >0.9999 A vs. B 0.01027 -0.1042 to 0.1247 No ns 0.999

B vs. C -0.007523 -0.08367 to 0.06863 No ns 0.9986 B vs. C -0.01205 -0.1265 to 0.1024 No ns 0.9981

C vs. D -0.0998 -0.1760 to -0.02365 Yes ** 0.0049 C vs. D -0.1184 -0.2329 to -0.004005 Yes * 0.0393

C vs. E -0.1219 -0.1981 to -0.04578 Yes *** 0.0004 C vs. E -0.1189 -0.2334 to -0.004493 Yes * 0.0382

D vs. E -0.02212 -0.09827 to 0.05403 No ns 0.9198 D vs. E -0.0004879 -0.1149 to 0.1140 No ns >0.9999

e g

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Significant? Summary Adjusted P Value Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Significant? Summary Adjusted P Value

A vs. B 0.005126 -0.05742 to 0.06767 No ns 0.9993 A vs. B 0.0143 -0.06500 to 0.09361 No ns 0.9854

B vs. C -0.01291 -0.07546 to 0.04964 No ns 0.9759 B vs. C -0.01705 -0.09636 to 0.06225 No ns 0.972

C vs. D -0.05016 -0.1127 to 0.01239 No ns 0.1692 C vs. D -0.1076 -0.1870 to -0.02834 Yes ** 0.0034

C vs. E -0.04942 -0.1120 to 0.01312 No ns 0.1804 C vs. E -0.08398 -0.1633 to -0.004671 Yes * 0.0333

D vs. E 0.0007341 -0.06181 to 0.06328 No ns >0.9999 D vs. E 0.02367 -0.05564 to 0.1030 No ns 0.9123

j l

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Significant? Summary Adjusted P Value Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Significant? Summary Adjusted P Value

A vs. B 0.006663 -0.03079 to 0.04412 No ns 0.9861 A vs. B 0.01875 -0.05629 to 0.09378 No ns 0.9522

B vs. C -0.005438 -0.04290 to 0.03202 No ns 0.9936 B vs. C -0.01254 -0.08758 to 0.06250 No ns 0.989

C vs. D -0.04864 -0.08610 to -0.01118 Yes ** 0.0054 C vs. D -0.1093 -0.1843 to -0.03426 Yes ** 0.0015

C vs. E -0.05695 -0.09441 to -0.01949 Yes *** 0.0008 C vs. E -0.1089 -0.1839 to -0.03385 Yes ** 0.0015

D vs. E -0.00831 -0.04577 to 0.02915 No ns 0.9687 D vs. E 0.0004037 -0.07463 to 0.07544 No ns >0.9999

t

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Significant? Summary Adjusted P Value

A vs. B -0.001299 -0.06758 to 0.06498 No ns >0.9999

B vs. C 0.003949 -0.06233 to 0.07023 No ns 0.9998

C vs. D -0.02939 -0.09567 to 0.03689 No ns 0.7043

C vs. E -0.02532 -0.09160 to 0.04096 No ns 0.8033

D vs. E 0.004072 -0.06221 to 0.07035 No ns 0.9998
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Figure 3.19 Coefficients of variability for phosphodiesters (PDE) calculated from voxels encompassing motor regions as 

depicted in Figure 3.13.  

PDE is expressed as proportion of total phosphorus signal. 

 

3.4.2.1.4 Phosphocreatine 

For PCr (Figure 3.20, Table 3.5), analysis with SpectroView resulted in statistically increased mean 

values in voxel a and in e compared to analysis in jMRUI, although in the latter voxel this was true only 

for the comparison between protocol C and D. Type of analysis protocol had no effect on results in all 

other voxels. PCr values were characterised by low variability, with CVs well below 30% in all assessed 

voxels and using all analysis methodologies (Figure 3.21). 
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Figure 3.20 Box and whisker plots illustrating phosphocreatine (PCr) values for each participant for each voxel calculated 

using methods A to E (detailed in method section of this chapter). 

Only voxels located on motor regions are included in this figure. Voxel location is indicated above each graph. Index is 

illustrated in Figure 3.13. 
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Table 3.5 ANOVA tables illustrating multiple comparisons between method A and B (phasing in jMRUI), B and C (no 

apodisation Vs apodisation in jMRUI), C compared to D and C compared to E (analysis in jMRUI compared to analysis in 

SpectroView), and D compared to E (effect of different phasing in SpectroView) for phosphocreatine (PCr). 

Relevant voxel indices are reported above each table as illustrated in Figure 3.13. CI: Confidence interval, diff: Difference, 

ns: Not significant, Vs: Versus. 

 

  

a c

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Significant? Summary Adjusted P Value Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Significant? Summary Adjusted P Value

A vs. B -0.0008961 -0.02622 to 0.02443 No ns >0.9999 A vs. B -0.005057 -0.03049 to 0.02038 No ns 0.979

B vs. C 0.01879 -0.006535 to 0.04412 No ns 0.2321 B vs. C 0.0183 -0.007134 to 0.04374 No ns 0.2595

C vs. D -0.0439 -0.06923 to -0.01857 Yes *** 0.0001 C vs. D -0.0153 -0.04074 to 0.01013 No ns 0.4348

C vs. E -0.03525 -0.06058 to -0.009923 Yes ** 0.0025 C vs. E -0.007447 -0.03288 to 0.01799 No ns 0.9177

D vs. E 0.008647 -0.01668 to 0.03397 No ns 0.8648 D vs. E 0.007854 -0.01758 to 0.03329 No ns 0.9019

d h

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Significant? Summary Adjusted P Value Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Significant? Summary Adjusted P Value

A vs. B -0.007395 -0.03650 to 0.02171 No ns 0.9493 A vs. B -0.007134 -0.04314 to 0.02887 No ns 0.9792

B vs. C 0.02299 -0.006108 to 0.05210 No ns 0.1805 B vs. C 0.01671 -0.01929 to 0.05271 No ns 0.6771

C vs. D -0.02664 -0.05575 to 0.002458 No ns 0.0867 C vs. D -0.02116 -0.05716 to 0.01484 No ns 0.4582

C vs. E -0.02116 -0.05026 to 0.007946 No ns 0.2502 C vs. E -0.02247 -0.05847 to 0.01353 No ns 0.3977

D vs. E 0.005489 -0.02361 to 0.03459 No ns 0.9827 D vs. E -0.001308 -0.03731 to 0.03469 No ns >0.9999

b f

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Significant? Summary Adjusted P Value Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Significant? Summary Adjusted P Value

A vs. B 0.001929 -0.02723 to 0.03108 No ns 0.9997 A vs. B -0.004535 -0.03921 to 0.03014 No ns 0.9957

B vs. C 0.02159 -0.007563 to 0.05075 No ns 0.2338 B vs. C 0.03205 -0.002621 to 0.06672 No ns 0.082

C vs. D -0.02195 -0.05111 to 0.007203 No ns 0.2196 C vs. D -0.01366 -0.04833 to 0.02101 No ns 0.7922

C vs. E -0.003536 -0.03269 to 0.02562 No ns 0.9968 C vs. E -0.0065 -0.04117 to 0.02817 No ns 0.9831

D vs. E 0.01841 -0.01074 to 0.04757 No ns 0.3855 D vs. E 0.007162 -0.02751 to 0.04183 No ns 0.9758

e g

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Significant? Summary Adjusted P Value Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Significant? Summary Adjusted P Value

A vs. B -0.0004838 -0.02647 to 0.02550 No ns >0.9999 A vs. B -0.006344 -0.03113 to 0.01845 No ns 0.948

B vs. C 0.01888 -0.007099 to 0.04486 No ns 0.2505 B vs. C 0.01635 -0.008439 to 0.04114 No ns 0.3423

C vs. D -0.03381 -0.05979 to -0.007830 Yes ** 0.0053 C vs. D -0.007879 -0.03267 to 0.01691 No ns 0.8923

C vs. E -0.0174 -0.04338 to 0.008584 No ns 0.3275 C vs. E -0.008505 -0.03330 to 0.01629 No ns 0.8627

D vs. E 0.01641 -0.009568 to 0.04240 No ns 0.3854 D vs. E -0.0006261 -0.02542 to 0.02416 No ns >0.9999

j l

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Significant? Summary Adjusted P Value Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Significant? Summary Adjusted P Value

A vs. B -0.001787 -0.02849 to 0.02492 No ns 0.9997 A vs. B -0.004697 -0.02917 to 0.01977 No ns 0.9815

B vs. C 0.01076 -0.01594 to 0.03747 No ns 0.7784 B vs. C 0.01748 -0.006985 to 0.04195 No ns 0.2659

C vs. D -0.01884 -0.04554 to 0.007865 No ns 0.2776 C vs. D -0.005678 -0.03015 to 0.01879 No ns 0.9632

C vs. E -0.01099 -0.03770 to 0.01571 No ns 0.7648 C vs. E -0.001591 -0.02606 to 0.02288 No ns 0.9997

D vs. E 0.007845 -0.01886 to 0.03455 No ns 0.9168 D vs. E 0.004087 -0.02038 to 0.02856 No ns 0.989

t

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Significant? Summary Adjusted P Value

A vs. B 0.0004904 -0.03240 to 0.03338 No ns >0.9999

B vs. C 0.008575 -0.02431 to 0.04147 No ns 0.9419

C vs. D -0.01094 -0.04383 to 0.02195 No ns 0.8703

C vs. E -0.00585 -0.03874 to 0.02704 No ns 0.9853

D vs. E 0.00509 -0.02780 to 0.03798 No ns 0.9913
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Figure 3.21 Coefficients of variability for phosphocreatine (PCr) calculated from voxels encompassing motor regions as 

depicted in Figure 3.13. 

PCr is expressed as proportion of total phosphorus signal. 

 

3.4.2.1.5 γ Adenosine triphosphate 

For γATP, no statistically significant differences emerged from comparisons between alternative 

phasing methods and between non-apodised and apodised jMRUI protocols. In voxels b, c, f, and l, 

analysis with SpectroView resulted in statistically decreased mean values compared to jMRUI. Data 

for motor regions are illustrated in Figure 3.22 and summarised in Table 3.6. Variability with 

SpectroView was higher compared to analyses with jMRUI. CVs with jMRUI were consistently below 

30% whereas higher values were recorded for SpectroView in right cortical regions (voxels a and d) 

and in the pons (voxel t). 
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Figure 3.22 Box and whisker plots illustrating γ phosphate of adenosine triphosphate (γATP) values for each participant 

for each voxel calculated using methods A to E (detailed in method section of this chapter).  

Only voxels located on motor regions are included in this figure. Voxel location is indicated above each graph. Index is 

illustrated in Figure 3.13. 
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Table 3.6 ANOVA tables illustrating multiple comparisons between method A and B (phasing in jMRUI), B and C (no 

apodisation Vs apodisation in jMRUI), C compared to D and C compared to E (analysis in jMRUI compared to analysis in 

SpectroView), and D compared to E (effect of different phasing in SpectroView) for γ phosphate of adenosine triphosphate 

(γATP).  

Relevant voxel indices are reported above each table as illustrated in Figure 3.13. CI: Confidence interval, diff: Difference, 

ns: Not significant, Vs: Versus. 

 

  

a c

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Significant? Summary Adjusted P Value Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Significant? Summary Adjusted P Value

A vs. B -0.003081 -0.03529 to 0.02913 No ns 0.9987 A vs. B -0.007463 -0.02668 to 0.01176 No ns 0.8009

B vs. C 0.01434 -0.01787 to 0.04656 No ns 0.7095 B vs. C 0.009989 -0.009233 to 0.02921 No ns 0.5784

C vs. D 0.006539 -0.02567 to 0.03875 No ns 0.9773 C vs. D 0.0235 0.004282 to 0.04273 Yes ** 0.0098

C vs. E 0.01351 -0.01870 to 0.04572 No ns 0.7526 C vs. E 0.0212 0.001974 to 0.04042 Yes * 0.0243

D vs. E 0.006969 -0.02524 to 0.03918 No ns 0.9714 D vs. E -0.002308 -0.02153 to 0.01691 No ns 0.9969

d h

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Significant? Summary Adjusted P Value Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Significant? Summary Adjusted P Value

A vs. B -0.008365 -0.04312 to 0.02639 No ns 0.9581 A vs. B -0.004356 -0.02809 to 0.01938 No ns 0.9844

B vs. C 0.01802 -0.01674 to 0.05278 No ns 0.5806 B vs. C 0.00773 -0.01601 to 0.03147 No ns 0.8835

C vs. D 0.01986 -0.01489 to 0.05462 No ns 0.4862 C vs. D 0.005937 -0.01780 to 0.02967 No ns 0.952

C vs. E 0.0184 -0.01635 to 0.05316 No ns 0.5607 C vs. E -0.001284 -0.02502 to 0.02245 No ns 0.9999

D vs. E -0.00146 -0.03622 to 0.03330 No ns >0.9999 D vs. E -0.007221 -0.03096 to 0.01652 No ns 0.9066

b f

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Significant? Summary Adjusted P Value Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Significant? Summary Adjusted P Value

A vs. B 0.001246 -0.01900 to 0.02149 No ns 0.9998 A vs. B -0.004716 -0.02371 to 0.01428 No ns 0.9532

B vs. C 0.005363 -0.01488 to 0.02561 No ns 0.9414 B vs. C 0.01247 -0.006527 to 0.03146 No ns 0.3472

C vs. D 0.02545 0.005203 to 0.04569 Yes ** 0.0075 C vs. D 0.02044 0.001450 to 0.03944 Yes * 0.0294

C vs. E 0.03005 0.009805 to 0.05029 Yes ** 0.0012 C vs. E 0.02362 0.004628 to 0.04261 Yes ** 0.0084

D vs. E 0.004602 -0.01564 to 0.02485 No ns 0.9658 D vs. E 0.003178 -0.01582 to 0.02217 No ns 0.9889

e g

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Significant? Summary Adjusted P Value Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Significant? Summary Adjusted P Value

A vs. B 0.002619 -0.02507 to 0.03031 No ns 0.9988 A vs. B -0.004458 -0.02463 to 0.01572 No ns 0.9691

B vs. C 0.008149 -0.01954 to 0.03584 No ns 0.9163 B vs. C 0.005995 -0.01418 to 0.02617 No ns 0.9136

C vs. D 0.01636 -0.01133 to 0.04405 No ns 0.4531 C vs. D 0.01731 -0.002867 to 0.03749 No ns 0.123

C vs. E 0.0259 -0.001790 to 0.05360 No ns 0.0765 C vs. E 0.01728 -0.002898 to 0.03745 No ns 0.1241

D vs. E 0.009544 -0.01815 to 0.03724 No ns 0.8608 D vs. E -0.00003093 -0.02021 to 0.02015 No ns >0.9999

j l

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Significant? Summary Adjusted P Value Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Significant? Summary Adjusted P Value

A vs. B 0.000005871 -0.02356 to 0.02358 No ns >0.9999 A vs. B -0.003853 -0.02530 to 0.01760 No ns 0.9856

B vs. C 0.004815 -0.01876 to 0.02838 No ns 0.9768 B vs. C 0.006856 -0.01459 to 0.02831 No ns 0.8902

C vs. D 0.01919 -0.004380 to 0.04276 No ns 0.1581 C vs. D 0.02736 0.005911 to 0.04881 Yes ** 0.0065

C vs. E 0.02122 -0.002348 to 0.04479 No ns 0.0952 C vs. E 0.02924 0.007793 to 0.05069 Yes ** 0.0032

D vs. E 0.002033 -0.02154 to 0.02560 No ns 0.9992 D vs. E 0.001882 -0.01957 to 0.02333 No ns 0.9991

t

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Significant? Summary Adjusted P Value

A vs. B -0.005579 -0.02942 to 0.01827 No ns 0.9602

B vs. C 0.006335 -0.01751 to 0.03018 No ns 0.938

C vs. D 0.006951 -0.01689 to 0.03079 No ns 0.9153

C vs. E 0.005851 -0.01799 to 0.02969 No ns 0.9529

D vs. E -0.0011 -0.02494 to 0.02274 No ns >0.9999
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Figure 3.23 Coefficients of variability for γ phosphate of adenosine triphosphate (γATP) calculated from voxels 

encompassing motor regions as depicted in Figure 3.13.  

γATP is expressed as proportion of total phosphorus signal. 

 

3.4.2.1.6 α Adenosine triphosphate 

αATP mean values were not affected by any of the analysis methods (Figure 3.24 and Table 3.7), except 

for voxel c where a statistically significant difference between analysis C (jMRUI) and D (SpectroView) 

was found. Variability for αATP measurements was higher compared to γATP with CVs ranging from 

8% to 54%. As for other measurements, variability was greater in cortical and basal regions. 
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Figure 3.24 Box and whisker plots illustrating α phosphate of adenosine triphosphate (αATP) values for each participant 

for each voxel calculated using methods A to E (detailed in method section of this chapter).  

Only voxels located on motor regions are included in this figure. Voxel location is indicated above each graph. Index is 

illustrated in Figure 3.13. 
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Table 3.7 ANOVA tables illustrating multiple comparisons between method A and B (phasing in jMRUI), B and C (no 

apodisation Vs apodisation in jMRUI), C compared to D and C compared to E (analysis in jMRUI compared to analysis in 

SpectroView), and D compared to E (effect of different phasing in SpectroView) for α phosphate of adenosine triphosphate 

(αATP).  

Relevant voxel indices are reported above each table as illustrated in Figure 3.13. CI: Confidence interval, diff: Difference, 

ns: Not significant, Vs: Versus. 

 

  

a c

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Significant? Summary Adjusted P Value Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Significant? Summary Adjusted P Value

A vs. B -0.0009908 -0.02994 to 0.02795 No ns >0.9999 A vs. B -0.006453 -0.04066 to 0.02776 No ns 0.9827

B vs. C 0.0006183 -0.02833 to 0.02956 No ns >0.9999 B vs. C -0.006238 -0.04045 to 0.02797 No ns 0.9847

C vs. D -0.005727 -0.03467 to 0.02322 No ns 0.9793 C vs. D 0.03736 0.003149 to 0.07157 Yes * 0.0263

C vs. E -0.01472 -0.04367 to 0.01422 No ns 0.5981 C vs. E 0.02176 -0.01244 to 0.05597 No ns 0.3783

D vs. E -0.008997 -0.03794 to 0.01995 No ns 0.8997 D vs. E -0.01559 -0.04980 to 0.01862 No ns 0.6916

d h

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Significant? Summary Adjusted P Value Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Significant? Summary Adjusted P Value

A vs. B -0.002532 -0.03594 to 0.03087 No ns 0.9995 A vs. B -0.008865 -0.05249 to 0.03476 No ns 0.9772

B vs. C -0.01346 -0.04687 to 0.01994 No ns 0.7786 B vs. C 0.007518 -0.03611 to 0.05115 No ns 0.9877

C vs. D 0.02088 -0.01253 to 0.05428 No ns 0.3962 C vs. D 0.02442 -0.01921 to 0.06804 No ns 0.5071

C vs. E 0.0003901 -0.03302 to 0.03380 No ns >0.9999 C vs. E 0.001359 -0.04227 to 0.04499 No ns >0.9999

D vs. E -0.02049 -0.05389 to 0.01292 No ns 0.4153 D vs. E -0.02306 -0.06668 to 0.02057 No ns 0.5626

b f

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Significant? Summary Adjusted P Value Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Significant? Summary Adjusted P Value

A vs. B -0.0031 -0.03385 to 0.02765 No ns 0.9984 A vs. B -0.001264 -0.03323 to 0.03070 No ns >0.9999

B vs. C -0.01504 -0.04579 to 0.01571 No ns 0.6329 B vs. C -0.001037 -0.03300 to 0.03093 No ns >0.9999

C vs. D 0.01529 -0.01546 to 0.04603 No ns 0.6189 C vs. D -0.0007425 -0.03271 to 0.03122 No ns >0.9999

C vs. E 0.01724 -0.01350 to 0.04799 No ns 0.505 C vs. E -0.008797 -0.04076 to 0.02317 No ns 0.9332

D vs. E 0.001959 -0.02879 to 0.03271 No ns 0.9997 D vs. E -0.008055 -0.04002 to 0.02391 No ns 0.9507

e g

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Significant? Summary Adjusted P Value Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Significant? Summary Adjusted P Value

A vs. B 0.00113 -0.01865 to 0.02091 No ns 0.9998 A vs. B -0.002422 -0.02828 to 0.02344 No ns 0.9988

B vs. C 0.0006509 -0.01913 to 0.02043 No ns >0.9999 B vs. C -0.003858 -0.02972 to 0.02200 No ns 0.9929

C vs. D -0.01348 -0.03326 to 0.006299 No ns 0.3104 C vs. D 0.02198 -0.003883 to 0.04784 No ns 0.129

C vs. E -0.01747 -0.03724 to 0.002312 No ns 0.1058 C vs. E 0.008955 -0.01690 to 0.03482 No ns 0.8587

D vs. E -0.003987 -0.02377 to 0.01579 No ns 0.9779 D vs. E -0.01302 -0.03888 to 0.01284 No ns 0.6074

j l

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Significant? Summary Adjusted P Value Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Significant? Summary Adjusted P Value

A vs. B -0.006103 -0.02722 to 0.01501 No ns 0.9212 A vs. B -0.002225 -0.02492 to 0.02047 No ns 0.9986

B vs. C 0.001981 -0.01913 to 0.02310 No ns 0.9988 B vs. C 0.0003732 -0.02232 to 0.02307 No ns >0.9999

C vs. D -0.0055 -0.02661 to 0.01561 No ns 0.9447 C vs. D 0.01203 -0.01067 to 0.03473 No ns 0.5599

C vs. E -0.008897 -0.03001 to 0.01222 No ns 0.7494 C vs. E 0.004676 -0.01802 to 0.02737 No ns 0.976

D vs. E -0.003397 -0.02451 to 0.01772 No ns 0.9905 D vs. E -0.007353 -0.03005 to 0.01534 No ns 0.8854

t

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Significant? Summary Adjusted P Value

A vs. B 0.0002216 -0.05481 to 0.05526 No ns >0.9999

B vs. C -0.001873 -0.05691 to 0.05316 No ns >0.9999

C vs. D -0.007078 -0.06211 to 0.04796 No ns 0.9957

C vs. E -0.007164 -0.06220 to 0.04787 No ns 0.9955

D vs. E -0.00008626 -0.05512 to 0.05495 No ns >0.9999
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Figure 3.25 Coefficients of variability for α phosphate of adenosine triphosphate (αATP) calculated from voxels 

encompassing motor regions as depicted in Figure 3.13.  

αATP is expressed as proportion of total phosphorus signal. 

 

3.4.2.1.7 β Adenosine triphosphate 

βATP mean values were equivalent in all tested protocols as no statistically significant differences were 

found in any of the assessed voxels. This is illustrated in Figure 3.26 and Table 3.8. CVs for βATP were 

elevated throughout the assessed voxels (the majority being over 30%). In addition, there did not appear 

to be any consistent difference in CVs with jMRUI analysis compared to SpectroView. 
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Figure 3.26 βATP Box and whisker plots illustrating β phosphate of adenosine triphosphate (βATP) values for each 

participant for each voxel calculated using methods A to E (detailed in method section of this chapter).  

Only voxels located on motor regions are included in this figure. Voxel location is indicated above each graph. Index is 

illustrated in Figure 3.13. 
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Table 3.8 ANOVA tables illustrating multiple comparisons between method A and B (phasing in jMRUI), B and C (no 

apodisation Vs apodisation in jMRUI), C compared to D and C compared to E (analysis in jMRUI compared to analysis in 

SpectroView), and D compared to E (effect of different phasing in SpectroView) for β phosphate of adenosine triphosphate 

(βATP).  

Relevant voxel indices are reported above each table as illustrated in Figure 3.13. CI: Confidence interval, diff: Difference, 

ns: Not significant, Vs: Versus. 

 

  

a c

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value

A vs. B -0.003257 -0.03272 to 0.02621 ns 0.9974 A vs. B 0.009713 -0.03574 to 0.05517 ns 0.9688

B vs. C -0.00927 -0.03874 to 0.02020 ns 0.8837 B vs. C -0.02242 -0.06788 to 0.02303 ns 0.6009

C vs. D 0.005821 -0.02365 to 0.03529 ns 0.9765 C vs. D 0.02332 -0.02213 to 0.06877 ns 0.5654

C vs. E -0.01873 -0.04820 to 0.01073 ns 0.358 C vs. E 0.005023 -0.04043 to 0.05048 ns 0.9974

D vs. E -0.02456 -0.05402 to 0.004913 ns 0.1351 D vs. E -0.0183 -0.06375 to 0.02716 ns 0.7592

d h

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value

A vs. B -0.0121 -0.04051 to 0.01632 ns 0.7284 A vs. B 0.003929 -0.02531 to 0.03316 ns 0.9951

B vs. C 0.005024 -0.02339 to 0.03344 ns 0.9851 B vs. C -0.021 -0.05023 to 0.008234 ns 0.2584

C vs. D 0.01503 -0.01338 to 0.04345 ns 0.5454 C vs. D 0.01673 -0.01250 to 0.04597 ns 0.4807

C vs. E -0.003775 -0.03219 to 0.02464 ns 0.995 C vs. E 0.003697 -0.02554 to 0.03293 ns 0.9961

D vs. E -0.01881 -0.04722 to 0.009606 ns 0.3263 D vs. E -0.01304 -0.04227 to 0.01620 ns 0.7048

b f

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value

A vs. B -0.002516 -0.02926 to 0.02423 ns 0.9986 A vs. B -0.007629 -0.06328 to 0.04802 ns 0.9947

B vs. C -0.009407 -0.03615 to 0.01734 ns 0.8361 B vs. C -0.02078 -0.07643 to 0.03486 ns 0.8194

C vs. D 0.01235 -0.01439 to 0.03910 ns 0.6572 C vs. D 0.03558 -0.02007 to 0.09123 ns 0.3697

C vs. E -0.00848 -0.03522 to 0.01826 ns 0.8808 C vs. E 0.03748 -0.01817 to 0.09313 ns 0.3187

D vs. E -0.02083 -0.04758 to 0.005909 ns 0.1811 D vs. E 0.001896 -0.05375 to 0.05754 ns >0.9999

e g

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value

A vs. B -0.01985 -0.06049 to 0.02080 ns 0.6305 A vs. B -0.009016 -0.03234 to 0.01431 ns 0.8035

B vs. C -0.004599 -0.04525 to 0.03605 ns 0.9975 B vs. C -0.0005688 -0.02390 to 0.02276 ns >0.9999

C vs. D 0.02562 -0.01503 to 0.06626 ns 0.3841 C vs. D 0.01416 -0.009164 to 0.03749 ns 0.4255

C vs. E 0.01767 -0.02298 to 0.05831 ns 0.7238 C vs. E 0.009094 -0.01423 to 0.03242 ns 0.7985

D vs. E -0.007951 -0.04860 to 0.03269 ns 0.9797 D vs. E -0.005068 -0.02840 to 0.01826 ns 0.9709

j l

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value

A vs. B -0.004897 -0.01809 to 0.008294 ns 0.8255 A vs. B -0.01248 -0.04550 to 0.02054 ns 0.816

B vs. C -0.002908 -0.01610 to 0.01028 ns 0.9694 B vs. C -0.01071 -0.04373 to 0.02231 ns 0.885

C vs. D -0.00454 -0.01773 to 0.008651 ns 0.8614 C vs. D 0.01004 -0.02298 to 0.04307 ns 0.9066

C vs. E -0.01209 -0.02528 to 0.001100 ns 0.0861 C vs. E 0.00815 -0.02487 to 0.04117 ns 0.9542

D vs. E -0.007551 -0.02074 to 0.005640 ns 0.4846 D vs. E -0.001895 -0.03492 to 0.03113 ns 0.9998

t

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value

A vs. B 0.002891 -0.01897 to 0.02475 ns 0.9937

B vs. C -0.003137 -0.02500 to 0.01872 ns 0.9915

C vs. D -0.0162 -0.03806 to 0.005655 ns 0.2047

C vs. E -0.0205 -0.04235 to 0.001363 ns 0.0716

D vs. E -0.004293 -0.02615 to 0.01757 ns 0.9728
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Figure 3.27 Coefficients of variability for β phosphate of adenosine triphosphate (βATP) calculated from voxels 

encompassing motor regions as depicted in Figure 3.13.  

βATP is expressed as proportion of total phosphorus signal. 

 

3.4.2.2 pH and Mg++ 

The table below illustrates descriptive statistics for pH and Mg++ concentration (this latter expressed in 

mM) analysed using protocol A, B, and C. Of note, these parameters could not be calculated with 

SpectroView, hence protocols D and E were not testable. 

There were no statistically significant differences between values derived from different analysis 

protocols with the exception of a weakly significant difference in pH between analysis B and C (testing 

the effects of apodisation) in f (p=0.048). 

CVs of pH were below 1.5% whereas variability of Mg++ measurements was substantial with CVs 

around 40% in most voxels; phasing B returned values which were generally more variable compared 

to phasing A. 
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Table 3.9 Mean and standard deviations (SD), for voxels a to u as depicted in Figure 3.13 for pH and free magnesium 

concentration (Mg++), this latter is expressed in millimolar (mM). 

 

 

  

a b c d e f g h i j

A mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD)

pH 7.042 0.025 7.071 0.068 7.069 0.100 7.057 0.089 7.010 0.036 7.021 0.026 7.035 0.036 7.033 0.034 7.069 0.058 7.028 0.048

Mg
++

0.137 0.048 0.150 0.045 0.110 0.053 0.118 0.044 0.104 0.043 0.107 0.035 0.100 0.041 0.121 0.058 0.116 0.041 0.108 0.029

a b c d e f g h i j

B mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD)

pH 7.043 0.024 7.077 0.068 7.067 0.103 7.050 0.056 7.012 0.032 7.020 0.026 7.039 0.041 7.035 0.035 7.078 0.051 7.029 0.049

Mg
++

0.127 0.041 0.152 0.076 0.122 0.050 0.139 0.134 0.217 0.337 0.105 0.034 0.097 0.041 0.141 0.067 0.147 0.131 0.104 0.022

a b c d e f g h i j

C mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD)

pH 7.050 0.027 7.079 0.066 7.074 0.095 7.060 0.087 7.016 0.040 7.031 0.035 7.042 0.041 7.033 0.031 7.080 0.049 7.029 0.049

Mg
++

0.126 0.045 0.139 0.054 0.112 0.041 0.140 0.099 0.108 0.039 0.103 0.033 0.099 0.040 0.127 0.067 0.118 0.037 0.103 0.022

k l m n o p q r s t u

A mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD)

pH 7.044 0.081 7.037 0.021 7.034 0.039 7.119 0.114 7.087 0.075 7.079 0.049 7.067 0.034 7.117 0.101 7.087 0.094 7.112 0.087 7.165 0.169

Mg
++

0.108 0.027 0.099 0.037 0.117 0.050 0.114 0.042 0.098 0.020 0.104 0.043 0.095 0.033 0.103 0.058 0.149 0.071 0.133 0.068 0.179 0.296

k l m n o p q r s t u

B mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD)

pH 7.046 0.081 7.037 0.024 7.034 0.047 7.133 0.105 7.085 0.064 7.082 0.050 7.068 0.036 7.094 0.080 7.061 0.112 7.113 0.088 7.101 0.100

Mg
++

0.102 0.027 0.102 0.036 0.142 0.041 0.137 0.062 0.094 0.023 0.097 0.036 0.107 0.048 0.118 0.075 0.300 0.566 0.134 0.080 0.161 0.079

k l m n o p q r s t u

C mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD) mean (±SD)

pH 7.046 0.078 7.041 0.026 7.043 0.040 7.139 0.112 7.096 0.077 7.088 0.048 7.070 0.039 7.093 0.076 7.075 0.101 7.113 0.079 7.128 0.148

Mg
++

0.099 0.026 0.090 0.031 0.149 0.049 0.136 0.055 0.096 0.023 0.086 0.035 0.104 0.071 0.111 0.050 0.112 0.068 0.100 0.060 0.160 0.096
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Figure 3.28 Box and whisker plots illustrating pH values for each participant for each voxel calculated using methods A 

to C (detailed in methods section of this chapter).  

Only voxels located on motor regions are included in this figure. Voxel location is indicated above each graph. Index is 

illustrated in Figure 3.13. 
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Table 3.10 pH ANOVA tables illustrating multiple comparisons between method A and B (phasing in jMRUI) and B and 

C (no apodisation Vs apodisation in jMRUI) for pH.  

Relevant voxel indices are reported above each table as illustrated in Figure 3.13. CI: Confidence interval, diff: Difference, 

ns: Not significant, Vs: Versus. 

 

  

a c

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value

A vs. B -0.001712 -0.01205 to 0.008624 ns 0.9094 A vs. B 0.001689 -0.008023 to 0.01140 ns 0.9006

A vs. C -0.007838 -0.01817 to 0.002498 ns 0.161 A vs. C -0.005483 -0.01520 to 0.004229 ns 0.3491

B vs. C -0.006126 -0.01646 to 0.004211 ns 0.3154 B vs. C -0.007172 -0.01688 to 0.002540 ns 0.1755

d h

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value

A vs. B 0.006337 -0.02016 to 0.03283 ns 0.8211 A vs. B -0.001492 -0.008193 to 0.005208 ns 0.8427

A vs. C -0.002965 -0.02946 to 0.02353 ns 0.9574 A vs. C 0.0001632 -0.006537 to 0.006864 ns 0.9979

B vs. C -0.009302 -0.03580 to 0.01719 ns 0.6571 B vs. C 0.001655 -0.005045 to 0.008356 ns 0.8105

b f

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value

A vs. B -0.006011 -0.01621 to 0.004183 ns 0.3189 A vs. B 0.001135 -0.009795 to 0.01206 ns 0.9633

A vs. C -0.007446 -0.01764 to 0.002748 ns 0.1818 A vs. C -0.009865 -0.02079 to 0.001064 ns 0.0819

B vs. C -0.001435 -0.01163 to 0.008759 ns 0.9336 B vs. C -0.011 -0.02193 to -7.036e-005 * 0.0483

e g

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value

A vs. B -0.002111 -0.01446 to 0.01023 ns 0.9037 A vs. B -0.003333 -0.01386 to 0.007196 ns 0.7098

A vs. C -0.006219 -0.01856 to 0.006126 ns 0.4289 A vs. C -0.006598 -0.01713 to 0.003931 ns 0.2775

B vs. C -0.004108 -0.01645 to 0.008237 ns 0.6852 B vs. C -0.003265 -0.01379 to 0.007264 ns 0.7195

j l

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value

A vs. B -0.001336 -0.006781 to 0.004109 ns 0.8128 A vs. B -0.0003943 -0.007296 to 0.006507 ns 0.9887

A vs. C -0.001189 -0.006634 to 0.004257 ns 0.8484 A vs. C -0.00436 -0.01126 to 0.002542 ns 0.2722

B vs. C 0.0001473 -0.005298 to 0.005593 ns 0.9975 B vs. C -0.003965 -0.01087 to 0.002936 ns 0.3369

t

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value

A vs. B -0.001524 -0.01346 to 0.01042 ns 0.945

A vs. C -0.0009708 -0.01291 to 0.01097 ns 0.9773

B vs. C 0.0005531 -0.01139 to 0.01249 ns 0.9926
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Figure 3.29 Coefficients of variability for pH calculated from voxels encompassing motor regions as depicted in Figure 

3.13. 
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Figure 3.30 Box and whisker plots illustrating magnesium concentration (Mg) in millimolar (mM) calculated using 

methods A to C (detailed in method section of this chapter).  

Only voxels located on motor regions are included in this figure. Voxel location is indicated above each graph. Index is 

illustrated in Figure 3.13. 
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Table 3.11 ANOVA tables illustrating multiple comparisons between method A and B (phasing in jMRUI) and B and C (no 

apodisation Vs apodisation in jMRUI) for free magnesium concentration.  

Relevant voxel indices are reported above each table as illustrated in Figure 3.13. CI: Confidence interval, diff: Difference, 

ns: Not significant, Vs: Versus. 

 

  

a c

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value

A vs. B 0.009748 -0.008516 to 0.02801 ns 0.3885 A vs. B -0.01212 -0.04202 to 0.01779 ns 0.5737

A vs. C 0.01086 -0.007407 to 0.02912 ns 0.3133 A vs. C -0.001816 -0.03172 to 0.02809 ns 0.9873

B vs. C 0.001109 -0.01715 to 0.01937 ns 0.9873 B vs. C 0.0103 -0.01961 to 0.04021 ns 0.6673

d h

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value

A vs. B -0.02451 -0.1079 to 0.05891 ns 0.741 A vs. B -0.009471 -0.04558 to 0.02664 ns 0.787

A vs. C -0.01086 -0.09429 to 0.07257 ns 0.9421 A vs. C 0.003878 -0.03224 to 0.03999 ns 0.9602

B vs. C 0.01365 -0.06978 to 0.09708 ns 0.9103 B vs. C 0.01335 -0.02276 to 0.04946 ns 0.625

b f

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value

A vs. B -0.001753 -0.02942 to 0.02591 ns 0.9859 A vs. B 0.001656 -0.009022 to 0.01234 ns 0.92

A vs. C 0.01275 -0.01491 to 0.04042 ns 0.4862 A vs. C 0.003963 -0.006716 to 0.01464 ns 0.6262

B vs. C 0.01451 -0.01316 to 0.04217 ns 0.3973 B vs. C 0.002306 -0.008373 to 0.01298 ns 0.8513

e g

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value

A vs. B -0.1133 -0.3157 to 0.08918 ns 0.3554 A vs. B 0.003024 -0.003867 to 0.009914 ns 0.5227

A vs. C -0.004078 -0.2065 to 0.1984 ns 0.9986 A vs. C 0.0007827 -0.006108 to 0.007673 ns 0.9562

B vs. C 0.1092 -0.09325 to 0.3117 ns 0.381 B vs. C -0.002241 -0.009132 to 0.004650 ns 0.6967

j l

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value

A vs. B 0.004235 -0.007469 to 0.01594 ns 0.6405 A vs. B -0.002722 -0.01998 to 0.01453 ns 0.9174

A vs. C 0.005139 -0.006565 to 0.01684 ns 0.5224 A vs. C 0.008851 -0.008403 to 0.02610 ns 0.4162

B vs. C 0.0009039 -0.01080 to 0.01261 ns 0.9795 B vs. C 0.01157 -0.005680 to 0.02883 ns 0.2332

t

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Summary Adjusted P Value

A vs. B -0.008358 -0.04998 to 0.03326 ns 0.8663

A vs. C 0.01681 -0.02481 to 0.05843 ns 0.5676

B vs. C 0.02517 -0.01645 to 0.06679 ns 0.2951
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Figure 3.31 Coefficients of variability for free magnesium (Mg++) calculated from voxels encompassing motor regions as 

depicted in Figure 3.13. 

 

3.4.3 Quality control 

Of all analysed data (264 spectra), 11 (4%) PME peaks could not be fitted with SpectroView. These 

data were located in voxels r, s, t, and u. Nine (3%) Pi peaks could not be fitted with SpectroView, all 

located in basal regions (s, t, and u). Fifteen (6%) PDE peaks could not be fitted with SpectroView and 

one (0.4%) with jMRUI. All (100%) PCr peaks could be fitted. Six (2%) γATP peaks could not be fitted 

with SpectroView (all located in basal voxels) and two (1%) in jMRUI (located in the left temporal lobe 

voxel). Nine (3%) αATP peaks could not be fitted in SpectroView, all located in basal voxels. Twenty-

nine (11%) βATP peaks could not be fitted with SpectroView, whereas 54 (20%) βATP were not fitted 

with jMRUI; non-fitted peaks were found primarily in cortical regions and brainstem. pH values were 

calculated in all cases (100%) in jMRUI. Mg++ could not be calculated in 16 (6%) jMRUI spectra. 

Mean CRLB of spectra (CRLB PCr), pH, and Mg++ are reported below for all analysed voxels and 

individual participant values are illustrated in scatter plots in Figure 3.32 to Figure 3.34. Across all 

voxels, individual CRLB of spectra (PCr) and pH were well below the 30% threshold for all spectra; 

whereas, 39 individual CRLB of Mg++ were above 30%, these spectra were not located in voxels 

encompassing motor regions. 
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Table 3.12 Mean Cramer-Rao lower bounds (CRLB-expressed in %) of spectra (CRLB PCr), of pH (CRLB pH), and of 

free magnesium concentration (CRLB Mg++) for voxels a to u as depicted in Figure 3.13. 

 

 

 

 

Figure 3.32 Cramer-Rao lower bounds (CRLB) of spectra (expressed as a proportion rather than a percentage) for each 

participant using method A to C (detailed in method section of this chapter) and for each voxel located in motor regions 

(as depicted in Figure 3.13).  

A a b c d e f g h i j k l m n o p q r s t u

CRLB PCr 9.8% 7.8% 9.1% 8.8% 7.0% 6.4% 7.4% 8.7% 9.2% 7.5% 7.2% 7.2% 8.5% 16.7% 10.4% 8.3% 9.7% 16.4% 18.9% 11.5% 12.6%

CRLB pH 1.5% 1.6% 2.0% 1.5% 1.4% 1.2% 1.4% 1.5% 2.9% 1.6% 1.4% 1.5% 2.3% 3.0% 2.2% 1.8% 1.8% 2.7% 3.0% 3.2% 2.6%

CRLB Mg
++

7.2% 22.1% 12.0% 14.0% 12.9% 17.7% 11.4% 9.4% 11.0% 11.8% 11.3% 8.3% 16.9% 15.9% 13.6% 8.8% 9.9% 17.1% 17.6% 9.7% 8.4%

B a b c d e f g h i j k l m n o p q r s t u

CRLB PCr 9.7% 7.9% 9.1% 9.4% 7.3% 6.6% 7.6% 8.9% 9.5% 7.6% 7.3% 6.9% 7.6% 19.8% 11.0% 8.4% 10.0% 16.2% 19.8% 11.9% 13.4%

CRLB pH 1.6% 1.6% 2.0% 2.5% 1.5% 1.1% 1.4% 1.3% 2.8% 1.6% 1.4% 1.5% 1.5% 3.1% 2.1% 1.8% 1.8% 3.4% 2.7% 3.3% 3.3%

CRLB Mg
++

7.7% 23.4% 7.4% 13.3% 17.5% 16.0% 12.6% 7.4% 12.6% 12.4% 13.1% 13.9% 19.2% 21.5% 15.7% 8.5% 9.5% 11.1% 56.9% 8.5% 86.8%

C a b c d e f g h i j k l m n o p q r s t u

CRLB PCr 5.4% 4.7% 5.3% 5.5% 5.0% 4.3% 5.0% 5.4% 5.2% 4.4% 4.3% 4.1% 4.3% 9.9% 6.4% 4.9% 5.7% 9.8% 11.1% 6.7% 6.7%

CRLB pH 2.3% 2.0% 2.4% 2.9% 1.8% 1.6% 1.7% 2.0% 3.3% 2.0% 1.8% 1.8% 2.6% 4.6% 3.1% 2.4% 2.4% 4.6% 4.1% 4.1% 3.6%

CRLB Mg
++

14.3% 26.9% 15.3% 17.7% 30.6% 25.7% 16.3% 14.9% 17.8% 16.0% 18.7% 20.5% 23.6% 26.0% 19.9% 15.9% 16.0% 20.7% 31.3% 21.4% 15.5%
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Figure 3.33 Cramer-Rao lower bounds (CRLB) of pH (expressed as a proportion rather than a percentage) for each 

participant using method A to C (detailed in method section of this chapter) and for each voxel located in motor regions 

(as depicted in Figure 3.13). 
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Figure 3.34 Cramer-Rao lower bounds (CRLB) of Mg++ (expressed as a proportion rather than a percentage) for each 

participant using method A to C (detailed in method section of this chapter) and for each voxel located in motor regions 

(as depicted in Figure 3.13). 

 

3.4.4 Reliability: ICC  

ICC results for voxels encompassing motor tracts are summarised in tables below. Specifically, 

reliability analysis for different phasing methods in jMRUI are summarised in Table 3.13 and for 

different phasing methods in SpectroView in Table 3.14. ICCs calculated for all brain voxels are 

reported in the appendix, as well as ICC comparing iMRUI and SpectroView analysis (protocol C and 

D). 

In jMRUI, reliability of amplitudes was very good as ICC were above 60% for all amplitudes except 

for βATP which showed low reliability especially in voxels f, h, and t. ICCs for pH were excellent (all 
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above 90% except for voxel d, which was 84%). Reliability of Mg++ measurements was generally lower, 

as ICCs were lower than 60% in four voxels (d, e, h, and t). 

ICCs calculated for analysis in SpectroView were generally lower compared to jMRUI with a greater 

proportion of ICCs below 80% (15 in jMRUI compared to 29 in SpectroView). 

Table 3.13 Comparison of phasing methods in jMRUI. ICC calculated from protocol A and B, as detailed in this chapter’s 

methods.  

Motor voxels are illustrated in Figure 3.13. Colour legend is illustrated below table. 

 

 

 

 

Table 3.14 Comparison of phasing methods in SpectroView. ICC calculated from protocol D and E, as detailed in this 

chapter’s methods. 

Motor voxels are illustrated in Figure 3.13. Colour legend is illustrated below table. 

 

 

 

a b c d e f g h j l t

PME 94.5% 86.5% 98.8% 91.6% 97.7% 81.4% 75.7% 82.9% 92.7% 96.4% 98.8%

Pi 99.8% 95.9% 99.2% 69.4% 94.0% 80.2% 94.6% 98.3% 98.8% 93.6% 98.0%

PDE 96.9% 92.5% 82.0% 81.9% 96.3% 92.4% 86.0% 94.7% 85.6% 64.8% 94.2%

PCr 93.3% 90.5% 85.7% 92.3% 88.9% 83.0% 81.2% 91.6% 95.0% 94.7% 98.4%

γATP 98.7% 88.1% 88.3% 79.7% 89.8% 81.7% 90.8% 94.5% 95.1% 94.0% 94.4%

αATP 99.4% 72.4% 97.3% 94.2% 96.0% 91.9% 97.8% 64.2% 68.1% 98.1% 98.7%

βATP 99.5% 60.7% 74.2% 71.3% 69.6% -0.9% 92.8% 49.3% 92.8% 62.1% -5.8%

a b c d e f g h j l t

pH 99.0% 96.8% 99.3% 83.6% 96.4% 97.6% 92.6% 98.3% 99.6% 93.8% 99.3%

Mg
++

84.1% 80.3% 75.3% -12.8% -1.2% 85.0% 97.2% 53.6% 80.6% 90.6% 59.7%

Legend

≤ 0.0%

0.1% - 59.9%

60.0% - 69.9%

70.0% - 79.9%

≥80.0%

a b c d e f g h j l t

PME 69.1% 91.1% 89.1% 90.5% 90.3% 91.2% 87.4% 95.0% 93.3% 88.9% 79.8%

Pi 87.6% 74.3% 93.4% 94.0% 2.4% 97.2% 66.7% 81.5% 80.8% 92.1% 92.4%

PDE 78.9% 59.3% 95.7% 63.8% 98.4% 99.4% 73.3% 65.8% 81.3% 94.1% 99.0%

PCr 77.6% 68.3% 94.1% 58.3% 66.8% 97.9% 75.1% 82.4% 87.6% 97.7% 98.5%

γATP 89.9% 94.0% 76.2% 89.0% 81.3% 98.8% 89.3% 68.1% 78.0% 93.5% 98.1%

αATP 96.0% 87.7% 68.5% 77.2% 92.7% 96.3% 81.3% 69.7% 72.9% 94.4% 99.0%

βATP 75.4% 76.8% 55.5% 70.3% 93.3% 75.9% 68.8% 63.8% 92.2% 81.4% 86.9%

Legend

≤ 0.0%

0.1% - 59.9%

60.0% - 69.9%

70.0% - 79.9%

≥80.0%
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3.4.5 Agreement: Bland-Altman plots 

Agreement parameters between repeated measurements following rephasing in both jMRUI (analysis 

A and B, graphs on the left-hand side) and SpectroView (analysis D and E, graphs on the right-hand 

side) are reported in the Bland-Altman plots below. On the y-axis, the difference is expressed as 

percentage of the mean. Agreement for measurement acquired with jMRUI was excellent (upper and 

lower limits of agreement - ULOA and LLOA - equivalent to approximately 25%) for Pi18, PCr, and 

γATP, with slightly higher ranges (albeit still good agreement, with limits of agreement within 50%) 

for PME, PDE, and αATP. βATP had very poor agreement, with limits of agreement reaching 100% in 

some voxels (b, c, e, f, l, and t).  

Agreement measures for SpectroView data were lower compared to jMRUI with limits of agreement 

over 50% in four voxels for PME, three voxels for Pi, and four voxels for PDE. As for jMRUI, βATP 

repeated measures also had poor agreement in SpectroView. 

No systematic bias was detected. 

  

 
18 Except for voxel d, corresponding to a right-sided cortical region. 
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Figure 3.35 Bland-Altman plots illustrating agreement parameters for phosphomonoesters (PMEs) for repeated 

measurements (alternative phasing method) conducted in jMRUI (column on the left) and SpectroView (SV column on the 

right). 

Voxels are indexed as illustrated in Figure 3.13. Details on the interpretation of Bland-Altman plots are found in this chapter’s 

introduction 
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Figure 3.36 Bland-Altman plots illustrating agreement parameters form inorganic phosphate (Pi) for repeated 

measurements (with alternative phasing method) conducted in jMRUI (column on the left) and SpectroView (SV column 

on the right). 

Voxels are indexed as illustrated in Figure 3.13. Details on the interpretation of Bland-Altman plots are found in this chapter’s 

introduction 
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Figure 3.37 Bland-Altman plots illustrating agreement parameters form phosphodiesters (PDEs) for repeated 

measurements (with alternative phasing method) conducted in jMRUI (column on the left) and SpectroView (SV column 

on the right). 

Voxels are indexed as illustrated in Figure 3.13. Details on the interpretation of Bland-Altman plots are found in this chapter’s 

introduction 
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Figure 3.38 Bland-Altman plots illustrating agreement parameters form phosphocreatine (PCr) for repeated measurements 

(with alternative phasing method) conducted in jMRUI (column on the left) and SpectroView (SV column on the right).  

Voxels are indexed as illustrated in Figure 3.13. Details on the interpretation of Bland-Altman plots are found in this chapter’s 

introduction 
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Figure 3.39 Bland-Altman plots illustrating agreement parameters form γ phosphate of adenosine diphosphate (γATP) for 

repeated measurements (with alternative phasing method) conducted in jMRUI (column on the left) and SpectroView (SV 

column on the right). 

Voxels are indexed as illustrated in Figure 3.13. Details on the interpretation of Bland-Altman plots are found in this chapter’s 

introduction. 
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Figure 3.40 Bland-Altman plots illustrating agreement parameters form α phosphate of adenosine diphosphate (αATP) for 

repeated measurements (with alternative phasing method) conducted in jMRUI (column on the left) and SpectroView (SV 

column on the right). 

Voxels are indexed as illustrated in Figure 3.13. Details on the interpretation of Bland-Altman plots are found in this chapter’s 

introduction. 
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Figure 3.41 Bland-Altman plots illustrating agreement parameters form β phosphate of adenosine diphosphate (βATP) for 

repeated measurements (with alternative phasing method) conducted in jMRUI (column on the left) and SpectroView (SV 

column on the right). 

Voxels are indexed as illustrated in Figure 3.13. Details on the interpretation of Bland-Altman plots are found in this chapter’s 

introduction. 
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3.5 DISCUSSION 

Substantial heterogeneity in analysis methodology and reported parameters is characteristic of the MR 

spectroscopic literature. To date, there are very few studies reporting effects of different methodologies 

on resulting metabolite estimates but the problem is recognised as, in recent years, there have been 

efforts to standardise methodology through publication of guidelines (Wilson, Andronesi et al. 2019, 

Meyerspeer, Boesch et al. 2020). In addition, most spectroscopic data processing protocols cannot be 

fully executed without a degree of user input, which may also contribute to variability of results. Of 

note, perhaps counter-intuitively, at present some user interaction is preferable to complete black-box 

methods as there are spectroscopic features and artefacts that can only be detected by careful visual 

inspection (Kreis 2004), as illustrated, for instance, in section 3.1.1.2 (manual phasing compared to 

automated phasing). 

In the previous chapter, spectroscopic analysis was conducted using the Philips’ manufacturer 

proprietary software SpectroView, which allows fast spectroscopic analysis and is particularly valuable 

when setting up acquisitions. As soon as measurements are completed, results can be viewed 

immediately on the scanner computer, permitting rapid assessment of SNR and consequent adjustment 

of sequence parameters (e.g. alteration of TR or voxel size, as in experiments reported in chapter two). 

However, SpectroView has some features that inhibit more in-depth spectral analysis. For instance, 

only analysis of apodised spectra is permitted which, as discussed above, is not always recommended. 

In addition, it is impossible to assign an individual phase to each spectrum so the same phasing must be 

applied to all spectra in a given acquisition19. Furthermore, the fitting algorithm does not account for 

subtle variations in chemical shift of individual peaks (unlike AMARES that allows imposition of soft 

constraints on peak frequencies). This may lead to overfitting of noise instead of signal of interest for 

peaks with a slightly different chemical shift to that defined in the SpectroView script. SpectroView 

does not return either the CRLB of parameters (and which cannot be calculated from output data), pH, 

or Mg++ concentration (these latter two parameters can be calculated from chemical shifts, but the 

manual procedure required is very time-consuming). Lastly, SpectroView is only available on Philips 

scanners, which is a major limitation to the goal of reproducible studies, as the data reported in this 

chapter show that processing methodology represents an additional source of variability which may 

render results across sites not directly comparable.  

Following preliminary experiments aimed at optimising a post-processing protocol in both jMRUI and 

SpectroView, the study in twelve healthy participants was conducted to characterise reproducibility of 

the technique and compare results produced by the two available processing software. The most 

important questions were whether the main operator-dependent step (manual phasing) contributed 

 
19 It is theoretically possible to select an individual spectrum, phase it, run the pre- and post-processing scripts, 

save individual results, and repeat the whole procedure for each spectrum of interest. However, this is extremely 

time consuming and negates the main advantage (speed) of using SpectroView. 
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towards a significant bias in results or not, and how robust available software were to alternative manual 

phasing and apodisation. 

Every effort was made to ensure that processing steps in jMRUI and in SpectroView were equivalent 

and, hence, comparable, although there were some differences in analysis steps which could not be 

eliminated. The main differences were: baseline estimation methods, PME and PDE line shape 

modelling, phase estimation, and presence of line-improving function in SpectroView, but not in 

jMRUI. 

 

3.5.1 Comparison of analyses: mean values and coefficients of variability 

Some statistically significant differences emerged between data analysed in jMRUI and in 

SpectroView, whereas neither phasing nor apodisation appeared to have a significant effect on results. 

The main differences between jMRUI and SpectroView analyses were found in membrane 

phospholipids results. PMEs tended to be underestimated in SpectroView compared to jMRUI, whereas 

PDEs were overestimated. PMEs are found on the left side of the spectrum, at the inflection point of 

the large baseline. Hence it is possible that variability in PME results was due to differences in 

modelling of the baseline, which is estimated as a quarter sine wave in jMRUI and as a polynomial in 

SpectroView. In addition, following visual analysis, there appeared to be imprecise modelling of the 

line shapes of both phospholipid resonances in SpectroView (which assumed PMEs and PDEs to be 

composed by only one peak each) compared to jMRUI (in which they were modelled as two peaks and 

resulted from summation of PE and PC for PMEs and GPC and GPE for PDEs).  

Some differences between results derived from jMRUI and SpectroView were also detected in other 

metabolites, although these were not consistently found across all voxels. Of note, correction for 

multiple comparisons was conducted for comparisons between different analysis methods, but not for 

all voxels of interest and for all metabolites. Therefore, it is likely that at least some of the resulting 

significant values (especially those found in isolation, e.g. pH differences in f, p=0.048) represented 

type 1 errors. Nonetheless, the overall goal of the analysis was to identify patterns of differences 

resulting from methodology, and the statistical leniency in this regard was intentional. 

CVs of amplitudes in cortical regions were generally higher than in deeper brain structures. CVs in 

jMRUI were lower compared to those from analysis in SpectroView, with the exception of βATP which 

showed high variability across all voxels and methodologies. This was likely a result of difficulties 

modelling βATP line shape, low βATP SNR, and off-resonance effects. 

Variability of pH was extremely low, reflecting both high precision of measurements and low biological 

variability of this highly homeostatic parameter. In contrast, Mg++ measures, although mostly in 
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biological range (Murphy 2000), were highly variable with CVs around 40%, and sometimes exceeding 

this value, especially in method B, indicating that phasing had an effect on the spread of Mg++ 

measurements. This was probably because Mg++ is calculated from βATP’s chemical shift, which was 

also variable as a result of off-resonance effects, first order phasing errors, generally low SNR, and the 

fact that line shape is more complex to model and fit. 

 

3.5.2 Quality control 

In terms of fitting individual amplitudes, SpectroView performed worse than jMRUI for all metabolites 

with the exception of βATP in which a large number of peaks (54) could not be fitted by the AMARES 

algorithm. It is unclear why this was the case, although it is possible that apodisation and multiplication 

by a line-improving function in SpectroView might have aided fitting of particularly noisy βATP 

triplets. Another consequence of difficulties with βATP fitting was that Mg++ estimates could not be 

calculated on 16 occasions; in addition, on occasion outlier values (which were characterised by 

elevated CRLB) were not biologically plausible (i.e. Mg++ >1 mM) (Murphy 2000). 

CRLB of spectra were all below 30% and below 20% for most spectra, indicating that the acquisition 

protocol performed well according to accepted norms. The goodness of fit of heteronuclear spectra is 

inherently less accurate than in proton spectroscopy, hence, 30% can be considered an acceptable 

threshold (van de Bank, Maas et al. 2018). The inverse dependency of CRLB of spectra on noise 

(Cavassila, Deval et al. 2000) also explains why this measure should not be employed for quality control 

in clinical studies; SNR can be decreased in disease following a pathophysiological reduction of 

metabolite (pathologically reduced signals result in lower SNR and elevates CRLBs). Hence, rejecting 

data on the basis of high CRLB can eliminate those spectra derived from more severely affected 

individuals and potentially lead to false negative results (Kreis 2016). Generally, it is considered useful 

to calculate CRLBs of spectra before starting a clinical study at the protocol development stage to 

determine whether developed sequences and analyses return spectra that can be fitted with sufficient 

accuracy and, if this is not the case, improve the protocol through an iterative process.  

Since CRLB of pH and of Mg++ do not depend on noise (but on linewidth (Cavassila, Deval et al. 2000)), 

and since some CRLBs were higher than 30%, for the final protocol, it was decided a priori to exclude 

Mg++ and pH values with CRLB>30% due to likely imprecision. 
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3.5.3 Reliability and agreement 

jMRUI returned results which were more reliable (higher ICC) and with better agreement (narrower 

limits of agreement) than SpectroView, indicating greater robustness to operator-dependent changes in 

manual phasing across all metabolites, with the exception of βATP.  

In jMRUI, βATP had poor reliability in three voxels and generally lower ICCs compared to 

SpectroView. βATP is the peak most subject to first-order phasing errors (as detailed at the beginning 

of this chapter). Hence these findings may reflect variation in first-order phasing methodology in 

jMRUI compared to SpectroView. In addition, the ICC analysis was conducted on non-apodised data 

in jMRUI and on denoised data in SpectroView, indicating that low SNR may have contributed to 

confound results. 

Generally, agreement of measurements was greater amongst values derived from jMRUI analysis 

compared to SpectroView. Of note, in Bland-Altman plots, there is no absolute measure of agreement: 

the ULOA and LLOA represent the best compound measures and, although no absolute threshold exists, 

comparison of width of limits of agreement can be used to compare techniques. 

In summary, the AMARES algorithm in jMRUI resulted in greater reliability, higher agreement, and 

less variability than SpectroView, returning values generally characterised by sufficiently low CRLB, 

and was hence chosen for all subsequent analyses in this thesis. 

This type of reproducibility study has not been conducted before. Implications in terms of future work 

and in the context of published literature are illustrated in chapter seven. 

 

3.6 CONCLUSION 

There have been attempts at standardising analysis protocols, but differences persist in published MR 

spectroscopic literature. In this thesis, we chose the methodology described above and justify the 

selected protocol based on an experimental approach. In the following chapters, we applied this 

optimised methodology to a clinical cohort of patients with MND and healthy controls to address 

hypotheses of bioenergetic dysfunction. 

The experiments conducted in this chapter established a post-processing protocol (spectral analysis, 

image segmentation and coregistration) and characterised reproducibility parameters for analyses in 

jMRUI and SpectroView. Experiments focussed on intra-operator variability, software robustness to 

manual phasing, and on the effects of apodisation. Main differences in mean values between tested 

analyses protocols were found in phospholipid results likely as a result of differences in baseline 

modelling between software. Generally speaking, jMRUI returned less variable, more reliable 

measurements which were characterised by higher agreement than SpectroView.  



179 

 

Quality of fit was also assessed in terms of CRLB and number of spectra that could be fitted. Spectral 

quality was generally high, with the exception of Mg++ measurements some of which had high 

undesirable CRLB values, hence, for the final protocol, Mg++ results characterised by a CRLB > 30% 

were rejected as too inaccurate. 

Based on these observations, the following protocol was chosen for subsequent analyses: jMRUI was 

chosen as software for analysis, apodisation took place only for visual purposes (as analysis did not 

demonstrate a requirement), manual phasing was conducted, followed by fitting with AMARES using 

appropriate prior knowledge, and correction for T1 relaxation effects. Image coregistration and 

segmentation scripts were optimised and used in chapter four to correct for any putative partial volume 

effects. Normalisation of metabolites by total phosphorus signal was chosen instead of quantification 

based on an external reference phantom. 
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4. CHAPTER 4:                                                                                                                   

31-PHOSPHORUS MAGNETIC RESONANCE 

SPECTROSCOPY TO ASSESS BIOENERGETICS IN 

BRAIN AND MUSCLE IN MOTOR NEURON DISEASE: 

CROSS-SECTIONAL RESULTS 

This chapter describes experiments performed to characterise the bioenergetic profile in brain and 

muscle in MND patients using the acquisition and processing protocols optimised in previous chapters. 

The work has now been published in Brain (Sassani, Alix et al. 2020). Permission for reproduction in 

this thesis has been granted by the publisher, and the copyright licence is attached in the appendix.  

Since this chapter is essentially equivalent to the published paper, it was removed from the version 

made available on the White Rose Research Online Repository. The reader can find the content 

published in Brain: “Matilde Sassani, James J Alix, Christopher J McDermott, Kathleen Baster, Nigel 

Hoggard, Jim M Wild, Heather J Mortiboys, Pamela J Shaw, Iain D Wilkinson, Thomas M Jenkins, 

Magnetic resonance spectroscopy reveals mitochondrial dysfunction in amyotrophic lateral sclerosis, 

Brain, Volume 143, Issue 12, December 2020, Pages 3603–3618, 

https://doi.org/10.1093/brain/awaa340”. In addition, the full text is available from the White Rose 

Research Online Repository at Magnetic resonance spectroscopy reveals mitochondrial dysfunction in 

amyotrophic lateral sclerosis - White Rose Research Online. 

  

https://doi.org/10.1093/brain/awaa340
https://eprints.whiterose.ac.uk/166377/
https://eprints.whiterose.ac.uk/166377/
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5. CHAPTER 5:                                                                           

31-PHOSPHORUS MAGNETIC RESONANCE 

SPECTROSCOPY TO ASSESS SKELETAL MUSCLE 

RESPONSE TO FATIGUE IN MOTOR NEURON 

DISEASE 

This chapter completes the reporting of cross-sectional experiments conducted in the participant cohort 

introduced in chapter four. The experiments reported in this chapter aimed to quantify and characterise 

neuromuscular fatigue in MND patients using both 31P-MRS and neurophysiology. Experiments are 

divided into those aimed at quantifying fatigue and those conducted to characterise and localise its 

origin (central or peripheral nervous system, muscular). The latter experiments are, in turn, subdivided 

into neurophysiological and spectroscopic protocols based on employed methodology. Lastly, 

parameters shown to change significantly following exercise were combined in multiple regression 

analyses to model fatigability in healthy controls and patients and to interrogate pathophysiology. 

 

5.1 INTRODUCTION 

The aim of the experiments reported in this chapter was to characterise fatigability, which is a common 

and debilitating symptom in MND. Fatigue is reported by over 80% of patients (compared to 20% of 

the general population), tends to progress with disease (Ramirez, Piemonte et al. 2008), and has a 

negative impact on quality of life (Lou, Reeves et al. 2003). Numerous medications and interventions 

have been trialled, but none, so far, has shown evidence of efficacy (Gibbons, Pagnini et al. 2018). Part 

of the challenge is that a formal definition of fatigue is elusive and localisation of pathophysiology is 

challenging. 

MND patients report two types of fatigue: global and motor (Gibbons, Thornton et al. 2013). The former 

is described as “a general sensation of tiredness” and, although likely multifactorial, appears related to 

bulbar symptoms and respiratory dysfunction. The latter is associated with muscle contraction and 

movement and can be improved with rest. This motor fatigability, or neuromuscular fatigue, can be 

particularly debilitating in MND (Gibbons, Pagnini et al. 2018), and may be defined as the inability to 

maintain maximal voluntary force during prolonged contraction (Sanjak, Brinkmann et al. 2001). 

Each anatomical constituent of the motor pathway (upper motor neuron, lower motor neuron, 

neuromuscular junction, and muscle) can be affected by motor fatigue. Mechanistically, 

pathophysiological variations in resting plasma membrane/sarcolemmal potential, alterations in 

excitation contraction coupling (i.e. the cellular processes occurring within myocytes in which electrical 
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alterations in membrane potential are transduced into mechanical contractile force), and/or a direct 

consequence of reduction in cellular number secondary to neurodegeneration and muscular atrophy 

(Sanjak, Brinkmann et al. 2001) are implicated. More complex changes in neural circuits involving 

excitatory and inhibitory interneurons, as well as alterations in volitional control may also be involved. 

Following quantification of motor fatigability, it is possible to apply neurophysiology and 31P-MRS to 

localise sites affected by motor fatigue and probe pathophysiological mechanisms. 

 

5.1.1 Quantification of motor fatigability 

To quantify neuromuscular fatigability, various measurement indices have been used, each with 

advantages and disadvantages (Place and Millet 2020). In MND, the fatigue index has been developed 

(Sanjak, Brinkmann et al. 2001). This is calculated by measuring maximal voluntary isometric force of 

contraction over a period of time and using the formula below. By convention, fatigue index is 

expressed as a percentage. 

Equation 5.1 

𝐹𝑎𝑡𝑖𝑔𝑢𝑒 𝑖𝑛𝑑𝑒𝑥 (%) = (1 −
𝐴𝑟𝑒𝑎 𝑢𝑛𝑑𝑒𝑟 𝑡ℎ𝑒 𝑐𝑢𝑟𝑣𝑒

𝑀𝑎𝑥𝑖𝑚𝑎𝑙 𝑣𝑜𝑙𝑢𝑛𝑡𝑎𝑟𝑦 𝑖𝑠𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑐𝑜𝑛𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑥 𝑡𝑖𝑚𝑒
) 𝑥 100 

 

The figure below illustrates in blue the fatigue index as a resulting from equation 5.1. If the fatigue 

index equals zero, then maximal force of contraction is maintained throughout the experiment, whereas 

a high fatigue index indicates rapidly declining contraction force and high neuromuscular fatigue. 

0 10 20 30

Time (sec)

F
o

rc
e

100%

of MVIC

 

Figure 5.1 Fatigue index.  

The area in blue is a graphical representation of the fatigue index (equation 5.1) (Sanjak, Brinkmann et al. 2001). Data 

illustrated were acquired from a research participant as described in methods of this chapter. MVIC: Maximal voluntary 

isometric contraction. 
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The result is normalised by maximal voluntary isometric contraction to allow comparison between 

research participants who may have differences in muscle power. 

Fatigue index is calculated in this chapter. In addition, parameters resulting from fitting the force-time 

curve were calculated, namely, slope (from linear fit) and exponential decay constant (from exponential 

fit). A secondary aim of the experiments described was to assess whether modelling force linearly or 

exponentially represents a suitable alternative to fatigue index to quantify fatigability. 

 

5.1.2 Neurophysiological assessment of post-contraction changes 

Following quantification, the anatomical origin of neuromuscular fatigue can be investigated. For this 

purpose, fatigability is often divided into central and peripheral aspects. The former can be due to direct 

UMN alterations and/or changes in inhibitory modulatory circuits; volition may also play a role. The 

latter localises to alpha motor neurons, the neuromuscular junction, and muscle (i.e. it pertains to the 

peripheral nervous system). It is typically necessary to use a combination of techniques to localise 

fatigue, a particularly challenging process in MND, which affects all levels of the motor pathways. In 

this thesis, both neurophysiology and 31P-MRS were applied. Specifically, to dissect central from 

peripheral elements of fatigue, f-wave amplitude, MUNIX, MUSIX, and f-wave persistence, were 

assessed prior and following one-minute maximal voluntary isometric contraction. 31P-MRS was used 

to assess the muscular component of peripheral fatigability. 

MUNIX is an index of the number of viable motor units in a given muscle group calculated using 

compound muscle action potential (CMAP) and surface interference pattern from electromyography 

(Nandedkar, Nandedkar et al. 2004). It is a useful measure of denervation, with values typically 

decreased in MND patients compared to healthy controls (Nandedkar, Barkhaus et al. 2010). Since 

motor unit loss is one of the hallmarks of MND, MUNIX has been widely used in MND research. It 

appears to be affected in the earliest stages of disease (Escorcio-Bezerra, Abrahao et al. 2016, Escorcio-

Bezerra, Abrahao et al. 2018) and to decline concomitantly with disease progression (Neuwirth, 

Barkhaus et al. 2015). MUNIX can be acquired relatively quickly (an experiment lasts only a few 

minutes per muscle group) and the technique has shown high intra- and inter-rater reliability, including 

in multi-centre settings (Neuwirth, Barkhaus et al. 2015). In this study, MUNIX was measured prior 

and following contraction: the underlying hypothesis was that during prolonged and forceful muscle 

contraction, some of the motor units would fatigue and “drop out” resulting in lower MUNIX values 

post-exercise. It was hypothesised that this process would be more prominent in MND than in healthy 

controls, reflecting higher peripheral fatigability. 
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Pre- and post-exercise MUSIX is also reported in this chapter. MUSIX is a parameter derived from 

MUNIX and is an index of the average size of motor units (Nandedkar, Barkhaus et al. 2010). It is 

typically increased in MND as chronic reinnervation takes place resulting in sprouting at neuromuscular 

synapses (Nandedkar, Barkhaus et al. 2010, Gunes, Sirin et al. 2021) with consequent expansion of 

motor units. Analogously to MUNIX, changes can also be detected in subclinical MND (Nandedkar 

2017) and the technique has high intra-rater and between-centre agreement (Alix, Neuwirth et al. 2019). 

In this thesis, it was hypothesised that strenuous muscle contraction would preferentially affect fast 

fatigable motor units innervating smaller muscle fibres, resulting in a relative increase in the average 

motor unit size post-exercise, reflecting sparing of larger, less fatigable fibres. It was hypothesised that 

this effect would be more pronounced in MND, resulting in a larger increase in MUSIX post-contraction 

compared to controls. 

F-waves were also included in the neurophysiology protocol to assess spinal cord excitability. They 

represent a late response generated following supramaximal neurophysiological stimulation of motor 

neurons. They are thought to be the result of action potentials travelling antidromically (i.e. towards the 

spinal cord) and inducing, in turn, another motor stimulus which propagates orthodromically (i.e. away 

from the spinal cord towards muscles) along the same nerve. Hence, f-waves are useful to assess 

proximal segments of alpha motor neurons and their excitability, which is affected by central factors. 

Numerous parameters can be calculated. F-wave latency (i.e. the time between initial stimulus and f-

wave response) is useful in the neurophysiological evaluation of radiculopathies, plexopathies, and 

neuropathies reflecting alterations in alpha motor neuron conduction velocity, which can be secondary 

both to axonal pathology and/or demyelination (Mesrati and Vecchierini 2004). F-wave persistence 

refers to the proportion of f-waves elicited per number of stimuli. In healthy individuals, it is typically 

80 to 100%, whereas the proportion decreases if a LMN lesion is present (perhaps as action potential 

threshold increases). Lastly, increased f-wave amplitude has been suggested to reflect spinal cord 

excitability secondary to UMN lesions, and correlates with spasticity (Abbruzzese, Vische et al. 1985, 

Fierro, Raimondo et al. 1990, Bischoff, Schoenle et al. 1992, Lin and Floeter 2004). F-waves in MND 

show decreased persistence and increased amplitude, findings consistent with the characteristic mixed 

upper and lower motor neuron phenotype of this disease (Argyriou, Polychronopoulos et al. 2006). F-

waves were assessed in this study to determine whether any post-contraction changes could be related 

to central fatigability, specifically excitability of the spinal cord, assessed using amplitude. In addition, 

f-waves at five- and ten-minutes post contraction were measured to determine whether recovery kinetics 

could be modelled and, if so, whether there were differences between patients and controls. It should 

be noted that the gold standard technique to assess UMN related central fatigue is considered TMS, but 

this was not available to researchers in this study. 
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5.1.3 Spectroscopic assessment of the muscular component of fatigue 

31P-MRS was applied in this chapter to assess the muscular contribution of peripheral fatigue. Resting 

parameters from the previous chapter were employed to determine whether resting bioenergetic status 

and/or intracellular cations play a role as predictors of fatigability. In addition, dynamic spectroscopy 

was conducted at MVIC and compared to dynamics at one third of MVIC (reported in the previous 

chapter) to characterise muscular responses to intense exercise in healthy controls and people living 

with MND. 

 

5.2 AIMS AND HYPOTHESES 

The aim of the experiments reported in this chapter was to characterise bioenergetic and 

neurophysiological changes occurring in muscle in MND during and after prolonged strenuous exercise 

to gain insights into the pathophysiology of fatigability. 

Experiments were designed, firstly, to choose the optimal quantification method for fatigability; 

secondly, to assess differences between patients and controls in putative markers of central (f-wave 

amplitude), peripheral (MUNIX, MUSIX, f-wave persistence), and muscular (31P-MRS) fatigue; and, 

finally, to select optimal measures to integrate into a multiple regression model to assess predictors of 

fatigability in MND and healthy controls. 

The hypotheses were that: 

1) Motor fatigability could be modelled and characterised by a constant (either slope or 

exponential decaying constant), independent of the duration of experiment. 

2) Motor fatigability, from prolonged MVIC experiments, would be greater in MND patients 

compared to healthy controls. 

3) MND patients would exhibit greater decline than controls in MUNIX post-contraction, 

indicating a larger proportion of motor units “dropping out” due to peripheral fatigue. 

4) MND patients would exhibit a greater increase than controls in MUSIX post-contraction, 

indicating that remaining motor units are relatively larger as a result of smaller fast-fatigable 

fibres “dropping out”, another indicator of peripheral fatigue. 

5) Pre-contraction f-waves would show decreased persistence and increased amplitude in patients 

than controls, indicating damage to both LMNs and UMNs. 

6) Post-contraction f-waves would show a decrease in persistence and increase in amplitude, 

compared to pre-contraction levels, indicating peripheral (persistence) and central (amplitude) 

fatigability. These changes would be greater in MND patients than controls. 
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7) Temporal changes in f-wave persistence and amplitude following contraction would be 

significant and allow modelling of f-wave recovery parameters using either a linear or 

exponential function. 

8) Resting 31P-MRS muscle parameters indicative of bioenergetic status and intracellular ionic 

composition would predict fatigability index, representing the muscular component of motor 

fatigue. 

9) Differences in dynamic response to maximal muscle contraction would be present in patients 

compared to controls. 

10) The results of the above experiments would allow selection of optimal central, peripheral, and 

muscular parameters to be entered into a multiple regression model as predictors of fatigability 

in controls and in patients. 

 

5.3 METHODS 

5.3.1 Research participants 

Experiments were conducted concomitantly with those described in chapter four on the same cohort of 

research participants (Yorkshire and the Humber REC 13/YH/0273); the same inclusion and exclusion 

criteria were used. 

 

5.3.2 Clinical and neurophysiological data 

MVIC and standard neurophysiology acquisition were as previously reported in chapter four. The 

following protocol was conducted to characterise muscle fatigability and recovery. Neurophysiological 

measurements were acquired by Dr James Alix (consultant neurophysiologist), whilst the author 

conducted MVIC and spectroscopic measurements and timing (Place and Millet 2020) as well as all the 

analysis and interpretation of results. 

Firstly, neurophysiological parameters (MUNIX, MUSIX, and f-waves) were acquired at rest 

(Nandedkar, Barkhaus et al. 2010, Neuwirth, Nandedkar et al. 2010), using the Dantec Keypoint 

electromyography machine (Natus Medical, Pleasanton, CA). Thirty stimuli were applied, to measure 

f-waves. F-wave number (persistence) and f-wave area corrected for CMAP (amplitude) were reported. 

These measurements provided a baseline for neurophysiological values pre-contraction. 

Secondly, MVIC force of ankle dorsiflexors was recorded. Participants were asked to maintain maximal 

contraction for one minute; of note, this was different compared to the measurements described in 

chapter four where maximal voluntary contraction was assessed over a five-second period. 
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Lastly, to assess recovery kinetics, neurophysiological parameters were recorded following muscle 

contraction: specifically, MUNIX, MUSIX, and f-waves were recorded immediately after contraction 

ceased. In addition, f-waves measurements were repeated again at five and ten minutes post-contraction.  

For each research participant, the same leg was tested, as for the experiments detailed in chapter four. 

 

5.3.2.1 Analysis of one-minute maximal voluntary isometric contraction data 

Fatigue index was calculated using the formula reported in the introduction (Sanjak, Brinkmann et al. 

2001) for one minute-contraction data. Of note, the original definition of fatigue index refers to 

contraction performed over half a minute; hence the first 30 seconds of the measurement were also 

taken to calculate a separate 30-second fatigue index, to allow for numerical comparison with published 

literature. 

Both linear and exponential fitting of the force-time curve were tested using GraphPad Prism (version 

8.3.0 for Windows, GraphPad Software, San Diego, California USA, www.graphpad.com). In all cases, 

the first 20 datapoints (comprising the first second of measurement) were omitted from analysis, as they 

correspond to the “ramp time” (i.e. the time taken to initiate full contraction). For each research 

participant, one-minute force of contraction data were fitted first using a linear model; slope and R2 

(coefficient of determination) were reported. Next, a decaying exponential model was applied (i.e. 

Y=(Y0 - baseline)*exp(-K*time) + baseline; where Y0 is the initial Y value, baseline corresponds to the 

minimum Y value, and K corresponds to the reciprocal of the half-life of force of contraction. K and R2 

were reported for this model. 

For all data, normality was first assessed using the D’Agostino-Pearson test. Between-group 

comparisons were conducted using two-tailed Mann-Whitney U tests as data were not normally 

distributed. Thirty- and 60-second fatigue indices were also compared using a paired t-test. Multiple 

regressions were conducted, entering status (patient/control), age, sex, and MVIC (measured as 

described in previous chapter) as independent variables to assess the effect of each of these factors, in 

turn, on fatigue index (as the dependent variable). 

 

5.3.2.2 Analysis of neurophysiological parameters 

For MUNIX and MUSIX, pre- and post-contraction data were first compared employing paired t-tests 

separately in the MND patient and healthy control groups. In addition, differences between pre- and 

post-contraction values were calculated at individual level ((post-contraction value - pre-contraction 

value) / pre-contraction value, expressed as a percentage). Differences between patient and control 

groups were compared using unpaired t-tests with Welch correction for normally distributed samples 

http://www.graphpad.com/
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or Mann-Whitney U tests for non-normally distributed data. Normality was tested using the D’Agostino 

Pearson test. Percentage change in MUNIX was correlated with percentage change in MUSIX both in 

controls and in patients to assess for a linear relationship, and R and p values were reported. 

For f-wave persistence and f-wave amplitude, a mixed effects model with status (patient/control) and 

time as fixed effects was used to assess changes following contraction and during recovery, as well as 

differences in changes between patients and controls. In the mixed-effects model, correction for 

multiple comparisons was conducted using Šidák’s test and between-group differences in mean with 

95% CI were visualised at all timepoints to assess the stages of contraction at which significant between-

group differences were present. 

In addition, linear regression was used to assess whether f-wave persistence correlated with MUNIX, 

since both are considered measures of denervation. R and p values were reported. 

GraphPad Prism (version 8.3.0 for Windows, GraphPad Software, San Diego, California USA, 

www.graphpad.com) was used to conduct the statistical tests described in this section. 

 

5.3.3 Magnetic resonance imaging and spectroscopy 

5.3.3.1 Hardware and sequences 

The 31P-MRS spectroscopic acquisition protocol was described in detail in chapter four. An additional 

spectroscopic measurement was included: the dynamic muscle protocol (sequence 26) was repeated at 

MVIC force. 

 

5.3.3.2 Spectroscopic data processing and reported parameters 

As in previous analyses, a random code was assigned to each research participant and analysis was 

conducted by the author, blinded to participant status. 

Resting spectroscopic results from chapter four were correlated with fatigue index to test for linear 

relationships. The regression coefficient (R) and p values were reported and corrected using false 

discovery rate at Q=0.05 (Benjamini, Krieger et al. 2006). 

Spectroscopic data acquired from dynamic experiments conducted at MVIC were analysed as detailed 

in chapter four (muscle analysis). The only difference was that recovery coefficients (from PCr and 

PCr/Pi) were not calculated for dynamics acquired at maximal contraction, as interpretation of these 

parameters is only possible when pH values remain constant throughout measurements (Meyerspeer, 

Boesch et al. 2020). This is not considered to be the case during strong contraction when anaerobic 

glycolysis predominates, generating lactate, and decreasing pH, as in these experiments. 

http://www.graphpad.com/
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Dynamic data originating from one third maximal (analysis detailed in previous chapter) and full 

maximal voluntary isometric contraction were compared using a mixed effect model with time and 

force of contraction (third or maximal) entered as main factors in GraphPad Prism (version 8.3.0 for 

Windows, GraphPad Software, San Diego, California USA, www.graphpad.com). For each metabolite, 

the mixed effect model was run twice: once for patient data and once for controls. Matching was 

specified for both time and force of contraction. Sphericity was not assumed, hence, Geisser-

Greenhouse correction was applied. P values for the interaction, time, and force of contraction terms 

were reported. The effect of interest was the interaction term, indicating differences in the MVIC 

responses between one third and maximal force over time. In addition, to aid visualisation, Pi, PCr, and 

PCr/Pi curves were also plotted following normalisation by their baseline: for each dynamic curve, the 

mean of pre-exercise baseline (first two minutes) was taken as equivalent to one (expressed as 100%) 

and all remaining dynamic values were expressed as normalised by their baseline. Of note, all mixed 

effect analyses reported above were conducted on non-normalised data. As in the previous chapter, 

γATP percentage change post-contraction was also calculated, and results at one third and maximal 

effort were compared using a paired t-test. Analysis was conducted separately in patients and in 

controls. 

 

5.3.4 Central, peripheral, and muscular predictors of fatigue index  

The following parameters were each entered, in turn, as independent variables into a multiple regression 

with fatigue index always the dependent variable: percentage difference20 in f-wave amplitude (as a 

surrogate of central excitability), percentage difference in MUNIX (peripheral denervation), and resting 

Mg++ concentration (reflecting exclusively muscular activation). Multiple linear regressions were run 

separately for patients and controls. In addition to p values, R2 was reported to assess goodness of fit, 

and variance inflation factors (VIF) were also calculated to test for multicollinearity between predictors. 

 

5.4 RESULTS 

5.4.1 Participants 

Twenty MND patients and ten healthy controls attended the research visit, this was the same cohort that 

participated in the study described in chapter four. Participants’ characteristics are reported below. 

  

 
20 Difference MUNIX and difference f-amplitude were calculated as (post contraction value - pre contraction 

value)/pre-contraction value) expressed as a percentage. 

 

http://www.graphpad.com/
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Table 5.1 Participants’ characteristics.  

This table has now been published in Brain (Sassani, Alix et al. 2020). Permission for reproduction has been granted by the 

publisher, and the copyright licence is attached in the appendix.  

Since this table is essentially equivalent to the published one, it was removed from the version made available on the White 

Rose Research Online Repository. The reader can find the content published in Brain: “Matilde Sassani, James J Alix, 

Christopher J McDermott, Kathleen Baster, Nigel Hoggard, Jim M Wild, Heather J Mortiboys, Pamela J Shaw, Iain D 

Wilkinson, Thomas M Jenkins, Magnetic resonance spectroscopy reveals mitochondrial dysfunction in amyotrophic lateral 

sclerosis, Brain, Volume 143, Issue 12, December 2020, Pages 3603–3618, https://doi.org/10.1093/brain/awaa340”. In 

addition, the full text is available from the White Rose Research Online Repository at Magnetic resonance spectroscopy reveals 

mitochondrial dysfunction in amyotrophic lateral sclerosis - White Rose Research Online. 

 

For the fatigability experiments here described, one research participant was unable to perform the 

extended exercise protocol due to complete paralysis of ankle dorsiflexors, although resting spectra 

were acquired. F-waves were not acquired in six participants due to unavailability of personnel, 

whereas, in another patient, no f-waves were elicitable. Due to an error in data exporting, the one-minute 

muscle fatigue series terminated at 38 seconds and 59 seconds in two participants, hence analyses for 

one-minute indices were run after removal of these two participants’ data. Of note, the timing of the 

error meant that 30-second indices were unaffected. Lastly, maximal force of contraction in one 

participant exceeded the load that could be applied in dynamic spectroscopic experiments. For this 

participant, experiments at one third MVIC were conducted as per protocol, whereas no data from 

MVIC were included as submaximal exercise might have biased results. 

 

5.4.2 One-minute force of contraction: descriptive statistics and between-group 

comparisons 

In patients, mean 30-second fatigue index was 31.92 (SD±10.62), whereas in controls mean was 25.32 

(SD±11.14). Mean 60-second fatigue index was 39.41 (SD±13.09) in patients and 33.96 (SD±9.94) in 

controls.  

Mean slope following linear fit was -0.09 (SD±0.04) in controls and -0.05 (SD±0.06) in patients. Mean 

K following exponential fit was 0.06 (SD±0.05) in controls and 0.08 (SD±0.17) in patients. P values 

are not reported for these comparisons due to identified issues with model fit, described below. 

Exponential fitting was superior to linear fitting in terms of R2 values in 25/29 analysed participants (as 

explained in chapter four, one patient could not successfully complete this experiment due to complete 

paralysis). Nonetheless, despite R2 values being available, five exponential fitting parameters were 

deemed ambiguous and unstable by the software. On this basis, fitted data were individually assessed 

visually by the researcher maintaining blinding to participants’ status. Three types of pattern emerged: 

in a proportion of participants force declined in an exponential manner with linear fit being 

inappropriate (Figure 5.2 A); in some, force decline was linear, this could be fitted both linearly and 

exponentially (Figure 5.2 B); lastly, in a subset, although a decline in force was present in the initial 

stages of contraction, this did not follow a pattern that could be modelled (Figure 5.2 C).  

https://doi.org/10.1093/brain/awaa340
https://eprints.whiterose.ac.uk/166377/
https://eprints.whiterose.ac.uk/166377/
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Figure 5.2 Three representative examples of fit of maximal voluntary contraction data (one-minute series) acquired from 

three research participants. 

The black line illustrates measurement of force, blue line the decaying exponential fits, and red line linear fits, here included 

for comparison. In A, R2 of exponential fit was 0.77, whereas R2 for the linear model was 0.46 and the exponential model 

appeared visually more appropriate. In B linear (R2=0.77) and exponential (R2=0.77) fits largely overlapped. In C, although 

R2 for linear fit was 0.00, whereas exponential R2 was 0.02, the exponential fit was unstable and did not return additional 

parameters, whereas linear fit was feasible, but appeared inadequate to model the line shape of data. 

 

Since it was not possible to model all force data using a univocal function representing gradient of 

change, fatigue index was used for all remaining analysis.  

A significant increase in 60-second fatigue index compared to 30-second index was detected (mean 

difference 7.89, SD of difference±4.86, p<0.0001, paired t-test). This remained significant after 

accounting for patient/control status (p difference<0.0001, p status=0.579, multiple linear regression). 

For the final analysis, 30-second fatigue index was chosen as this allowed numerical comparison with 

literature and was not affected by the error in export of two research participants' data. 

No significant difference in 30-second fatigue index was found between patients and controls (Figure 

5.3), p=0.115, patients’ median=27.82 (interquartile range=13.60), controls’ median=21.40 

(interquartile range=21.92), Mann-Whitney U test. Results remained non-significant following multiple 

regressions to adjust for, in turn, age (p status=0.237, p age=0.049), gender (p status=0.118, p 

gender=0.588), and baseline MVIC force (p status=0.340, p force=0.352), as calculated in chapter four. 
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Figure 5.3 30-second fatigue index in patients (red) and controls (blue).  

Median and interquartile range are shown. Mann-Whitney U test was conducted. Ns: Not significant. 

 

5.4.3 Neurophysiological parameters 

Following maximal contraction, MUNIX declined significantly in controls (mean of difference=-12.02, 

SD of difference=±11.25, p=0.008), but not in patients (mean of difference=-3.58, SD of difference=± 

14.15, p=0.284), Figure 5.4.  
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Figure 5.4 Motor unit number index values in controls (blue, left) and patients (red, right) prior and after one-minute 

maximal voluntary isometric contraction. 
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No significant differences were found between pre- and post-contraction MUSIX values (Figure 5.5) 

either in patients or controls (controls: mean of difference=1.22, SD of difference=±2.70, p=0.189; 

patients: mean of difference=-1.36, SD of difference=± 7.54, p=0.443). 
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Figure 5.5 Motor unit size index values in controls (blue, left) and patients (red, right) prior and after one-minute maximal 

voluntary isometric contraction. 

 

No significant differences were found between patients and controls when comparing percentage 

changes in MUNIX (controls’ median= -9.85%, interquartile range=9.12%; patients’ median= -4.00%, 

interquartile range=21.00%, p=0.092) and MUSIX (controls’ median= 1.88%, interquartile 

range=7.22%; patients’ median=0.00%, interquartile range=14.00%, p=0.261), Figure 5.6. However, 

Figure 5.6 illustrates that none of the controls exhibited an increase in MUNIX following exercise 

whereas, in seven out of 19 patients, MUNIX increased post-contraction. Analogously, MUSIX in 

controls either increased or fluctuated around zero, whereas in a subgroup of patients (seven out of 19) 

it decreased. 
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Figure 5.6 Motor unit number index (MUNIX - left) and motor unit size index (MUSIX - right) changes following 

prolonged maximal voluntary isometric contraction in controls (blue) and patients (red).  

Changes are expressed as percentage of initial value: [(post-contraction value -precontraction value)/pre-contraction value] 

x 100. Median and interquartile range are shown. Mann-Whitney U test was used in both cases and is indicated in the graph 

with a hash symbol. 

 

Significant correlations between contracting percentage changes in MUNIX and MUSIX were observed 

within both the control (R2= 0.71, p= 0.002) and patient groups (R2=0.50, p< 0.001), as illustrated in 

Figure 5.7 and Figure 5.8. 

-60 -40 -20 0 20 40 60

-40

-20

20

40

Controls

MUNIX (% change)

M
U

S
IX

 (%
 ch

a
n

g
e)

 

Figure 5.7 Correlation between motor unit number index (MUNIX) and motor unit size index (MUSIX) changes following 

prolonged maximal voluntary isometric contraction in controls.  

Changes are expressed as percentage of initial value: [(post-contraction value -precontraction value)/pre-contraction value] 

x 100. Significant correlation was observed, p= 0.002.  
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Figure 5.8 Correlation between motor unit number index (MUNIX) and motor unit size index (MUSIX) changes following 

prolonged maximal voluntary isometric contraction in patients.  

Changes are expressed as percentage of initial value: [(post-contraction value -precontraction value)/pre-contraction value] 

x 100. Significant correlation was observed, p< 0.001. 

 

Following the mixed effect analysis (Figure 5.9 and Figure 5.10), between- group differences in f-wave 

amplitude and f-wave persistence were detected in MND: patients showed higher amplitude (p=0.046) 

and lower persistence (p=0.011) than controls. Neither the time factor nor interaction term was 

significant (for f-wave amplitude p time=0.294, p interaction=0.564; for f-wave persistence p 

time=0.438, p interaction=0.801). 
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Figure 5.9 Box and whisker plots illustrating F-wave amplitude changes in controls (blue, left) and patients (red, right) 

pre-contraction, immediately following prolonged maximal voluntary isometric contraction, and after five- and ten-

minutes.  

Explanation for error bars is included in the figure above. Significant changes were detected between groups, but not across 

time. 
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Figure 5.10 Box and whisker plots illustrating F-wave persistence changes in controls (blue, left) and patients (red, right) 

pre-contraction, immediately following prolonged maximal voluntary isometric contraction, and after five- and ten-

minutes.  

Explanation for error bars is included in the figure above. Thirty stimuli were conducted. Significant changes were detected 

between groups, but not across time. 

 

On cross-sectional analysis of between-group differences at each time bin, differences in f-wave 

amplitude were recorded immediately post-contraction in patients (Figure 5.11), whereas differences in 

f-wave persistence were present throughout the experiment (Figure 5.12). 
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Figure 5.11 Graph illustrating mean and 95% confidence interval of differences (controls – patients) in F-wave amplitude 

during fatigability experiments.  

Significant changes (i.e. confidence interval not crossing 0) were detected between groups, exclusively following muscle 

contraction. Row effect refers to time. Cont: Contraction; Diff: Difference 
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Figure 5.12 Graph illustrating mean and 95% confidence interval of differences (controls – patients) in F-wave persistence 

during fatigability experiments.  

Significant changes (i.e. confidence interval not crossing 0) were detected throughout. Row effect refers to time. Cont: 

Contraction; Diff: Difference 

 

Since the time factor was not shown to be significant in the mixed effect model, either in f-wave 

persistence or in f-amplitude, no attempts to fit recovery values were made. In addition, visual analysis 

of individual data showed that line shape of recovery could not have been univocally modelled either 

using a linear or an exponential function. 

F-wave persistence correlated with MUNIX in patients (R2=0.417, R=0.646, p=0.013), but not in 

controls (R2=0.017, R=-0.129, p=0.762), Figure 5.13. 
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Figure 5.13 Relationship between motor unit number index (MUNIX) and f-wave persistence in controls (blue, left) and 

patients (red, right).  

A significant linear relationship was present in patients, but not in controls. Notably, it is not possible to record values above 

30 (i.e. 100% persistence) as only 30 f-wave stimuli were generated. 

 

5.4.4 Spectroscopy 

The tables below illustrate results (R and p values) for correlation analyses conducted between resting 

spectroscopy and fatigue index in controls and in patients. Significant associations were found in 

controls between fatigue index and both pH (R=-0.689, p=0.028) and intracellular free Mg++ 

concentration (R=0.869, p=0.001), the latter result surviving false discovery rate correction. No 

significant associations were detected in patients. 
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Table 5.2 Correlation coefficients and p values for correlation analyses of resting spectroscopy parameters and fatigue 

index in controls. 

Significant associations were found between fatigue index and both pH and free magnesium concentration. Asterisk indicates 

that p value survived correction for multiple comparisons. ΔGATP: Gibbs free energy of ATP hydrolysis, ATP: adenosine 

triphosphate, NAD(P)H+NAD(P)+ nicotinamide adenine dinucleotide. 

 

Table 5.3 Correlation coefficient and p values for correlation analyses of resting spectroscopy parameters and fatigue index 

in patients.  

Spectroscopic metabolite values are expressed as a proportion of total phosphorus signal. No significant associations were 

found between fatigue index and any spectroscopy parameters. ΔGATP: Gibbs free energy of ATP hydrolysis, ATP: adenosine 

triphosphate, NAD(P)H+NAD(P)+ nicotinamide adenine dinucleotide. 

Spectroscopic parameter  R p 

ΔGATP (kilojoule/mole) 0.152 0.534 

γATP -0.014 0.953 

Phosphocreatine -0.109 0.657 

Adenosine diphosphate (micromolar) 0.104 0.671 

Inorganic phosphate 0.139 0.570 

pH 0.372 0.116 

Free magnesium (millimolar) 0.015 0.952 

Phosphomonoesters -0.125 0.612 

Phosphodiesters 0.206 0.397 

NAD(P)H+NAD(P)+ 0.371 0.118 

  

 Spectroscopic parameter R p 

ΔGATP (kilojoule/mole) 0.077 0.833 

γATP 0.176 0.627 

Phosphocreatine -0.064 0.861 

Adenosine diphosphate (micromolar) -0.323 0.362 

Inorganic phosphate 0.221 0.540 

pH -0.687 0.028 

Free magnesium (millimolar) 0.869 0.001* 

Phosphomonoesters -0.177 0.624 

Phosphodiesters -0.169 0.641 

NAD(P)H+NAD(P)+ 0.265 0.459 
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Dynamic results are reported in Figure 5.14 to Figure 5.16. For Pi, the interaction term was significant 

in controls (p interaction=0.001, p force of contraction=0.082, p time<0.0001), but not in patients (p 

interaction=0.449, p force of contraction=0.980, and p time<0.0001). For PCr, the interaction term was 

significant in controls (p interaction 0.002, p force of contraction=0.083, p time<0.0001), but not in 

patients (p interaction= 0.701, p force of contraction=0.646, p time<0.0001). For PCr/Pi ratio, there was 

a non-significant trend towards significance in the interaction term in controls (p interaction=0.087, p 

force=0.698, and p time<0.0001), and not in patients (p interaction=0.338, p force=0.1484, p 

time<0.0001). 
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Figure 5.14 Inorganic phosphate (Pi) dynamic curves at third and maximal voluntary isometric force of contraction.  

Mean and 95% confidence intervals are shown. Curves in blue (left) pertain to healthy controls, whereas those in red (right) 

to patients. In the second row, results normalised by baseline and expressed as a percentage of the baseline values are shown. 
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Figure 5.15 Phosphocreatine (PCr) dynamic curves at third and maximal voluntary isometric force of contraction.  

Mean and 95% confidence intervals are shown. Curves in blue (left) pertain to healthy controls, whereas those in red (right) 

to patients. In the second row, results normalised by baseline and expressed as a percentage of baseline values are shown. 
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Figure 5.16 Phosphocreatine to inorganic phosphate (PCr/Pi) ratio dynamic curves at third and maximal voluntary 

isometric force of contraction.  

Mean and 95% confidence intervals are shown. Curves in blue (left) pertain to healthy controls, whereas those in red (right) 

to patients. In the second row, results normalised by baseline and expressed as a percentage of baseline values are shown. 
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No significant differences were detected in γATP dynamics between third and MVIC either in controls 

or in patients. No significant differences were found between γATP percentage changes post-

contraction, either in controls (p=0.547), or in patients (p=0.397), as illustrated in Figure 5.17. 
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Figure 5.17 ATP percentage changes at end of contraction (i.e. at three minutes) in controls (blue, left) and patients (red, 

right).  

No significant differences between third and maximal contraction percentage changes were found either in patients or in 

controls (paired t-test). ATP: Adenosine triphosphate, 

 

5.4.5 Predictors of fatigue index 

In multiple regression analyses to predict 30-second fatigue index in controls, free intracellular Mg++ 

concentration and post-contraction MUNIX difference emerged as significant variables (Table 5.4). R2 

for the model was 0.963. VIF values were: for Mg++=1.35, for MUNIX post-contraction percentage 

change=1.14, and for f-wave amplitude post-contraction percentage change=1.43, indicating no 

multicollinearity. 
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Table 5.4 Multiple linear regression for controls.  

The dependent variable was 30-second fatigue index. Difference in motor unit number index (MUNIX) and difference in f-

amplitude were calculated as (post contraction value - pre contraction value)/pre-contraction value) expressed as a 

percentage. [Mg++]: Free intracellular magnesium concentration. 

Variable Estimate Standard error 95% confidence interval P value 

Intercept -14.74 6.48 -32.74 to 3.26 0.085 

[Mg2+] 84.53 10.59 55.13 to 113.90 0.001 

Difference MUNIX -0.52 0.14 -0.92 to -0.12 0.022 

Difference F-amplitude 0.05 0.07 -0.14 to 0.23 0.532 

 

In multiple regression to estimate 30-second fatigue index in patients, free intracellular Mg++ 

concentration and post-contraction MUNIX difference were not significant variables (Table 5.5), but 

post-contraction f-wave amplitude was significant (p=0.019). R2 for the model was 0.455. VIF values 

were: for Mg++=1.01, for MUNIX post-contraction percentage change=1.33, and for f-wave amplitude 

post-contraction percentage change=1.34, indicating no multicollinearity. 

Table 5.5 Multiple linear regression for patients.  

The dependent variable was 30-second fatigue index. Difference in motor unit number index (MUNIX) and difference in f-

amplitude were calculated as (post contraction value - pre contraction value)/pre-contraction value) expressed as a 

percentage. [Mg++]: Free intracellular magnesium concentration. 

Variable Estimate Standard error 95% confidence interval P value 

 Intercept 31.23 8.35 12.63 to 49.83 0.004 

[Mg2+] 7.91 22.19 -41.55 to 57.36 0.729 

Difference MUNIX 0.41 0.20 -0.04 to 0.86 0.068 

Difference F-amplitude -0.13 0.05 -0.23 to -0.03 0.019 

 

5.5 DISCUSSION 

In this chapter, neurophysiology was used in conjunction with 31P-MRS to characterise motor 

fatigability in MND. No significant differences in fatigue index were found between patients and 
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controls; nonetheless, differential responses to fatigue were identified in patients in terms of MUNIX, 

f-waves, and dynamic spectroscopy. 

 

5.5.1 Quantification of fatigability 

Initial experiments aimed at quantifying and modelling neuromuscular fatigue illustrated that it was not 

possible to univocally model muscle force using a linear or exponential function. Hence, to avoid 

overfitting the data, fatigue index was used instead. In MND, the fatigue index refers to experiments 

conducted over 30 seconds (Sanjak, Brinkmann et al. 2001), but dynamic spectroscopic experiments in 

this thesis required a contraction of one minute, due to limitations in temporal resolution of 31P-MRS 

(chapter two). In addition, neurophysiological protocols following one minute contraction, are 

commonly employed in literature (Vucic, Krishnan et al. 2007). Since one of the main aims of this 

chapter was to compare pre- and post-contraction neurophysiology with dynamic spectroscopy, force 

of contraction experiments were carried out for one minute to assess neurophysiological changes and 

their associations with 31P-MRS data. Sixty-second fatigue indices were also calculated and values were 

significantly higher than 30-second indices. This is likely a result of force changing non-linearly in a 

proportion of participants (of note, this was independent of participant status: patients or controls), and 

is consistent with difficulties encountered in modelling the shape of data. To ensure consistent reporting 

with the published clinical literature, and to maximise use of available data, 30-second fatigue index 

was chosen for the remaining experiments. 

In contrast to previous published studies (Sanjak, Brinkmann et al. 2001), no significant differences 

were found in fatigue index between patients and controls, and this did not appear to be attributable to 

differential effects of age, gender, or baseline maximal voluntary force of contraction. This latter finding 

is consistent with the observation that fatigability is a pathophysiological process that appears largely 

independent of muscle weakness (Sanjak, Brinkmann et al. 2001). Of note, in multiple regression, age 

appeared to influence fatigue in a model including participant status. Although this appears biologically 

plausible (Avlund 2010), interpretation needs to be cautious as the p value was 0.048 and so may 

represent a type I error. Fatigue index values were, on average, higher than those reported in (Sanjak, 

Brinkmann et al. 2001), both for patients and controls. The reason for this difference is unclear and may 

be methodological, for example in relation to measurement apparatus. 

In summary, no significant differences between patients and controls in fatigue index were detected.  
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5.5.2 Neurophysiological response to fatigue 

Some of the results from experiments conducted in this chapter were unexpected. It was hypothesised 

that a greater reduction in post-contraction MUNIX and greater increase in post-contraction MUSIX 

would be detected in patients compared to controls. On the contrary, there was an increase in MUNIX 

and decrease in MUSIX observed in a proportion of patients (although no statistically significant group-

level differences between patients and control responses pre- and post-contraction were detected). 

Although interpretation needs to be cautious, these results are interesting as a quarter of patients (seven 

of 19 patients) responded to fatigue with both increased MUNIX and decreased MUSIX. This pattern 

post-contraction (increased MUNIX and decreased MUSIX) was not observed at all in controls. A 

hypothesis is that this discrepancy could reflect pathology. It is possible that such responses in MND 

could reflect relative sparing of type I motor units (comprising slow, less fatigable and oxidative muscle 

fibres) by the disease process. Previous studies have suggested that faster, more fatigable glycolytic 

motor units tend to be affected first in acute denervation (Pun, Santos et al. 2006, Hegedus, Putman et 

al. 2007). Furthermore, chronic reinnervation (leading to larger MUSIX) tends to be mediated by 

neurons supplying oxidative motor units (Frey, Schneider et al. 2000). 

A significant decrease in persistence was detected in patients throughout fatigue measurements likely 

reflecting denervation. This is consistent with published literature and interpretation is strengthened by 

a linear relationship observed between patients’ MUNIX and f-wave persistence. Of note, no linear 

relationship was found in controls, likely because f-wave persistence cannot exceed 100% (i.e. 30 in 

this experimental design), so results in controls may reflect a ceiling effect. 

No differences in pre-contraction amplitude were detected between patients and controls but, in 

patients, amplitude increased substantially post-exercise, whereas it did not in controls. This may 

represent spinal cord hyperexcitability, unmasked by muscle contraction. 

 

5.5.3 Skeletal muscle bioenergetic and ionic status as a predictor of fatigability 

The resting spectroscopy parameters related to bioenergetics did not correlate with fatigue index. This 

was observed in both controls and patients. Numerous reports illustrate that neuromuscular fatigue is 

separate, in terms of pathophysiology, from MND-related degeneration, and general muscle weakness 

(Sanjak, Brinkmann et al. 2001). They are postulated to be two separate pathophysiological processes. 

This appears reflected in our data. Bioenergetic parameters (ΔGATP and Pi) were found to be associated 

with denervation, muscle weakness, and slower walking speed (chapter four), whereas free Mg++ 

concentration and pH were not. In this chapter it was shown that intracellular Mg++ and pH were 

significantly correlated with fatigue index in controls, but not in patients. This finding is consistent with 

previously published literature illustrating that fatigability on muscle level is affected by ionic 
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intracellular milieu (Westerblad, Allen et al. 2002). Interestingly, no correlation was found in patients, 

perhaps suggesting that other pathophysiological processes predominate in terms of fatigability in 

MND. 

When comparing dynamic spectroscopic results acquired at one third and full maximal voluntary 

isometric contraction, the interaction term was significant for Pi and PCr curves in controls, but not in 

patients. In MND, the curves largely overlapped and no significant differences were detected either in 

the interaction terms, or in the between-group (i.e one third compared to maximal contraction) terms; 

the only significant factor was time. This finding is difficult to interpret, but may reflect decreased 

motor unit recruitment upon maximal contraction in a proportion of patients. An alternative explanation 

is that patients may be at near maximal oxidative capacity at a third MVIC contraction, hence at higher 

contraction forces, a relatively larger proportion of ATP is generated through glycolysis (as opposed of 

being of mitochondrial origin), hence not affecting the PCr pool. 

 

5.5.4 Modelling fatigability in healthy and MND 

Following the abovementioned experiments, parameters representing central, peripheral, and muscular 

fatigue were chosen and included in multiple regressions to assess contribution to fatigue index. F-wave 

amplitude was the only parameter thought to reflect central excitability. Percentage difference in 

MUNIX was selected as this may reflect smaller motor units dropping out due to fatigue, and hence 

represent an important peripheral phenomenon involved in fatigability. Correlations between f-wave 

persistence and MUSIX percentage difference meant that these latter two parameters were likely to be 

collinear. In addition, f-wave persistence has a ceiling effect in healthy controls, as previously 

discussed, so is not ideal for multiple linear regressions. Amongst spectroscopic parameters, pH and 

free intracellular magnesium concentration were the only metabolites shown to correlate with fatigue 

index in controls; free Mg++ was chosen because pH did not survive correction for multiple 

comparisons. 

In healthy controls, resting intracellular free Mg++ concentration and MUNIX changes post-contraction 

were predictors of fatigability, indicating that peripheral factors were predominant, whereas this was 

not the case in patients. In MND, the main predictor of fatigability was post-contraction f-wave 

amplitude, an indicator of spinal cord excitability, suggesting that central factors may be more relevant 

to neuromuscular fatigue in MND. 

 



208 

 

5.5.5 Limitations and future directions 

A major limitation of this study is the small sample size, increasing the risk of type II errors especially 

in results related to f-wave measurements (as there were additionally missing datapoints for this 

parameter). 

Another limitation is lack of data inherent to subjective fatigue of patients (e.g. the Neurological Fatigue 

Index (Gibbons, Mills et al. 2011)). Inclusion of the Neurological Fatigue Index questionnaire would 

have required extra time of patients. Of note, experiments here described were conducted in conjunction 

to those in chapter four, with the entire research visit already lasting between two and a half and five 

hours. In addition, given the complex nature of global fatigue, results are difficult to interpret without 

additional data related to patients’ premorbid and current psychological status, and this would have 

required additional questionnaires. Hence, the focus of this study was exclusively on motor fatigue. 

Another limitation of this study is lack of other measures of central fatigability. The gold standard to 

assess excitability and central fatigability is TMS, but equipment was not available to researchers; hence 

assessment of central fatigue focussed on f-wave amplitude. TMS could be incorporated into future 

experimental protocols in combination with neurophysiological index (Vucic, Cheah et al. 2011) and 

potentially other central measures, such as modified MUNIX, to further elucidate motor fatigue (Uslu, 

Nüzket et al. 2018) 

 

5.6 CONCLUSION 

The aim of the experiments reported in this chapter was to characterise bioenergetic and 

neurophysiological changes occurring in muscle in MND during and after prolonged strenuous exercise 

to gain insights into pathophysiology of disease. No increase in fatigability measures was detected in 

people living with MND compared to healthy controls, but differential neurophysiological and 

spectroscopic responses to exercise were evident, indicating heterogeneous pathophysiological changes 

at central, peripheral, and muscular level. The main contributors to fatigue in healthy controls appear to 

relate to skeletal muscle resting ionic status and peripheral dropping out of motor units, whereas central 

factors appeared more prominent in MND. 
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6. CHAPTER 6:                                                                            

31-PHOSPHORUS MAGNETIC RESONANCE 

SPECTROSCOPY TO ASSESS LONGITUDINAL 

BIOENERGETICS IN MUSCLE IN MOTOR NEURON 

DISEASE 

This chapter concludes reporting of the experimental work applying 31P-MRS to characterise MND. In 

the following experiments, 31P-MRS was applied in conjunction with established clinical assessments 

and neurophysiology to assess longitudinal changes occurring in muscle in MND, and to establish 

whether the technique could be used as a biomarker of disease progression. To date, this is the first 

longitudinal study assessing bioenergetics in muscle in vivo in MND using 31P-MRS.  

 

6.1 AIMS AND HYPOTHESES 

The aims of the experiments reported in this chapter were, firstly, to assess effects of disease progression 

on bioenergetic parameters over time, and, secondly, to determine whether 31P-MRS results measured 

at baseline could predict participant attrition at follow-up visits. Attrition is a major issue in longitudinal 

MND imaging studies and is due primarily to patients being unable to attend follow-up visits due to 

rapidly progressing disability. These are the first steps necessary in establishing 31P-MRS as a predictive 

biomarker. 

The hypotheses were that: 

1) The bioenergetic status of muscle would change in patients over time whereas it would remain 

stable in controls. It was hypothesised that longitudinal changes would be evident in the 

following parameters identified to be important in muscle in chapter four: ΔGATP absolute value, 

Pi, PME, and pH would increase and Mg++ would decline over the course of the disease. 

2) It would be possible to use clinical, neurophysiological, and spectroscopic parameters to predict 

whether patients would be able to attend their follow-up visits or not. 
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6.2 METHODS 

6.2.1 Research participants 

Patient and control recruitment is detailed in chapter four and was conducted under the same ethical 

approval (Yorkshire and the Humber REC 13/YH/0273). The same group of patients recruited for study 

described in chapters four and five were invited to attend two additional research visits at four- and 12-

month intervals. Healthy controls were invited to attend a single additional research visit after a four-

month interval to ensure measurements’ stability over time. The same inclusion and exclusion criteria 

used for the cross-sectional study were applied and all participants were aware that they could withdraw 

at any time from the research study. 

 

6.2.2 Clinical and neurophysiological data 

The same clinical and neurophysiological data acquired in chapter four were also collected at each 

subsequent follow-up visit. 

 

6.2.3 Magnetic resonance imaging and spectroscopy 

6.2.3.1 Hardware and sequences 

All scans were conducted using the same hardware and muscle resting sequence (sequence 24 in chapter 

two) described in previous chapters. The resting muscle scanning protocol was identical to that 

described in chapter four, with the ipsilateral leg scanned at follow-up visits and positioning of the 

region of interest always cross-checked by the author to ensure consistency between visits. 

 

6.2.3.2 Spectroscopic data processing and reported parameters 

As in chapter four, data anonymisation was ensured by assigning a random number to all research 

participants, and analysis was performed by the author who was blinded to participant status and 

timepoint. 

Spectroscopic signal processing methodology was identical to chapter four, except that no data were 

available for controls at visit three, hence it was not possible to calculate ADP and ΔGATP for patients 

using contemporaneously acquired healthy control values at this time-point. Since healthy control 

values were shown to be stable over time (as illustrated in this chapter’s results), control data at visit 

two were substituted for this calculation for patients at both visits two and three. 
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6.2.4 Statistical analyses 

As in previous chapters, continuous variables in patients and controls were compared using either 

unpaired t-tests with Welch correction or Mann-Whitney U tests depending on normality of data 

distribution, assessed using the D'Agostino-Pearson test, with significance set at p<0.05. Categorical 

data were compared using chi-squared tests. Correction for multiple comparisons was conducted using 

the two-stage linear step-up procedure (Benjamini, Krieger et al. 2006) with q set at 5%. These tests 

were conducted in GraphPad Prism (version 8.3.0 for Windows, GraphPad Software, San Diego, 

California USA, www.graphpad.com). 

Longitudinal analysis was conducted using a multilevel mixed effect linear regression in STATA 

(StataCorp. 2019. Stata Statistical Software: Release 16. College Station, TX: StataCorp LLC) applying 

the xtmixed function. The longitudinal modelling approach in Stata accounts for participant drop-out 

and this is one of the reasons this approach was chosen. The predictive model includes all available data 

at each time-point. For any analysis returning significant results, the model was re-run with age and 

gender as additional predictors to assess for any influence of these potential confounders. P values, 

margins and adjusted 95% CIs were reported. 

To assess whether baseline parameters could be used as predictors of patient attrition, ordered logistic 

regression models were specified in STATA (StataCorp. 2019. Stata Statistical Software: Release 16. 

College Station, TX: StataCorp LLC) using the ologit function with number of visits attended assigned 

as the dependent variable. The following independent variables were each entered in turn: weight, 

ALSFRS-R, slow vital capacity, UMN score, MVIC, 10-metre walk test, MUNIX, MUSIX, ΔGATP 

γATP, PCr, ADP, Pi, pH, Mg++, PME, PDE, NAD(P)H+NAD(P)+. P values were reported, and, for any 

significant results, values at baseline were plotted as a function of number of visits attended using 

GraphPad Prism (version 8.3.0 for Windows, GraphPad Software, San Diego, California USA, 

www.graphpad.com). Of note, these graphs were reported to visualise data and aid identification of 

direction of change, but statistical significance was assessed from the ordered logistic regression 

models. 

 

6.3 RESULTS 

6.3.1 Participants 

Seven patients withdrew from the study prior to visit two: one did not provide a reason, and six were 

unable because of disease progression (two for general frailty/weakness and four because of 

neuromuscular respiratory failure). A further six patients were unable to attend the third visit: one had 

http://www.graphpad.com/
http://www.graphpad.com/
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died, two because of frailty, and three were unable to lie in scanner due to neuromuscular respiratory 

failure. All healthy controls attended both visits. 

 

Figure 6.1 Flow chart illustrating number of participants that attended research visits.  

All healthy controls were scanned at visit one and two. Seven patients withdrew prior to visit two and six patients prior to visit 

three. 

 

Missing data at visit one were reported in chapter four. 

In two patients attending the second visit, neurophysiological tests, 10-metre walk, and measurements 

of force could not be acquired: in one case because of complete muscle paralysis and, in the other, 

because the patient declined. Another patient was unable to perform the 10-metre walk test because 

they were now wheelchair-bound. In a further patient at visit two, neurophysiological data could not be 

acquired due to unavailability of personnel. At visit two, spectroscopy was conducted in all participants 

and all spectra could be fitted. 

At visit three, one patient could not perform the 10-metre walk because they were wheelchair-bound. 

Neurophysiological data could not be collected from one of the remaining seven patients who attended 

visit three due to unavailability of personnel. Spectroscopy was conducted in all patients and all spectra 

could be fitted also at visit three. 

 

6.3.2. Descriptive statistics and between-group comparisons 

6.3.2.1. Clinical and neurophysiological parameters 

Descriptive statistics and between-group comparisons of clinical, neurophysiological, and 

spectroscopic parameters at visit one were described in chapter four (results section). 
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The table below illustrates descriptive statistics for clinical and neurophysiological parameters at visit 

two. No statistically significant differences were found between patients and controls in age, gender, or 

weight. There was a trend towards lower force of contraction of tibialis anterior which did not reach 

statistical significance (p=0.099). Speed of walking and MUNIX were significantly reduced in patients 

(p=0.026 and p=0.005, respectively), whereas MUSIX was elevated (p=0.003). P values retained 

significance after correction for multiple comparisons. 

Table 6.1 Clinical and neurophysiological parameters in patients and healthy controls at visit two.  

A hash symbol indicates that groups were compared using Mann-Whitney U test as data were not normally distributed, hence, 

median and interquartile range (IQR) are reported instead of mean and standard deviation. Asterisks indicate values that 

remained significant following correction for multiple comparisons. Results were corrected for multiple comparisons using 

the Benjamini, Krieger, and Yekutieli method (q=0.05). 10m-WT: Ten-metre walk test, ALSFRS-R: Revised amyotrophic 

lateral sclerosis functional rating scale, F: Female, M: male, MUNIX: Motor unit number index, MUSIX: Motor unit number 

size index, MVIC: Maximal voluntary isometric contraction, NA: Not applicable, SD: Standard deviation, SVC: Slow vital 

capacity, UMN: Upper motor neuron. 

 

Table 6.2 illustrates descriptive statistics for patients at visit one, two, and three. 

  

  Controls  Patients p 

  mean (±SD) mean (±SD)   

n 10 13   

Age (years) 57.70 (±10.81) 62.31 (±13.45) 0.387 

Gender 5 F : 5 M 4 F : 9 M 0.373 

Weight (Kg) 73.00 (±13.79) 73.00 (±14.79) >0.999 

ALSFRS-R NA 37.08 (±4.11) NA 

SVC (% predicted) NA 78.54 (±19.06) NA 

UMN score NA 10.62 (±2.93) NA 

MVIC (Kg) median=13.67 (IQR=1.39) median=7.29 (IQR=8.40) 0.099# 

10m-WT (sec) 4.56 (±0.74) 10.18 (±6.68) 0.026* 

MUNIX  111.5 (±19.75) 72.04 (±32.74) 0.005* 

MUSIX (μV) 45.01 (±4.46) 52.93 (±5.84) 0.003* 
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Table 6.2 Clinical and neurophysiological parameters in patients at visit one, two , and three.  

10m-WT: Ten-metre walk test, ALSFRS-R: Revised amyotrophic lateral sclerosis functional rating scale, MUNIX: Motor unit 

number index, MUSIX: Motor unit number size index, MVIC: Maximal voluntary isometric contraction, SD: Standard 

deviation, SVC: Slow vital capacity, UMN: Upper motor neuron. 

 Visit one  Visit two Visit three 

 mean (±SD) mean (±SD) mean (±SD) 

n 20 13 7 

Age (years) 62.45 (±12.36) 62.31 (±13.45) 56.14 (±14.02) 

Gender 7 F : 13 M 4 F : 9 M 1 F : 6 M 

Weight (Kg) 74.50 (±12.31) 73.00 (±14.79) 75.56 (±15.14) 

ALSFRS-R 36.95 (±5.22) 37.08 (±4.11) 35.14 (±5.46) 

SVC (% predicted) 85.60 (±22.85) 78.54 (±19.06) 84.00 (±15.72) 

UMN score 10.22 (±2.92) 10.62 (±2.93) 10.71 (±4.75) 

MVIC (Kg) 8.25 (±5.68) 8.38 (±5.59) 10.34 (±8.09) 

10m-WT (sec) 8.73 (±3.73) 10.18 (±6.68) 6.24 (±1.73) 

MUNIX  66.67 (±29.54) 72.04 (±32.74) 79.73 (±33.27) 

MUSIX (μV) 51.96 (±8.98) 52.93 (±5.84) 48.98 (±9.67) 

 

6.3.2.2 Resting spectroscopic parameters 

Table 6.3 illustrates between-group comparisons of spectroscopic parameters acquired at rest at visit 

two. A significant increase in pH, Pi, and PMEs was detected in patients (p=0.048, p=0.025, and 

p=0.021, respectively), although none of significant p values survived correction for multiple 

comparisons. A non-significant trend toward lower values was found for γATP values (p=0.051). Table 

6.4 details descriptive statistics for resting spectroscopic parameters in patients at visit three. 

Table 6.3 Resting spectroscopic parameters in patients and healthy controls at visit two.  

A hash symbol indicates that groups were compared using Mann-Whitney U test as data were not normally distributed, hence, 

median and interquartile range (IQR) are reported instead of mean and standard deviation. Significant p values did not survive 

correction for multiple comparisons. γATP: γ phosphate of adenosine triphosphate, SD: Standard deviation, 

NAD(P)H+NAD(P)+: Nicotinamide adenine dinucleotides. 

 Spectroscopic parameter Controls Patients p 

  mean (±SD) mean (±SD)   

ΔGATP (kilojoule/mole) median=-62.68 

(IQR=0.79) 

median=-67.70 

(IQR=3.55) 

0.738# 

γATP 0.13 (±0.02) 0.11 (±0.01) 0.051 

Phosphocreatine 0.56 (±0.02) 0.55 (±0.05) 0.609 

Adenosine diphosphate (μM) median=24.12 

(IQR=8.52) 

median=25.63 

(IQR=30.98) 

0.784# 

Inorganic phosphate 0.07 (±0.01) 0.08 (±0.02) 0.025 

pH 6.93 (±0.03) 6.96 (±0.03) 0.048 

Free magnesium (mM) 0.40 (±0.06) 0.32 (±0.15) 0.117 

Phosphomonoesters median=0.02 

(IQR=0.00) 

median=0.03 

(IQR=0.01) 

0.021# 

Phosphodiesters 0.06 (±0.02) 0.06 (±0.02) 0.870 

NAD(P)H+NAD(P)+ 0.02 (±0.01) 0.02 (±0.01) 0.930 
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Table 6.4 Resting spectroscopic parameters in patients at visit three.  

γATP: γ phosphate of adenosine triphosphate, SD: Standard deviation, NAD(P)H+NAD(P)+: Nicotinamide adenine 

dinucleotides. 

 Spectroscopic parameter Patients 

  mean (±SD) 

ΔGATP (kilojoule/mole) -63.23 (±2.38) 

γATP 0.11 (±0.01) 

Phosphocreatine 0.57 (±0.05) 

Adenosine diphosphate (μM) 33.08 (±47.76) 

Inorganic phosphate 0.07 (±0.02) 

pH 6.96 (±0.11) 

Free magnesium (mM) 0.39 (±0.14) 

Phosphomonoesters 0.04 (±0.02) 

Phosphodiesters 0.06 (±0.03) 

NAD(P)H+NAD(P)+ 0.02 (±0.02) 

 

6.3.3 Longitudinal clinical, neurophysiological, and spectroscopic analysis  

6.3.3.1 Clinical and neurophysiological parameters 

Weight of controls remained stable over time (Figure 6.2, p=0.320, 95% CIs=from -0.58 to 1.78). 

Weight in patients declined over time, not significantly at visit two (p= 0.633, 95% CIs=from -2.16 to 

1.32), reaching statistical significance at visit three (p=0.012, 95% CIs=from -5.08 to -0.62), and 

surviving correction for age (p=0.025, 95% CIs=from -4.83 to -0.33) and gender (p=0.012, 95% 

CIs=from -5.10 to -0.64), as illustrated below. 
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Figure 6.2 The graphs above illustrate individual datapoints for controls (blue) at visit one and two, and for patients (red) 

at visit one, two, and three. The parameter illustrated is weight, expressed in Kg. For clarity, line graphs connecting repeated 

values are reported on the left, whereas scatter plots with mean and standard deviations are reported on the right. 

Weight of controls remained stable over time (blue). In patients, significant changes were detected at 12 months (i.e. between 

visit one and visit three and between visit two and visit three), whereas no significant differences were detected between visit 

one and visit two. 
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ALSFRS-R declined over time, as illustrated in Figure 6.3; no significant differences were found 

between visit one and two (p=0.369, 95% CIs=from -2.44 to 0.91), whereas a significant decline was 

detected after a year (p<0.001, 95% CIs=from -6.04 to -1.75) which survived correction for age 

(p<0.001, 95% CIs=from -6.04 to -1.75) and gender (p<0.001, 95% CIs=from -6.10 to -1.70). 
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Figure 6.3 The graphs above illustrate individual datapoints for patients (red) at visit one, two, and three. The parameter 

illustrated is the revised amyotrophic lateral sclerosis functional rating scale (ALSFRS-R). For clarity, line graphs 

connecting repeated values are reported on the left, whereas scatter plots with mean and standard deviations are reported 

on the right. 

Significant changes were detected at 12 months (i.e. between visit one and visit three and between visit two and visit three), 

whereas no significant differences were detected between visit one and visit two. 

 

Figure 6.4 illustrates that slow vital capacity declined significantly in patients at visit two (p=0.005, 

95% CIs=from -19.21 to -3.33) and three (p=0.030, 95% CIs=from -21.43 to -1.09), surviving 

correction for both age (visit one to visit two: p=0.005, 95% CIs=from -19.22 to -3.33; visit one to visit 

three: p=0.030, 95% CIs=from -21.43 to -1.08) and gender (visit one to visit two: p=0.007, 95% 

CIs=from -19.00 to -3.00; visit one to visit three: p=0.044, 95% CIs=from -20.78 to -0.29). The main 

decrease took place in the first four months, whereas values stabilised between visit two and visit three 

(p=0.998, 95% CIs=from -10.31 to 10.34). 
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Figure 6.4 The graphs above illustrate individual datapoints for patients (red) at visit one, two, and three. The parameter 

illustrated is slow vital capacity (SVC) expressed as percentage of predicted. For clarity, line graphs connecting repeated 

values are reported on the left, whereas scatter plots with mean and standard deviations are reported on the right. 

Significant decline was detected taking place in first four months. 

 

UMN score remained stable over the study period (visit one to visit two: p=0.734, 95% CIs=from -1.87 

to 2.66; visit one to visit three: p= 0.728, 95% CIs=from -2.28 to 3.27), although variability increased 

over time, as illustrated in Figure 6.5.  
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Figure 6.5 The graphs above illustrate individual datapoints for patients (red) at visit one, two, and three. The parameter 

illustrated is upper motor neuron (UMN) score. For clarity, line graphs connecting repeated values are reported on the left, 

whereas scatter plots with mean and standard deviations are reported on the right. 

No significant changes were detected over time. 

 

No significant longitudinal changes were detected in maximal voluntary contraction force either in 

controls (p=0.792, 95% CIs=from -1.66 to 2.18), or in patients (visit one to visit two: p=0.246, 95% 

CIs=from -3.71 to 0.95; visit one to visit three: p= 0.490, 95% CIs=from -3.77 to 1.81), as illustrated in 

Figure 6.6. 
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Figure 6.6 The graphs above illustrate individual datapoints for controls (blue) at visit one and two, and for patients (red) 

at visit one, two, and three. The parameter illustrated is maximal voluntary isometric contraction (MVIC) force, expressed 

in Kg. For clarity, line graphs connecting repeated values are reported on the left, whereas scatter plots with mean and 

standard deviations are reported on the right. 

No significant changes were detected over time either in patients or in controls. 

 

Speed of walking did not vary significantly over time in controls (p=0.781, 95% CIs=from -0.39 to 

0.52). In patients, there was a trend towards slower walking speed at four months (p=0.076, 95% 

CIs=from -0.24 to 4.78), but measurements at one year were comparable to those at visit one (p=0.904, 

95% CIs=from -2.89 to 3.27). Longitudinal speed of walking data are illustrated in Figure 6.7. 
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Figure 6.7 The graphs above illustrate individual datapoints for controls (blue) at visit one and two, and for patients (red) 

at visit one, two, and three. The parameter illustrated is ten-metre walk test (10m-WT) data, expressed in seconds. For 

clarity, line graphs connecting repeated values are reported on the left, whereas scatter plots with mean and standard 

deviations are reported on the right. 

No significant changes were detected over time. 

 

For MUNIX, no significant longitudinal changes were recorded in controls (p=0.620, 95% CIs=from -

5.34 to 8.95). No changes were detected in MUNIX in patients either at visit two (p=0.680, 95% 

CIs=from -7.34 to 4.79) or at visit three (p=0.235, 95% CIs=from -11.94 to 2.92). Longitudinal MUNIX 

results are depicted in Figure 6.8. 
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Figure 6.8 The graphs above illustrate individual datapoints for controls (blue) at visit one and two, and for patients (red) 

at visit one, two, and three. The parameter illustrated is the motor unit number index (MUNIX). For clarity, line graphs 

connecting repeated values are reported on the left, whereas scatter plots with mean and standard deviations are reported 

on the right. 

No significant changes were detected over time. 
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For MUSIX, no longitudinal changes were detected in controls (p= 0.776, 95% CIs=from -1.96 to 2.63). 

Figure 6.9 shows that MUSIX did not vary significantly either at visit two (p=0.616, 95% CIs=from -

3.72 to 6.28) or at visit three (p=0.648, 95% CIs=from -7.56 to 4.70) in patients. 
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Figure 6.9 The graphs above illustrate individual datapoints for controls (blue) at visit one and two, and for patients (red) 

at visit one, two, and three. The parameter illustrated is the motor unit size index (MUSIX), expressed in μV. For clarity, 

line graphs connecting repeated values are reported on the left, whereas scatter plots with mean and standard deviations 

are reported on the right. 

No significant changes were detected over time. 

 

6.3.3.2 Spectroscopic parameters 

ΔGATP of ATP hydrolysis remained stable in controls, although there was a non-significant trend toward 

lower absolute values after four months (p=0.059, 95% CIs=from -0.02 to 1.30; Figure 6.10). In 

patients, absolute values remained stable both at four months (p=0.168, 95% CIs=from -12.78 to 2.23) 

and after one year (p=0.879, 95% CIs=from -10.01 to 8.57; Figure 6.10). 
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Figure 6.10 The graphs above illustrate individual datapoints for controls (blue) at visit one and two, and for patients (red) 

at visit one, two, and three. The parameter illustrated is Gibbs free energy (delta G) of ATP hydrolysis. For clarity, line 

graphs connecting repeated values are reported on the left, whereas scatter plots with mean and standard deviations are 

reported on the right.  

No significant changes were detected over time. 

 

ATP values remained stable in controls (p=0.468, 95% CIs=from -0.01 to 0.01), and declined in patients 

at visit two (p=0.153, 95% CIs=from -0.02 to 0.00), reaching statistical significance at visit three 

(p=0.036, 95% CIs=from -0.03 to -0.00), as illustrated in Figure 6.11. Significant results at visit three 

survived correction for age (p=0.024, 95% CIs=from -0.03 to -0.00) and gender (p=0.040, 95% 

CIs=from -0.03 to -0.00). 
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Figure 6.11 The graphs above illustrate individual datapoints for controls (blue) at visit one and two, and for patients (red) 

at visit one, two, and three. The parameter illustrated is ATP. For clarity, line graphs connecting repeated values are 

reported on the left, whereas scatter plots with mean and standard deviations are reported on the right. 

No significant changes were detected over time in controls, whereas ATP declined significantly in patients at visit three. 

 

Phosphocreatine remained stable over time both in controls (p=0.566, 95% CIs=from -0.02 to 0.01) and 

patients (at visit two: p=0.643, 95% CIs=from -0.01 to 0.02; at visit three: p=0.110, 95% CIs=from -

0.00 to 0.04), as illustrated below. 
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Figure 6.12 The graphs above illustrate individual datapoints for controls (blue) at visit one and two, and for patients (red) 

at visit one, two, and three. The parameter illustrated is phosphocreatine (PCr). For clarity, line graphs connecting repeated 

values are reported on the left, whereas scatter plots with mean and standard deviations are reported on the right. 

No significant changes were detected over time. 

 

ADP remained stable over time both in controls (p=0.103, 95% CIs=from -1.44 to 15.75) and patients 

(visit two: p= 0.455, 95% CIs=from -21.27 to 9.52; visit three: p=0.906, 95% CIs=from -20.82 to 18.45), 

as illustrated below. 
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Figure 6.13 The graphs above illustrate individual datapoints for controls (blue) at visit one and two, and for patients (red) 

at visit one, two, and three. The parameter illustrated is ADP (expressed in micromolar uM). For clarity, line graphs 

connecting repeated values are reported on the left, whereas scatter plots with mean and standard deviations are reported 

on the right. 

No significant changes were detected over time. 

 

Inorganic phosphate remained stable over time both in controls (p=0.700, 95% CIs=from -0.01 to 0.01) 

and in patients (at visit two: p=0.374, 95% CIs=from -0.00 to 0.01; at visit three: p=0.676, 95% 

CIs=from -0.01 to 0.01), as illustrated below. 
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Figure 6.14 The graphs above illustrate individual datapoints for controls (blue) at visit one and two, and for patients (red) 

at visit one, two, and three. The parameter illustrated is inorganic phosphate (Pi). For clarity, line graphs connecting 

repeated values are reported on the left, whereas scatter plots with mean and standard deviations are reported on the right. 

No significant changes were detected over time. 
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pH and Mg++ values remained stable both in controls and in patients, as illustrated below. For pH, in 

controls, p=0.912 (95% CI=-0.01 to 0.01); whereas for patients at visit two, p=0.897 (95% CIs=from -

0.03 to 0.02) and at visit three p=0.744 (95% CIs=from -0.03 to 0.04). For Mg++ measurements, in 

controls, p= 0.367 (95% CI= -0.11 to 0.04); in patients, at visit two p=0.536 (95% CIs=from -0.11 to 

0.06) and at visit three p=0.424 (95% CIs=from -0.06 to 0.15). 
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Figure 6.15 The graphs above illustrate individual datapoints for controls (blue) at visit one and two, and for patients (red) 

at visit one, two, and three. The parameter illustrated is pH. For clarity, line graphs connecting repeated values are reported 

on the left, whereas scatter plots with mean and standard deviations are reported on the right. 

No significant changes were detected over time. 
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Figure 6.16 The graphs above illustrate individual datapoints for controls (blue) at visit one and two, and for patients (red) 

at visit one, two, and three. The parameter illustrated is free intracellular magnesium (Mg++) expressed in millimolar. For 

clarity, line graphs connecting repeated values are reported on the left, whereas scatter plots with mean and standard 

deviations are reported on the right.  

No significant changes were detected over time. 

 

Phosphomonoesters were stable in controls (p=0.556, 95% CI= from -0.00 to 0.00). There was no 

change in patients at visit two (p=0.248, 95% CIs=from -0.00 to 0.01) and a non-significant trend 

towards higher values at visit three (p=0.094, 95% CIs=from -0.00 to 0.02; Figure 6.17). 
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Figure 6.17 The graphs above illustrate individual datapoints for controls (blue) at visit one and two, and for patients (red) 

at visit one, two, and three. The parameter illustrated are phosphomonoesters (PME). For clarity, line graphs connecting 

repeated values are reported on the left, whereas scatter plots with mean and standard deviations are reported on the right. 

No significant changes were detected over time. 

 

No longitudinal changes were detected in PDE and NAD(P+ and NAD(P)H measurements either in 

controls or in patients, as illustrated in Figure 6.18 and Figure 6.19. In controls, for phosphodiesters 

p=0.439 (95% CI=from -0.02 to 0.01), whereas for NAD(P+ and NAD(P)H p=0.940 (95% CI=from -

0.00 to 0.00). In patients, PDE remained stable both at visit two (p=0.989, 95% CI=from-0.01 to 0.01) 

and visit three (p=0.390, 95% CI from=-0.02 to 0.01). For NAD(P+ and NAD(P)H, in patients p=0.222 

(95% CI from -0.00 to 0.01) at visit two and p=0.714 (95% CI=from -0.01 to 0.01) at visit three. 
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Figure 6.18 The graphs above illustrate individual datapoints for controls (blue) at visit one and two, and for patients (red) 

at visit one, two, and three. The parameter illustrated are phosphodiesters (PDE). For clarity, line graphs connecting 

repeated values are reported on the left, whereas scatter plots with mean and standard deviations are reported on the right.  

No significant changes were detected over time. 
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Figure 6.19 The graphs above illustrate individual datapoints for controls (blue) at visit one and two, and for patients (red) 

at visit one, two, and three. The parameter illustrated is nicotinamides dinucleotide (NAD(P+ and NAD(P)H). For clarity, 

line graphs connecting repeated values are reported on the left, whereas scatter plots with mean and standard deviations 

are reported on the right. 

No significant changes were detected over time. 
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6.3.4 Baseline predictors of attrition at follow-up visits 

Results of ordered logistic regression are illustrated in table below. MVIC, 10-metre walk test, MUNIX, 

γATP, Pi, and PME were significant predictors of patient attrition. 
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Table 6.5 P values resulting from ordered logistic regression with number of visits attended as dependent variable and 

parameters listed in the left column each entered in turn as independent variables. 

Maximal voluntary isometric contraction (MVIC), 10-metre walk test (10m-WT), motor unit number index (MUNIX), γ 

adenosine triphosphate (γATP), inorganic phosphate, and phosphomonoesters were significantly predictive. ALSFRS-R: 

Revised amyotrophic lateral sclerosis functional rating scale, MUSIX: Motor unit number size index, NAD(P)H+NAD(P)+: 

Nicotinamide adenine dinucleotides, SVC: Slow vital capacity, UMN: Upper motor neuron. 

 Spectroscopic parameter p 

Weight (Kg) 0.771 

ALSFRS-R 0.083 

SVC (% predicted) 0.105 

UMN score 0.396 

MVIC (Kg) 0.010 

10m-WT (sec) 0.049 

MUNIX  0.019 

MUSIX (μV) 0.644 

ΔGATP (kilojoule/mole) 0.116 

γATP 0.038 

Phosphocreatine 0.512 

Adenosine diphosphate (μM) 0.637 

Inorganic phosphate 0.013 

pH 0.420 

Free magnesium (mM) 0.163 

Phosphomonoesters 0.009 

Phosphodiesters 0.193 

NAD(P)H+NAD(P)+ 0.891 

 

In Figure 6.20, baseline predictors of number of follow-up visits are plotted. On the y-axis, baseline 

MVIC, 10-metre walk test, MUNIX, γATP, Pi, and PME values in patients are plotted against number 

of follow-up visits on the x-axis. The graphs below in conjunction with results of ordered logistic 

regression above illustrate that patients with stronger force of contraction, faster speed of walking, 

higher MUNIX and γATP, and lower Pi and PME at baseline were more likely to attend follow-up 

visits.  



230 

 

One Two Three

0

10

20

30

Number of visits attended

B
a

se
li

n
e

M
V

IC
 (

K
g
)

One Two Three

0

5

10

15

20

Number of visits attended
B

a
se

li
n

e

1
0

-m
et

re
 w

a
lk

 t
es

t 
(s

ec
)

 

One Two Three

0

50

100

150

Number of visits attended

B
a

se
li

n
e

M
U

N
IX

One Two Three

0.00

0.05

0.10

0.15

0.20

Number of visits attended

B
a

se
li

n
e

A
T

P

 

One Two Three

0.00

0.05

0.10

0.15

B
a

se
li

n
e

P
i

Number of visits attended

One Two Three

0.00

0.02

0.04

0.06

0.08

Number of visits attended

B
a

se
li

n
e

P
M

E

 

Figure 6.20 Baseline maximal voluntary isometric contraction (MVIC), 10-metre walk test, motor unit number index 

(MUNIX), γ adenosine triphosphate (γ ATP), inorganic phosphate (Pi), and phosphomonoesters (PME) in MND patients 

are illustrated on the y axis. On the x axis, the number of research visits attended is plotted (i.e. in blue those who attended 

only one research visit, red those who attended two research visits, and in green those who attended three research visits). 

This graphical depiction in conjunction with the statistics above illustrates that lower baseline force of contraction, 

MUNIX, or γATP values, slower speed of walking, higher Pi, or higher PME each predicted loss to follow up. 

Mean and standard deviation are shown.  
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6.4 DISCUSSION 

This is the first study to apply 31P-MRS longitudinally to characterise the bioenergetic status of people 

living with MND. The experiments here described complement those reported in chapter four and 

provide further insights into spectroscopic muscle changes over time in MND. The follow-up times of 

4 and 12 months were chosen based on considerations of feasibility in the MND patient population, 

balancing the need to avoid cohort attrition, but allow disease effects to become apparent. They were 

chosen based on previous experience of our group in clinical studies of this population (Jenkins, Alix 

et al. 2018, Jenkins, Alix et al. 2020). 

 

6.4.1 Clinical and neurophysiological parameters 

Between-group differences in patients and controls at visit two were consistent with those reported in 

chapter four, although some results were less statistically robust, likely as a consequence of patient 

attrition decreasing statistical power. 

Weight, ALSFRS-R, and slow vital capacity decreased significantly in patients. These parameters are 

regularly measured in clinical practice and are among the most useful clinical biomarkers of disease 

progression (Verber, Shepheard et al. 2019). Weight loss is an established adverse prognostic factor in 

MND (Moglia, Calvo et al. 2019, Janse van Mantgem, van Eijk et al. 2020, Lee, Kazamel et al. 2021, 

Wei, Ou et al. 2021), which appears to be independent of dysphagia and likely reflects multifactorial 

pathology including hypermetabolism (Desport, Preux et al. 2001, Steyn, Ioannides et al. 2018, 

Nakayama, Shimizu et al. 2019), loss of appetite stemming from anxiety and depression (Wang, Ye et 

al. 2021) and respiratory dysfunction (Holm, Maier et al. 2013). ALSFRS-R (included in the appendix) 

is a validated questionnaire with high consistency and validity (Cedarbaum, Stambler et al. 1999) that 

exhibits high inter- and intra-rater reliability, even when self-administered (Bakker, Schröder et al. 

2020). Lastly, slow vital capacity at diagnosis and slow vital capacity rate of decline are strong 

predictors of survival in MND (Andrews, Meng et al. 2018, Calvo, Vasta et al. 2020). UMN score did 

not vary significantly in patients at visit two and visit three. UMN signs are masked by LMN pathology. 

Hence, this metric is not particularly sensitive to corticospinal dysfunction and it is generally not used 

in clinical trials. 

No significant between-group differences were detected in MVIC at visit two, although a non-

significant trend was detected (p=0.099). In addition, MVIC did not decline in patients over time. 

Progressive muscle weakness is a defining feature of MND, hence these non-significant results are 

interpreted as likely a consequence of lack of statistical power and selection bias due to attrition. The 

latter hypothesis was corroborated by results reported in 6.3.4, illustrating that patients who were 

weaker at baseline were less likely to return for follow-up visits. 
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Slower walking speed, decreased MUNIX and increased MUSIX were detected in patients compared 

to controls, which are well established characteristics of MND (Inam, Vucic et al. 2010, Nandedkar, 

Barkhaus et al. 2010, Nandedkar 2017). No significant longitudinal changes were detected in 10-metre 

walk test, MUNIX, and MUSIX either in patients or in controls. Analogous to MVIC, the lack of 

longitudinal changes for 10-metre walk test and MUNIX are likely a result of patient attrition with loss 

of the most disabled patients from the cohort, and this factor also contributing to lack of statistical 

power. Results in 6.3.4 again support this hypothesis; patients with lower MUNIX and slower walking 

speed were less likely to attend four- and 12-month research visits. In contrast, MUSIX was not 

predictive of patient follow-up visits. Hence, it is possible that lack of longitudinal changes instead 

reflects the fact that MUSIX is a marker of compensatory reinnervation, a process that may fail as 

disease progresses. 

 

6.4.2 Spectroscopic parameters 

Spectroscopic results were also consistent with findings reported in chapter four. Interestingly, patients 

with higher γATP at baseline (as well as lower Pi and PME) were more likely to return at visit two and 

visit three. No longitudinal differences in Pi and PME were found, although, in the latter case, there 

was a non-significant trend towards an increase at 12-month.  

There was substantial patient attrition at follow-up visits, an inevitable issue in MND imaging studies 

related to the progressive nature of disease which causes weakness and respiratory failure impairing 

patients from lying flat. The attrition rate was consistent with previously published studies (Jenkins, 

Alix et al. 2018) and was non-random, indicating that results of follow-up visits were biased towards 

stronger patients with relatively lower burden of denervation, lower Pi and PME, and higher γATP 

values. 

Despite patients with lower γATP being less able to return for follow-ups, γATP was shown to decrease 

significantly over time. This is a biologically plausible effect and may reflect a different stage of 

bioenergetic failure where ATP can no longer be maintained by compensatory mechanisms identified 

in previous chapters. 

 

6.5 CONCLUSION 

To date, this is the first study to assess muscle in MND applying 31P-MRS longitudinally. Measures 

were stable in healthy controls. The most important result was a significant decrease in γATP in MND 

patients over time which may represent a later stage of bioenergetic failure. Taken together with the 

results of previous chapters, this suggests a phase of compensation followed by a phase of 
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decompensation, which is important for therapeutic purposes as interventions may be more likely to 

succeed in the compensated phase. 
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7. CHAPTER 7:                                                                           

31-PHOSPHORUS MAGNETIC RESONANCE 

SPECTROSCOPY IN MOTOR NEURON DISEASE: 

CONCLUSIONS AND FUTURE DIRECTIONS 

The chapter summarises the salient findings of the experiments conducted in this thesis. The aim is to 

provide an overarching picture of the work that went into this PhD and of its broader impact. Results 

and concepts from previous chapters are connected whilst highlighting areas that remain to be 

investigated and novel questions arising from this experimental work. Salient results emerging from 

this work have provided the rationale for emerging research studies which are currently taking place at 

the University of Sheffield, discussed in this section.  

Studies conducted in 1H-MRS and detailed in chapter one illustrated that this technique can be used to 

elucidate pathophysiology and has potential as an imaging biomarker in MND, although there remain 

challenges related to reproducibility of results and applicability to non-specialised centres and in clinical 

practice (Kalra 2019). One of the central arguments of this thesis is that 31P-MRS could be used 

analogously to investigate disease mechanisms and as a biomarker for bioenergetic dysfunction. 

The first step was to establish a protocol that could be applied to the MR system available at the 

University of Sheffield. In chapter two, experiments conducted to optimise the acquisition protocol are 

reported. First, experiments that identified malfunctioning of the preamplifier of the 31P-MRS coil are 

reported, which were the reason for initial low signal to noise. The Rapid coil was, hence, replaced and 

further experiments were required to ensure appropriate quality control. Although, the available coils 

were suitable to answer the main research questions of this thesis, in the future, it may be possible to 

modify the hardware to conduct both heteronuclear and homonuclear spectroscopy using simultaneous 

and interleaved acquisitions (Vanderthommen, Duteil et al. 2003, Meyerspeer, Magill et al. 2016). This 

would enable to explore the 1H-MRS and 31P-MRS signature (as well as putative biochemical 

associations) using a single acquisition, shortening research visits time. In MND this approach would 

facilitate incorporation of multiparametric MR techniques (i.e. 1H-MRS and 31P-MRS in this case) into 

a single predictive model which could be refined to assess speed of disease progression or response to 

treatment. Such models are urgently needed in MND, but there are numerous challenges to their 

development, including a relative dearth of longitudinal imaging studies, which are often characterised 

by large attrition due to the profoundly disabling nature of the disease. Interleaved acquisitions would 

enable incorporation of different modalities whilst reducing research visits time and potentially 

improving retention rate of participants. 
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Chapter two also details experiments conducted to select optimal acquisitions to answer the research 

questions. The sequence selected in brain (2D-CSI with 2 NSA) allowed acquisition of high SNR 

signals from multiple voxels located over primary motor regions and in an acceptable timeframe (just 

over 15 minutes). The muscle sequence produced high quality spectra with dynamic acquisitions 

designed to have appropriate time and spectral resolution to assess recovery parameters. Since no prior 

direct evidence for dysmetabolism in MND patients in vivo had yet been published, it was important to 

assess cerebral areas known to be consistently affected by the disease (i.e. primary motor cortex and 

descending corticospinal and corticobulbar tracts) as well as peripheral muscle. Future work focussing 

only on cerebral acquisitions could include more lengthy and complex sequences, such as 3D-CSI 

(Bakermans, Bazil et al. 2017), to sample larger anatomical areas. This would enable mapping of 

cerebral bioenergetic status in MND and answer questions related to presence of mitochondrial 

dysmetabolism in cortical and subcortical areas responsible for cognitive and executive processing 

which, as detailed in chapter one, are also affected in a proportion of patients. In such future putative 

studies, inclusion of cognitive tests would also be beneficial to assess clinical correlates. 

To establish a biomarker that can be applied consistently across sites and in clinical practice, it is 

important to ensure repeatability and reproducibility. In chapter three, a reproducibility study was 

conducted to assess the effects of phasing and other processing steps on measurement variability. The 

same operator analysed data collected at a single timepoint, using a sequence optimised on the 3 tesla 

scanner. Better reliability and agreement were shown for data analysed in jMRUI, compared to 

SpectroView analyses. Hence, an important conclusion of this chapter was that choice of hardware, 

software and fitting algorithms substantially contributes to variability of measurements, an important 

issue for future multi-centre studies. Lack of standardisation has been recognised as one of the main 

factors limiting the diffusion of MRS techniques and efforts towards standardisation are being made 

(Wilson, Andronesi et al. 2019, Meyerspeer, Boesch et al. 2020). Numerous reproducibility studies 

have been conducted in 1H-MRS to test both SV (Hoshino, Yoshikawa et al. 1999, Jang, Lee et al. 2005, 

Terpstra, Cheong et al. 2016, Al-iedani, Arm et al. 2018, Gonen, Moffat et al. 2020) and multivoxel 

(Maton, Londono et al. 2001, Zhang, Taub et al. 2020) sequences. These studies have illustrated that 

1H-MRS reproducibility across research centres is achievable (Träber, Block et al. 2006, Deelchand, 

Adanyeguh et al. 2015) in healthy controls. Two recently published studies applied 1H-MRS to large 

cohorts of ALS patients across four and five sites. Findings illustrate the potential of 1H-MRS as a 

biomarker of disease progression: (Srivastava, Hanstock et al. 2019) showed a correlation between 

NAA/Cho in motor cortex and rate of progression, whereas (Ta, Ishaque et al. 2021) showed that fast 

progressors had a larger longitudinal reduction of NAA in cortical motor areas. These studies represent 

also an important step towards reproducible implementation of 1H-MRS in MND across multiple 

centres (Srivastava, Hanstock et al. 2019, Ta, Ishaque et al. 2021). There are fewer assessments of 

reproducibility in 31P-MRS muscle (Layec, Bringard et al. 2009) and, to date, none in brain 31P-MRS. 
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The next step is to conduct 31P-MRS reproducibility experiments across different sites and scanners to 

test agreement and reliability in larger cohorts of healthy controls and patients, to optimise the technique 

for application to future clinical trials. Single voxel and CSI could be tested across sites, as well as 

comparing different scanner strengths (3 and 7 tesla) and manufacturers (Philips, General Electrics, and 

Siemens). 

Chapter four addresses the main research question of this thesis: to determine whether bioenergetic 

dysfunction is present and detectable in vivo through application of 31P-MRS to the brain and muscle 

of people living with MND. For the first time, abnormalities in brain phosphorus metabolites were 

demonstrated, which correlated with clinical and neurophysiological measures. A multifaceted picture 

emerged, in which a spectroscopic signature characteristic for primary mitochondrial dysfunction (i.e. 

low PCr) was present in the pons, whereas elevated Pi and PME were characteristic of muscle, possibly 

illustrating impaired mitochondrial responses to increased energy demand in peripheral tissue. The next 

step is replication in a larger cohort, but the results of this study demonstrate the wide-ranging potential 

of the technique to probe bioenergetic dynamics in neurodegenerative disease, including as a potential 

marker of target engagement for future trials of therapeutics targeting mitochondrial pathways. The 

results also lead to a number of further research questions; firstly, whether evidence for bioenergetic 

dysmetabolism is present in other cortical areas. Strategies to answer this question have been discussed 

in above sections of this chapter. Another important question is whether results are specific to MND or 

reflect non-specific consequences of diseased cells. This could be answered by further studies that 

include disease controls with exclusively UMN pathology (for example, multiple sclerosis), exclusively 

LMN denervation (for example, peripheral neuropathy), and exclusively primary muscle pathology. It 

was not possible to include disease controls in the work conducted in this thesis, but a study in primary 

progressive multiple sclerosis utilising the protocols here developed is underway at our institution 

(STH18781); data analysis is ongoing. Other questions related to features of MND pathophysiology 

could also be answered, for example in relation to hypermetabolism. The causes of this clinically 

relevant phenomenon which is associated with worse prognosis (Steyn, Ioannides et al. 2018) are still 

unclear, but mitochondrial uncoupling appears biologically plausible (Dupuis, Gonzalez de Aguilar et 

al. 2009, Ferri and Coccurello 2017). 31P-MRS studies in conjunction with indirect calorimetry, the gold 

standard to assess basal metabolic rate (Gupta, Ramachandran et al. 2017), could investigate this issue 

in more detail. In this context it would be important to quantify and separate NADH and NAD+ using 

31P-MRS. The NAD+/NADH ratio is a measure of both the oxido-reductive status of a system as well 

as of mitochondrial coupling (Nicholls 2013). Nonetheless separation of those peaks remains a technical 

challenge which some groups have begun to address (Lu, Zhu et al. 2016); further developments in this 

field and establishment of reliable spectroscopic methodology would be crucial to answer such 

questions which are highly relevant to understanding MND. Lastly, it was not possible to assess for any 

effect of riluzole on phosphorus metabolites in this initial study, as only four patients were not on 
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riluzole due to intolerance, limiting statistical power. The mode of action of riluzole is elusive. Since it 

is the only drug to date proven to increase survival in MND, a better understanding of its pharmacology 

in patients is crucial. Studies using proton spectroscopy to assess effects on neuronal markers such as 

NAA have been conducted successfully and are described in greater detail in chapter one (Kalra, 

Cashman et al. 1998, Kalra, Tai et al. 2006). A large research project aimed at investigating the mode 

of action of riluzole using multiple imaging modalities, including the 31P-MRS protocol reported in this 

thesis to assess mitochondrial effects, is currently in development (STH21550). 

Chapter five reports a study in which 31P-MRS was employed in conjunction with other techniques 

(neurophysiology and fixed dynamometry) to characterise a clinically relevant pathophysiological 

feature of MND: motor fatigability. These experiments showed that there is a differential response to 

muscle fatigue in patients compared to healthy controls: results suggest that fatigability is primarily 

related to central hyperexcitability in MND (assessed using f-wave amplitude), whereas the main 

determinants in healthy individuals are intracellular ionic concentration (primarily Mg++) and 

fatigability at the neuromuscular junction (assessed using MUNIX), which are peripheral features. This 

approach in which features of motor fatigue are dissected could be used to measure target engagement 

in clinical trials for interventions to ameliorate this debilitating symptom, as none currently exist 

(Gibbons, Pagnini et al. 2018). In addition, the model proposed in this chapter should be corroborated 

using TMS, which is the gold standard technique for detection of UMN excitability. The study design 

described in chapter five could also be applied to other diseases in which motor fatigue is predominant. 

This protocol is being applied in the primary progressive multiple sclerosis study described above 

(STH18781) and in another study to assess the effects of preconditioning on fatigability in stroke 

patients (STH19508). 

In addition to providing evidence of direct bioenergetic alterations, the results of experiments in chapter 

six (and chapter four) illustrate the potential for 31P-MRS as an imaging biomarker to predict the course 

of disease. Correlations with ALSFRS-R, slow vital capacity (both well-established clinical biomarkers, 

predictive of disease progression and prognosis), and MVIC support clinical relevance, and associations 

with MUNIX support biological relevance. Although clinical correlations are not sufficient in isolation, 

they are, nonetheless, necessary in establishing a valid imaging biomarker. In addition, baseline 

spectroscopic parameters were shown to predict whether patients were able to attend repeated 

longitudinal visits. This type of non-random attrition can be considered a surrogate marker of 

progressive disability and speed of disease progression since 12 of the 13 patients that were lost to 

follow-up had to withdraw because of respiratory failure, severe frailty, and, in one case, death. Larger 

longitudinal studies are now necessary to investigate 31P-MRS as a disease progression and prognostic 

biomarker in MND. Importantly, results from chapter six demonstrated that 31P-MRS measures in 

healthy controls remain stable and, interestingly, it appears that during later stages of MND, ATP levels 

may start to fall, reflecting a decompensated phase of disease. It appears likely that therapeutics seeking 



238 

 

to address bioenergetic failure would have to be given before this occurred. This important point 

requires elucidation in future studies in larger cohorts. 31P-MRS could also be employed as a biomarker 

of treatment response, to assess whether medications postulated to improve mitochondrial function 

show target engagement in areas affected by disease. Two studies of this kind are currently being 

conducted at the University of Sheffield using the optimised protocol developed in this thesis. Both 

studies aim to assess target engagement of bile acids suggested to be neuroprotective by improving 

bioenergetic profile of neurons. The first study is a double-blind, placebo-controlled trial testing 

ursodeoxycholic acid in Parkinson’s disease (Payne, Sassani et al. 2020). The second study is an 

imaging sub-study adjunct to the phase III, multi-centre, randomised, double-blind, placebo-controlled 

study to evaluate efficacy of tauroursodeoxycholic acid in MND (NCT03800524; STH21256).  

These studies emerging from the work of this thesis demonstrate the potential of 31P-MRS as an 

important tool to develop to assess bioenergetics in vivo in neurological diseases in the future. 
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8. APPENDIX 

The physics underpinning magnetic resonance spectroscopy 

In the following text, the principles underlying generation and detection of the MRS signal, as well as 

an overview of necessary instrumentation, and localisation sequences will be detailed. This appendix is 

intended for readers who wish to understand the mathematical and physical reasons behind technical 

and analytical choices made during protocol development. The following sources were employed: (de 

Graaf 2007, de Graaf 2007, de Graaf 2007, de Graaf 2007, de Graaf 2007, Keeler 2010).  

There are two central approaches to magnetic resonance (MR) physics which are not entirely 

reconcilable: the quantum mechanics description and the classic physics model. Quantum mechanics 

provides a comprehensive, but abstruse, theoretical framework of the physics underpinning MR 

phenomena. This approach will be briefly presented in section 8.1 to introduce the concept of nuclear 

energy levels and the  Larmor frequency, which are particularly useful to understand phenomena such 

as coupling, described later on in the text. The classical model more intuitively exemplifies how MR 

signal is generated and detected, and moreover is necessary to understand the technical vocabulary used 

in MRI and MRS. Descriptions in 8.2 and 8.3 are primarily based on this model although parallels with 

the descriptions in 8.1 will be made. Section 8.4 will briefly present the concepts of relaxation and 8.5 

will detail how different metabolites can be distinguished using MRS. Finally, section 8.6 will address 

theoretical issues encountered with metabolite quantification. 

 

8.1 Quantum mechanical description: energy levels and the Larmor frequency 

In MRS, nuclei are subjected to a strong external magnetic field (generated by the MR scanner) and RF 

pulses are applied to cause them to resonate. This process creates a signal that contains information on 

both the concentration of resonating compounds (which is proportional to the signal intensity, 

represented on the ordinate, y-axis, of the MR spectrum) as well as their frequency of precession 

(visualised on the abscissa, x-axis). Determining the frequency of these particles is equivalent to 

detecting their energy, because energy (E) and frequency (ν) are directly proportional, the 

proportionality factor being h, the Planck constant: 

Equation 8.1 

𝐸 = ℎ𝜈 

 

To understand the rudiments of MRS, a basic description of nuclear energy statuses and their 

interactions with strong magnetic fields is, therefore, necessary. 
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In quantum mechanics, it is impossible to state a priori (i.e. before measuring) the actual energy level 

of a particle, which is said to be in a superposition state describable by a wavefunction. Nevertheless, 

it is possible to predict that, if a measurement is performed, this will definitely yield one of the allowed 

energy levels for that particle. Calculation of these observable energy levels for a nucleus positioned in 

a strong magnetic field is possible by means of the following equation: 

Equation 8.2 

Ĥ = −𝛾𝐵0Î𝑧 

 

Ĥ is “the Hamiltonian” (the energy operator21), γ is the gyromagnetic ratio (which is an intrinsic property 

of a given nucleus, see Table 8.1), B0 is the external magnetic field to which the sample is subjected, 

and Îz is the nuclear spin angular momentum operator, more specifically, its z-component, i.e. the 

component parallel to the main axis of the external magnetic field. 

This equation can be applied to every nucleus located within B0 and its solutions are determined by the 

eigenvalues and eigenfunctions22 of Îz; which, in turn, depend on the nuclear spin angular momentum 

quantum number (I) which, for dipolar nuclei23 such as hydrogen and phosphorus-31, equals 
1

2
. Values 

for various isotopes that can be used in MRS experiments are reported in Table 8.1. 

  

 
21 Operators in quantum mechanics denote measurable parameters; in case of the Hamiltonian, these observables 

are a particle’s energy levels. 
22 Certain operators (such as Ĥ and Îz) “operate” onto a wavefunction to extract another function equivalent to the 

initial one multiplied by a constant. These special types of wavefunctions are denoted eigenfunctions and the 

constant is, by definition, their eigenvalue. 
23 Dipolar nuclei are particularly suitable for MRS experiments because their charge is evenly spread over the 

nuclear surface and they generate stronger signal compared to quadripolar nuclei (i.e. nuclei having I>
1

2
). 
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Table 8.1 Spins (I), gyromagnetic ratios (γ), natural abundance, and sensitivity of isotopes that are regularly used in 

magnetic resonance spectroscopy (MRS) experiments. 

Gyromagnetic ratio is expressed in 106 rad s−1 T −1, natural abundance is expressed as percentage of element, sensitivity is 

proportional to natural abundance and to (|γ3| x I(I+1)) as per (de Graaf 2007). This table was readapted from (de Graaf 

2007) - page 9. 

Isotope Nuclear 

spin 

Gyromagnetic 

ratio 

Abundance in  

nature 

MRS  

sensitivity 

Hydrogen-1 1/2 267.52 99.99 1 

Deuterium-2 1 41.07 0.02 1.45 x 10-6 

Helium-3 1/2 -203.80 1.4 x 10-4 5.75 x 10-7 

Carbon-13 1/2 67.28 1.11 1.76 x 10-4 

Nitrogen-14 1 19.34 99.63 1.00 x 10-3 

Nitrogen-15 1/2 -27.12 0.37 3.86 x 10-6 

Oxygen-17 5/2 -36.28 0.04 1.08 x 10-5 

Fluorine-19 1/2 251.81 100.00 8.34 x 10-1 

Sodium-23 3/2 70.80 100.00 9.27 x 10-2 

Phosphorus-31 1/2 108.41 100.00 6.65 x 10-2 

Potassium-39 3/2 12.50 93.10 4.75 x 10-4 

Xenon-129 1/2 -74.52 26.44 5.71 x 10-3 
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Nuclear spin (listed in Table 8.1) is the intrinsic angular momentum of nuclei and has some properties 

that cannot be accounted for by the classical description: for instance, it is a quantised quantity 

(amplitude equals  
ℎ

2𝜋
√𝐼(𝐼 + 1)) and can take only specific discrete orientations. Specifically, Îz is equal 

to (
ℎ

2𝜋
) 𝑚 where h is the Planck constant and, for hydrogen and phosphorus-31, m is ±

1

2
 ). Only isotopes 

characterised by a non-zero spin (i.e. atoms which do not have an even mass number and an even atomic 

number) can generate an MRS signal. 

It follows that, for dipolar nuclei, the result of equation 8.2 is: 

Equation 8.3 

𝐸𝑚 = −
𝛾𝐵0ℎ𝑚

2𝜋
 

 

Em describes the energy levels (in joules) allowed for a dipolar nucleus, m is ±
1

2
, h is the Planck constant 

(in joule seconds), γ is the gyromagnetic ratio (in radian per second−1 tesla −1), and B0 is the external 

magnetic field (in tesla). 

Equation 8.3 shows that only two energy states are allowed for nuclei that have spin of magnitude of 

1/2 in a given B0 (Figure 8.1): an α “spin up” state of energy 𝐸𝛼 = −
1

2

𝛾𝐵0ℎ

2𝜋
 where 𝑚 = +

1

2
; and a β 

“spin down” state of energy 𝐸𝛽 = +
1

2

𝛾𝐵0ℎ

2𝜋
 where 𝑚 = −

1

2
. For nuclei characterised by a positive γ, 

Eβ is the highest energy level. The transition from one level to another requires a quantum of energy 

equivalent to the energy difference ΔE = Eβ - Eα as shown in equation 8.4. 

Equation 8.4 

∆𝐸 = 𝐸𝛽 − 𝐸𝛼 =
𝛾𝐵0ℎ

2𝜋
 

 

There are strict quantum rules governing transitions across energy levels; the transitions described in 

the equation above are generally allowed. 

From equation 8.1, E = hν, it is possible to calculate the frequency ν (in hertz) characteristic for this 

energy difference: 

Equation 8.5 

∆𝐸 =
𝛾𝐵0ℎ

2𝜋
= ℎ𝜈 

 

Rearranging this last equation and solving for ν: 
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Equation 8.6 

𝜈 =
𝛥𝐸

ℎ
=

𝛾𝐵0

2𝜋
 

 

MRS measurements provide information on the frequency and therefore energy absorbed or emitted 

during the transition between the α and the β states. This frequency is defined as the Larmor frequency 

and it can be expressed in hertz (ν0) or radian per second (ω0): 

Equation 8.7 

𝜈0 = −
𝛾𝐵0

2𝜋
 

 

Equation 8.8 

𝜔0 = −𝛾𝐵0 

 

At 3 tesla, as in the experiments reported in this thesis, ν0 equals 127.9 MHz for hydrogen and 51.7 

MHz for phosphorus-31; these values are in the radio frequency range of the electromagnetic spectrum. 

The negative sign is related to the phase of the FID as described in the following sections. 

 

Figure 8.1 The relationship between energy difference (ΔE, illustrated by the red dotted line) and strength of magnetic field 

B0 (x axis). 

As the strength of B0 increases so does the difference between the Eα (lower) and Eβ (higher) energy state. γ is the 

gyromagnetic ratio and h is the Plank constant. The figure was drawn by the author. 

 

In MRS, resonance is induced by delivering electromagnetic radiation at the Larmor frequency to the 

sample by employing RF pulses in which an electromagnetic field oscillates perpendicular to the B0 

main axis. RF pulses increase the probability of spins flipping from the lower to the higher energy level. 



244 

 

Consequently, during RF irradiation, a greater proportion of the sampled nuclear population is found in 

the β higher energy state. Once the RF pulse subsides, the system relaxes, meaning that a proportion of 

the β spins return to the α state releasing electromagnetic radiation of frequency ω0. It is this emission 

that is detected by the MRS receiver coils and provides the basis of the MRS signal. 

 

8.2. Classical description: angular momentum and magnetic moments 

Each particle that rotates at constant speed is characterised by angular momentum (L), a vectorial 

quantity perpendicular to the plane of motion which equals the product of the object’s mass, its velocity, 

and its radius. Nuclei are charged particles, hence, as they rotate, a local magnetic field is generated, 

characterised by the nuclear spin magnetic moment (or magnetic dipole vector), μ. The equation below 

illustrates that L and μ are directly proportional. 

Equation 8.9 

𝜇 =
𝑒𝑣

2𝜋𝑟
𝜋𝑟2 =  𝛾�⃗⃗�  

e is the charge, v is the velocity, r is the radius, γ is the gyromagnetic ratio, and L is the angular 

momentum. Equation 8.9 illustrates that, as for all dipole moments, μ is the product of a current (
𝑒𝑣

2𝜋𝑟
) 

and the circle area (πr2). The right-hand equality is obtained by substituting for L (L=mvr) and classic 

gyromagnetic ratio (γ =
𝑒

2𝑚
), which determine the magnitude of μ. Although descriptions in this section 

are based on the classical model, as mentioned in section 8.1, angular momentum for nuclei is quantised 

and, hence, so is the nuclear spin magnetic moment. 

Isotopes such as hydrogen or phosphorus-31, that are characterised by a nuclear spin magnetic moment, 

can collectively exhibit nuclear magnetism. Nonetheless, in nature, these nuclei are typically found in 

a random orientation in space as they tumble due to Brownian motion (Figure 8.2) and are not 

collectively magnetised.  
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Figure 8.2 Nuclei tumbling due to Brownian motion.  

Arrows represent nuclear magnetic moments which are found in random orientation; hence, their vectorial sum is zero and 

the sample is not magnetised. The figure was drawn by the author. 

 

It is possible to alter the orientation of magnetic moments, 𝜇, by subjecting nuclei to a strong external 

magnetic field (B0) which effectively applies a rotational force, or torque (T): 

Equation 8.10  

�⃗⃗� = 𝜇 × 𝐵0
⃗⃗ ⃗⃗⃗ 

 

Consequently, a proportion of the magnetic moments becomes arranged parallel to B0 (an arrangement 

that corresponds to the α state previously described), whilst a smaller proportion is found in antiparallel 

orientation (corresponding to the β energy level). As discussed above, the α state is favoured, hence, 

overall, there is a slight excess of magnetic moments aligned parallel to the axis of B0, the longitudinal 

or z-axis, by convention. This is the axis in which patients lie in the scanner. This excess, which can be 

calculated from the Boltzmann distribution, is about 1 spin in α state over 100000 nuclei, i.e. 0.001%. 

Although very small (it can be calculated that, at 9.4 tesla, this is in the order of 31 spins in a million), 

this difference is sufficient to magnetise the sample and provides the basis for generation of MRI and 

MRS signals. 

Moreover, B0 causes the spinning nuclei to acquire a rotational precessional motion 
𝑑𝜇

𝑑𝑡
= 𝛾𝜇𝐵0. More 

specifically, these magnetic moments precess clockwise about the z-axis at the Larmor frequency (see 

equations 2.7 and 2.8). The precessional angle, θ, (which can be calculated as 𝑐𝑜𝑠𝜃 =
𝑚

√𝑙(𝑙+1)
, a formula 

derived from the quantum mechanical description) is equal to 54.74ᵒ for dipolar nuclei. The direction 

of precession around the z-axis follows the right-hand rule: this means that, by definition, an 
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anticlockwise motion about the z-axis is given a positive value. Magnetic moments of nuclei 

characterised by a positive γ precess clockwise about the z-axis because their Larmor frequency is 

negative, see equations 8.7 and 8.8. This process is depicted in Figure 8.3. In the x-y plane (i.e. the 

transverse plane which is, by definition, orthogonal to the z-axis), no orientation is favoured. 

Consequently, magnetic moments precess in a non-coherent phase and there is no net vectorial 

component in the transverse plane; hence equation 2.11 includes only the z component of μ. 

Specifically, the vectorial sum of a number n of magnetic moments, μ, in the α and β states, yields a net 

longitudinal magnetisation vector, M0, parallel to the z-axis: 

Equation 8.11 

𝑀0 = ∑ 𝜇𝑖

𝑛

𝑖=1

= 𝑛𝛼𝜇𝑧 + 𝑛𝛽𝜇𝑧 = γ
ℎ

4𝜋
(𝑛𝛼 − 𝑛𝛽) 

 

 

Figure 8.3 Effect of strong magnetic field on nuclear magnetic moments. 

(A) A nucleus precessing about the main axis of a strong magnetic field (B0). μ is the nuclear magnetic moment, μz is the 

component of the magnetic moment along the main axis of the magnetic field, and θ the precessional angle. (B) When subjected 

to a strong magnetic field, a portion of the nuclear magnetic moments (MMVs) is arranged parallel to B0 (the z-axis) and 

precesses at the Larmor frequency in a non-coherent phase. Their vectorial sum yields a net magnetisation vector (NMV - 

here depicted in dark blue) which is a static vector, parallel to the z-axis, and devoid of longitudinal components on the x-y 

plane (the plane orthogonal to the z-axis). The figure was drawn by the author. 

 

Even though the magnitude of the longitudinal net magnetisation vector is not directly measured, its 

amplitude, M0, determines the intensity of the MRS signal. As described in equation 8.12, M0 is 

dependent on the strength of the external magnetic field B0, the square of γ (as the gyromagnetic ratio 

contributes to both the energy status and the magnetic moment), and the number N of nuclear spins in 

the sample. ħ is the reduced Planck constant (h/2π), and kB is the Boltzmann constant. 
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Equation 8.12 

𝑀0  =
𝑁ħ2𝛾2𝐵0

4𝑘𝐵𝑇
 

 

Equation 8.12 illustrates that, under otherwise equivalent conditions, 1H-MRS generates a relatively 

more intense signal compared to 31P-MRS both because hydrogen is much more abundant in biological 

tissues than phosphorus (M0 linearly changes with N) and because the gyromagnetic ratio of hydrogen 

is approximately two and a half times greater than that of phosphorus (see Table 8.1). A major drawback 

of 31P-MRS is its relative lower sensitivity and, consequently, lower signal to noise ratio (SNR) 

compared to 1H-MRS. The relative sensitivity is estimated to be lower in 31P-MRS by a factor of 

approximately 100 (de Graaf 2007). The linear dependency of M0 on N also makes MRS a potentially 

quantitative modality as signal is directly proportional to concentration of particles. However, there are 

practical challenges, discussed in section 8.6, related to a number of technical factors, that render 

quantification difficult in the experimental setting. Lastly, equation 8.12 illustrates that, at higher 

magnetic field strengths, there is a gain in signal intensity. 

  

8.3 From resonance to spectra 

Once the longitudinal static net magnetisation vector reaches its maximum value (i.e. the populations 

of spins in the α and β states have attained a dynamic equilibrium), MRS signal can be generated. This 

is achieved by induction of resonance via RF pulses which applies a dynamic magnetic field B1. The 

RF pulse causes the nuclei to synchronise their precession and acquire a coherent phase. The RF pulse 

is an electromagnetic wave and, therefore, has an associated magnetic field, oscillating at a given 

frequency, in this case, the Larmor frequency. Nuclei will, therefore, start to precess around the new 

magnetic field, which has an orientation perpendicular to B0. Consequently, the x and y vectorial 

components of the magnetic moment vectors are summed to result in a net transverse magnetisation 

vector of increasing magnitude in the x-y plane, precessing clockwise at the Larmor frequency.  

This dynamic vector can be considered a moving magnet that, by Faraday’s law of induction, generates 

an electrical current which can be detected by an MR receiver coil placed in the transverse plane. 

Ultimately, the signal detected (i.e. the measured current) is proportional to the magnitude of the x and 

y components of the precessing net transverse magnetisation vector as shown in Figure 8.4 and 

according to equations 8.13 and 8.14. 

Mathematically, the above process is described by the Bloch equations (Bloch 1946), briefly 

exemplified below, although a complete discussion is beyond the scope of this thesis. 
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When an RF pulse is applied, the net magnetisation vector, M, is subjected to both the B0 and B1 fields, 

the latter generated by the RF pulse describable as 𝐵1(𝑡) = 2𝐵1𝑚𝑎𝑥𝑐𝑜𝑠𝜔𝑡 where B1 is the amplitude of 

the RF pulse, ω is the carrier frequency of the RF which encompasses the Larmor frequency, and t is 

time: 

Equation 8.13 

𝑑�⃗⃗⃗�(𝑡)

𝑑(𝑡)
= �⃗⃗⃗�(𝑡)  × 𝛾�⃗⃗�(𝑡) 

 

M is the net magnetisation vector, γ is the gyromagnetic ratio and B is any magnetic field to which the 

sample is subjected. This equation is a generalisation of the Larmor equation and a consequence of M 

being the sum of individual magnetic moment vectors (equation 8.11). 

When 
𝑑𝑀(𝑡)

𝑑(𝑡)
= 0, no signal is detected. Following the RF pulse, the trajectory of the net magnetisation 

vector can be described either from the laboratory frame of reference or in the rotating frame of 

reference. The laboratory frame of reference is from the point of view of a hypothetical external 

observer “visualising” the vector forming a three dimensional spiral resulting from superposition of 

precession around B0 and precession around the new field, B1 (known as “nutation”), and increasing in 

the transverse plane. In the rotating frame of reference, the hypothetical observer is inside the system, 

rotating at the same speed and frequency as the net magnetisation vector, and, hence, “seeing” a two 

dimensional line going from a point on the z axis to a point on the x-y plane. Use of the rotating frame 

of reference is a convenient way to mathematically simplify the description of motion of the net 

magnetisation vector, as the time dependency of the B1 field can be removed from the equations and 

the Larmor frequency appears to be zero. 

Accordingly, in the laboratory frame of reference the x (equation 8.14), y (equation 8.15), and z 

(equation 8.16) components of the magnetisation vector, M, vary as: 

Equation 8.14 

𝑑𝑀𝑥(𝑡)

𝑑𝑡
= 𝛾[𝑀𝑦(𝑡)𝐵0 − 𝑀𝑧(𝑡)𝐵1𝑦] 

 

Equation 8.15 

𝑑𝑀𝑦(𝑡)

𝑑𝑡
= 𝛾[𝑀𝑧(𝑡)𝐵1𝑥 − 𝑀𝑥(𝑡)𝐵0] 

 

Equation 2.16 

𝑑𝑀𝑧(𝑡)

𝑑𝑡
= 𝛾[𝑀𝑥(𝑡)𝐵1𝑦 − 𝑀𝑦(𝑡)𝐵1𝑥] 
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Whereas, the components of on the x (𝑀𝑥
′ ), y (𝑀𝑦

′ ), and z (𝑀𝑧
′) axes in the rotating frame of reference 

can be described as follows:  

 

Equation 8.17 

𝑀𝑥
′ = 𝑀𝑥𝑐𝑜𝑠𝜔𝑡 +  𝑀𝑦𝑠𝑖𝑛𝜔𝑡 

 

Equation 8.18 

𝑀𝑦
′ = 𝑀𝑦𝑐𝑜𝑠𝜔𝑡 −  𝑀𝑥𝑠𝑖𝑛𝜔𝑡 

 

Equation 8.19 

𝑀𝑧
′ = 𝑀𝑧 

 

The net magnetisation vector motion can be described as: 

Equation 8.20 

𝑀𝑥 = 𝑀0𝑠𝑖𝑛𝛽𝑐𝑜𝑠𝜔𝑡 

Equation 8.21 

𝑀𝑦 = −𝑀0𝑠𝑖𝑛𝛽𝑠𝑖𝑛𝜔𝑡 

Equation 8.22 

𝑀𝑧 = 𝑀0𝑐𝑜𝑠𝛽 

 

Mx and My are the transverse components of the net magnetisation vector, Mz is the component along 

the z axis, β is the FA (i.e. the angle between the net magnetisation vector and the z-axis), ω is the 

resonance frequency which should approximate the Larmor frequency). The term Mosinβ represents the 

projection onto the transverse plane of the net magnetisation vector; if M0 is constant then the signal 

intensity is maximal at a 90˚ FA (where sinβ is 1) and is zero when β is 180˚. The term sinω0t relates to 

the precessional motion in the x-y plane.  

Once the RF pulse ceases, the net magnetisation vector returns to its initial orientation (i.e. parallel to 

the z-axis), and a signal, the FID, is generated and detected by the MR receiver. A “pure” FID is an 

exponentially decaying24 cosinusoid (Figure 8.4) containing information on the Larmor frequency of 

the resonating nuclei as well as on the amplitudes of the signal, both of which can be extracted by 

frequency analysis through Fourier transformation, shown in equation 8.23 and exemplified in Figure 

8.4. 

  

 
24 The reasons for the decay are explained in section 8.4.2. 
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Equation 8.23 

𝐹(𝜔) = ∫ 𝑓(𝑡)𝑒−𝑖𝜔𝑡𝑑𝑡
+∞

−∞

 

 

F(ω) is the amplitude of the signal in the frequency domain, f(t) is the signal in the time domain, ω is 

frequency, and t is time. Fourier transformation of the FID (i.e. signal acquired in the time domain) 

yields a spectrum (i.e. data displayed in the frequency domain) as explained in Figure 8.4. When a 

quadrature coil is used, both the x and y components of the FID are detected from (at least) two channels 

(I – in phase and Q – quadrature) and transformed yielding “real” (r) and “imaginary” (im) spectra, 

respectively, that can then be reconstructed into a complex magnitude signal (magnitude signal = r + i 

im, where i is the imaginary unit). Phase information can also be extracted. The nomenclature of the 

channels is arbitrary and does not denote that one signal is actually less real or more concerned with 

complex numbers than the other. Unlike in structural MRI, when the magnitude signal is employed in 

most applications (for instance in common anatomical images), in spectroscopy, the real component is 

analysed. This is because, although the magnitude spectrum has better SNR (by a factor 1.41 i.e. √2), 

the line shapes tend to be broader and, hence, it is more difficult to fit. In addition, for low SNR signals 

(such as signal acquired in MRS), the baseline noise of the real component is Gaussian whereas 

magnitude signal has a skewed distribution. Gaussian noise assumption aids baseline estimation. 
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Figure 8.4 Generation of magnetic resonance spectroscopy signal. 

(A) The net magnetisation vector (arrow in blue) precesses clockwise in the transverse plane at the Larmor frequency (ω0) 

and, by Faraday’s law of induction, generates an electrical current, the free induction decay (FID) signal (B - central graph). 

The frequency of precession of the net magnetisation vector can be extrapolated from detected current by Fourier 

transformation which converts the data from the time domain into the frequency domain (C - lower graph). The signal decays 

over time because the system relaxes. Relaxation and analysis of signal changes over time are detailed in section 8.4. The 

figure was drawn by the author. 

 

8.4 Relaxation 

As previously described, relaxation involves spins “flipping back” to their lower energy state with 

consequent release of energy. This process is dependent on the physical environment of the nuclei and 

therefore can provide unique information on its composition. In the classical model, it is possible to 

visualise this process by analysing the changes over time of the longitudinal (along the z-axis) and 

transverse (along x-y plane) components of the net magnetisation vector. 

 

8.4.1 Longitudinal relaxation 

Longitudinal relaxation is the process by which the net magnetisation vector reacquires its maximal 

longitudinal component and becomes realigned with the main magnetic field axis. This is characterised 

by a proportion of spins in the β state returning to the α energy level. The energy released in this process 

is transferred to the surroundings (the lattice), contributing to a negligible increase in thermal energy to 

the environment. This mechanism is often denoted spin-lattice relaxation. The lattice particles 

themselves generate local fluctuations in the magnetic field surrounding resonating nuclei which 
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influence energy transfer between spins and the lattice. In the vectorial model, longitudinal relaxation 

can be visualised as a progressive increase, over time, of the z-component of the net magnetisation 

vector (Figure 8.5) governed by equation 8.24, which is the solution of the Bloch equations for Mz when 

including T1. 

Equation 8.24 

𝑀𝑧 = 𝑀0 (1 − 𝑒−
𝑡

𝑇1) 

 

Mz is the actual longitudinal magnetisation of the net magnetisation vector, M0 is the longitudinal 

magnetisation of the fully relaxed net magnetisation vector, and T1 is the longitudinal magnetisation 

relaxation time constant. 

The shape of the function described by equation 8.24 is determined by the time constant, T1, which 

represents the time necessary for the longitudinal magnetisation to recover to 63% (i.e. 1 − (
1

𝑒
)) of its 

maximal value (Figure 8.5). T1 can be estimated using a number of sequences of which inversion 

recovery is the most common, and spoiled gradient echo and partial saturation recovery sequences are 

also used (Bojorquez, Bricq et al. 2017). 

 

Figure 8.5 Longitudinal relaxation.  

(A) The z component of the net magnetisation vector increases over time as the system relaxes. (B) The lower graph depicts 

the function described in equation 8.24. The figure was drawn by the author. 

 

T1 depends on the type of nucleus, molecule, and, hence, tissue. For hydrogen, in vivo, at 3 tesla, T1 

constants are between 0.3 and 4 seconds; in MRS, each resonant nucleus is characterised by a specific 
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T1 relaxation constant. Broadly speaking, rapid recovery is characteristic of fat, whereas fluids, such as 

CSF, have prolonged relaxation. Notably, there are discrepancies in reported T1 values due both to 

inherent biological variability and lack of standardisation of measurement protocols (Bojorquez, Bricq 

et al. 2017). To ensure adequate SNR, experiments are repeated multiple times and spectra averaged. 

The main parameters that determine signal weighting and contrast in MRI are the time between 

subsequent excitation pulses (TR) and the time between excitation and signal sampling (TE). The value 

of T1 dictates the choice of time to repetition (TR) chosen for the pulse sequence which, in turn, 

influences the overall scanning time. A short TR maximises T1 relaxation effects whereas a long TR 

tends to minimise them. TR shortening can be advantageous if the aim is to increase contrast based on 

longitudinal relaxation properties, such as in T1-weighted images, but, often in spectroscopy, T1 effects 

are undesirable and long TRs are preferred. Additionally, since the magnitude of the z component of 

the net magnetisation vector (Mz) before repeating the RF determines the amplitude of the signal, long 

TR sequences have higher SNR than with short TRs, provided that all other parameters are unchanged. 

Nonetheless, considering that it takes a period of five T1 to reach 99% maximal longitudinal 

magnetisation, scan times can become extremely lengthy and a trade-off between competing 

considerations is often necessary. Scan time can be a limiting factor, especially in 31P-MRS, as T1 values 

for phosphorus are much longer than for hydrogen, or when using high field scanners, because T1 

becomes even more prolonged as the external magnetic field B0 is increased.  

 

8.4.2 Transverse Relaxation 

Transverse or spin-spin relaxation is the process by which the transverse (i.e. x and y) components of 

the net magnetisation vector decay exponentially over time. As previously described, an RF pulse 

synchronises the precession of individual magnetic moments which causes their phase to become 

coherent. Once the pulse subsides, the precession of the magnetic moments is dephased. Two major 

factors contribute to this dephasing: 

1) Between nuclei spin-spin energy exchange causes dephasing in the x-y plane in an overall 

homogeneous B0. This is a time-dependent process and is responsible for the exponential decay of the 

transverse component of the net magnetisation vector, which is characterised by the time constant T2, 

governed by equation 8.25 and 8.26, and depicted in Figure 8.6. Equation 8.25 takes into consideration 

T1 saturation effects (which cause the net magnetisation to be smaller than M0), whereas equation 8.26 

applies to cases in which full longitudinal relaxation (i.e. TR >> 5 T1) is achieved. T2 is the time constant 

defining the time required to diminish initial transverse magnetisation to 37% (i.e. 
1

𝑒
 ) of its initial value. 

To calculate the value of T2, a spin-echo sequence is necessary, in which the T2’ component (described 

below), is eliminated by rephasing sampling at multiple TEs. T2 values generate tissue contrast in T2-
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weighted images and generally decrease at stronger magnetic fields. At 3 tesla, approximate T2 values 

in brain range from 65 ms in white matter to 110 ms in grey matter (Bojorquez, Bricq et al. 2017), 

whereas fluids (such as CSF, which appears bright on T2-weighted images) can have values over one 

second long (Spijkerman, Petersen et al. 2018). Notably, T2 relaxation happens over a much shorter 

time scale compared to T1 relaxation. 

Equation 8.25 

𝑀𝑥𝑦(𝑇𝑅) = 𝑀0 (1 − 𝑒−
𝑇𝑅
𝑇1)𝑒−

𝑡
𝑇2 

 

Equation 8.26 

𝑀𝑥𝑦 = 𝑀0 𝑒
−

𝑡
𝑇2 

 

2) A time-independent dephasing characterised by a time constant T2’ which is caused by intrinsic 

inhomogeneities of B0, spatial gradients, as well as inherent tissue magnetic susceptibility. This latter 

effect is more pronounced at air-tissue interphases or in the presence of metals, an additional potential 

source of contrast or, when unwanted, artefacts. The process by which B0 is rendered homogeneous 

across a volume of interest is called shimming and is fundamental to acquire a spectrum of appropriate 

quality, although, in practice, it is not possible to achieve perfect B0 homogeneity. In MRI, the T2’ 

component contributes to image contrast especially in T2*- and susceptibility-weighted images which 

are based on gradient-echo sequences using small FAs with long TE and TR. T2’ values are particularly 

susceptible to the presence of calcification and iron. In vivo, iron is found primarily in blood as the main 

component of haem. This property renders these techniques particularly apt to image haemorrhages, to 

identify injury- or age-related depositions of iron and calcium (e.g. in macrophages, an example to 

applications to MND research is provided in the previous chapter) and in certain advanced imaging 

modalities such as perfusion and functional MRI (Chavhan, Babyn et al. 2009). 

Those two transverse relaxation mechanisms cause a loss of coherence of individual magnetic moments 

progressively which reduces the result of the net magnetisation vector in the x-y plane; hence the overall 

measured signal decreases with a time constant T2* (T2 star) which is a combination of T2 and T2’. The 

relative contributions of T2 and T2’ depend on the acquisition sequence: spin echo is designed to remove 

the effects of T2’ thus providing T2-weighted signal. Conversely, gradient-echo sequences are always 

T2*-weighted. Equation 8.27 shows the relationship between time constants characterising transverse 

relaxation. T2* values are also important in MRS as, beside affecting amplitude of the signal (each peak 

is characterised by a transverse relaxation constant) and providing contrast (section 8.6), they are one 

of the factors that determine linewidth of spectral resonances. Specifically, following Fourier 

transformation, a rapidly decaying exponential cosinusoid (associated with short T2 and T2’) results in 



255 

 

a broad linewidth, whereas a slowly decaying signal is transformed into a narrow peak (there is more 

discussion of this point in chapter three). 

 

Figure 8.6 Transverse relaxation  

(A) The x-y component of the net magnetisation vector decays over time as the system relaxes. (B) The lower graph depicts 

the function described in equation 4.2. The figure was drawn by the author. 

 

Equation 8.27 

1

𝑇2
∗ =

1

𝑇2
−

1

𝑇2
′ 

 

8.5 Differentiation of various compounds 

The previous sections outlined the basis of signal generation by nuclear magnetic resonance. So far, for 

simplicity, all nuclei were assumed to belong to one molecular moiety and to be equivalent. 

Nevertheless, MRS is a powerful technique because it allows differentiation between various molecules. 

This is possible as the specific chemical environment that surrounds observed nuclei alters their 

frequency of precession. These changes in the resonance frequency, although minute, can be detected 

by spectrometers and result in multiple spectral peaks each representing a group of nuclei in their 

specific chemical milieu, i.e. a specific molecule. The two phenomena responsible for this alteration of 

ν are chemical shift and scalar (or J) coupling. 
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8.5.1 Chemical shift 

The basis of chemical shift is that the electron cloud surrounding a nucleus partially shields it from the 

effects of B0. Electrons also have a magnetic moment which interacts with B0 altering the magnetic field 

nuclei are subjected to by a factor σ, so that the effective magnetic field, B, is equal to B=B0(1- σ). This, 

in turn, alters the nuclear effective resonance frequency: 

Equation 8.28 

𝜈𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 = −
𝛾𝐵0

2𝜋
(1 − 𝜎) 

 

σ is defined as the shielding constant and is dimensionless. As shown above, the extent of this frequency 

alteration is B0 dependent; therefore, to compare spectra acquired at different magnetic fields, it is 

convenient to choose a reference compound and represent all other peaks in terms of relative shift from 

it expressed as parts per million (ppm, a concept analogous to percentage). The following equation 

shows how the Larmor frequency ν0 (in hertz) is converted into chemical shift δ on the ppm scale. The 

reference compound for in vivo 31P-MRS is PCr which is typically assigned a chemical shift of 0 ppm, 

whereas, for 1H-MRS, the methyl group of NAA is conventionally assigned a 2.01 ppm value. 

Equation 8.29 

 

𝛿 =
𝜈𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − 𝜈𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

𝜈𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
106 

  

These slight changes in the resonance frequency are embedded in the FID and so can be extrapolated 

by Fourier transformation. Thus, instead of obtaining one spectral line representing all phosphorus 

atoms (Figure 8.4), the resulting spectrum is characterised by multiple peaks each associated to a 

different population of atoms in their characteristic chemical environment (Figure 8.7). 
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Figure 8.7 A phosphorus spectrum acquired from muscle of a healthy control at 3 tesla. 

The spectrum is characterised by the following main peaks: phosphocreatine (PCr) at 0 ppm; γ, α, and β adenosine 

triphosphate (ATP) phosphates at -2.5, -8, and -15.5 ppm, respectively; respectively; nicotinamide adenine dinucleotide 

(NAD(P)H and NAD(P)+) at 8.5 ppm; inorganic phosphate (Pi) at approximately 5 ppm; phosphodiesters (PDE) at 

approximately 2.5 ppm; and phosphomonoesters (PME) at approximately 6 ppm. The γ and α ATP peaks are composed of a 

doublet whereas the β ATP is a triplet because of scalar coupling. By convention, the x-axis is inverted with negative ppm 

values on the right of the graph. The concept of the figure (i.e. two x-axes) was readapted from (de Graaf 2007), but own data 

are shown and the figure was drawn by the author of the thesis. 

 

8.5.2 Scalar coupling 

Coupling processes are analogous to chemical shift, as nuclear magnetic moments are affected by 

nearby magnetic moments: in dipolar coupling, magnetic moments are those of neighbouring nuclei, 

whereas in scalar (or J) coupling, they are of electrons participating in covalent bonds. Dipolar coupling 

plays a major role in transverse relaxation (see section 8.4.2), whereas scalar coupling results in multiple 

spectral peaks for a given moiety. In scalar coupling, Figure 8.8, spins of electrons shared in a covalent 

bond must, according to Pauli’s exclusion principle, be oriented antiparallel to each other. An 

antiparallel arrangement is favoured between nuclei and electrons too, but this is not possible when both 

nuclei are found in the same energy levels (αα or ββ). This leads to an increase in such energy states by 

a factor proportional to the coupling constant, J; consequently, multiple energy transitions become 

possible and, hence, more than one resonance is detected. This phenomenon can occur also across three 

bonds, although such magnetic interactions become negligible after the fourth. These multiple 

resonances (doublets or triplets) represent one nuclear population: in the example in Figure 8.8, one 

peak is related to the antiparallel state of nucleus-electron interactions and the other to the parallel state. 

Quantification of a given moiety can be achieved by integrating the area under all multiplets. The extent 

of the frequency splitting between the two spectral lines is determined by the coupling constant, J, 

which is independent of the strength of B0 and invariably expressed in hertz. 
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Figure 8.8 Scalar coupling.  

(A) Antiparallel orientation of nuclear (blue) and electronic (red) spins is generally favoured. (B) According to Pauli’s 

exclusion principle, in a covalent bond, electrons’ spin must be antiparallel to each other. This results in alterations of nuclear 

energy levels and, consequently, more energy transitions become allowable. Concept from (de Graaf 2007) - page 27-28. The 

figure is drawn by the author. 

 

Scalar coupling is widely exploited in analytical and structural chemistry to gain information on the 

nature of molecules and their bonds. In 31P-MRS in vivo, homonuclear 31P-31P coupling is manifest in 

the ATP multiples25 (Figure 8.7) which have a coupling constant of approximately 18 Hz. However, 

1H-31P heteronuclear coupling, which is typically characterised by much smaller coupling constant (≤5 

Hz), can decrease SNR and broaden the spectral linewidth which results in adjacent peaks merging, 

decreasing spectral resolution; it is, therefore, customary to uncouple phosphorous from hydrogen 

nuclei to obtain a clearer spectrum by selectively irradiating protons during acquisition of the FID. 

 

8.6 Information encoded in signal 

MRS is a powerful tool with the potential to quantitate concentration of constituent metabolites from 

localised anatomical regions. Detail on the methods by which spatial information is encoded and 

decoded from acquired signals is provided in the next section. Once signal from a specific region of 

interest is acquired, it is then possible to fit its components to characterise the local metabolic profile. 

Technical aspects on peak fitting are the topic of chapter three. Broadly speaking, the localised signal 

 
25 The ATP molecule is composed of three phosphates (α, β, and γ) which resonate at different frequencies, hence 

ATP is represented by three different peaks in the phosphorus spectrum. In turn, as a consequence of scalar 

coupling, the α and γ phosphate are each composed of two peaks whereas the β phosphate is a triplet. 
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intensity (which can be intuitively regarded as the integral of a specific peak, expressed in arbitrary 

units) is proportional to the number of nuclei resonating at that specific frequency and thus to the 

concentration of the associated molecule. Nonetheless, as shown in equation 8.30, peak intensity is also 

affected by transverse and longitudinal relaxation as well as other factors which include coil sensitivity, 

receiver gain, and external magnetic field strength. 

Equation 8.30 

 

𝑃𝑒𝑎𝑘 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 = [𝐴]  ∙ 𝑁𝐴 ∙ 𝑒−
𝑇𝐸
𝑇2 ∙ (1 − 𝑒−

𝑇𝑅
𝑇1) ∙ 𝐾 

 

[A] is the concentration of a compound A corresponding to the peak being fitted and NA is the number 

of nuclei per molecule resonating at the peak’s specific frequency. TE and TR are derived from the 

applied pulse sequence. T1 and T2 are the relaxation constants which are specific to each resonating 

compound (i.e. to each peak). The factor K includes technical variables such as the receiver gain, coil 

sensitivity, localisation techniques, and scanner’s magnetic strength. 

More specifically, it is extremely difficult to measure K, as MRI scanners are not designed for this 

purpose, and the parameter inevitably changes at each scanning session. To circumvent this issue, it is 

customary to compare two peaks belonging to the same spectrum, using one as a reference to the other. 

The K factors cancel out and a metabolite ratio is obtained. In 1H-MRS, tCr and Cho are typically used 

as the denominator in these ratios, as concentrations are assumed to remain relatively constant in 

biological tissues. Some researchers employ total water content as a reference, a parameter that can be 

calculated from a spectrum acquired without water suppression. In 31P-MRS, the choice of reference 

compound is much more controversial and optimal parameters and ratios to be reported have not yet 

been agreed; this aspect will be expanded further in this thesis. Alternatively, metabolite concentration 

can be estimated by employing an external reference which can be scanned either with the subject, or 

separately. The first option may be unfeasible due to limited space available in the sensitivity profile of 

the coil, whereas the latter requires corrections for coil loading and receiver gain which may be time 

consuming as they vary for each individual scanned. 

The above equation shows that relaxation constants and scanning parameters (TR, TE) also affect 

quantitative measures. It is possible to correct for T1 and T2 relaxation effects, although values used are 

typically based on measurements from healthy controls. However, relaxation parameters can be 

changed by pathology: for instance (Hanstock, Cwik et al. 2002) measured T2 in MND and healthy 

controls and showed that both T2 of NAA and of T2 of tCr are lower in patients’ brainstem. This 

complicates between-group comparisons in the clinical setting. A possible solution to minimise the 

effects of T1 relaxation is to employ a long TR sequence, whereas short TE acquisitions can minimise 
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effects of T2. Failure to account for these effects could bias metabolite concentration estimates and 

resulting errors can be propagated when using ratios. 

 

8.7 Magnetic resonance hardware 

The main components of an MR system are described below. When not otherwise cited, the following 

sources were employed: (de Graaf 2007, de Graaf 2007, de Graaf 2007, de Graaf 2007, de Graaf 2007, 

Keeler 2010). 

 

8.7.1 The MR magnet 

This sophisticated apparatus generates an indefinitely preserved static magnetic field B0 by exploiting 

the superconductive properties of alloys such as Niobium–titanium (NbTi) and Niobium–tin (Nb3Sn). 

In superconductors, current flow is not accompanied by any electrical resistance and, hence, heat loss, 

as long as their temperature is maintained below a critical threshold. This is usually achieved by 

refrigeration using liquid nitrogen and liquid helium. Once the magnet is conducting, no electrical 

power is directly needed to generate the magnetic field, although there are substantial costs associated 

with maintenance of nitrogen and helium in their liquid state. The magnet is also designed to maintain 

optimal magnetic field homogeneity, which is achieved through superconductive and passive 

shimming. The former is a process completed at scanner installation and is analogous to the shimming 

performed prior to every acquisition in vivo: shim coils cancel out inhomogeneities by generating a 

magnetic field characterised by harmonics in the opposite direction to unwanted B0 magnetic 

inhomogeneities. The latter type of shimming is achieved by introducing ferromagnetic materials in 

specific areas of the magnet which also directly counteract the unwanted magnetic fields. During high 

power or prolonged acquisitions, shimming metals may slightly warm up, which can have an impact on 

thermal stability and is important as even small variations in temperature may cause the magnetic field 

to drift. In spectroscopy, B0 drifts result in the whole spectrum being shifted along the x (frequency) 

axis. The relationship between frequency and temperature can be appreciated by substituting γB0 with 

Larmor frequency in equation 8.12. Frequency drift may introduce a bias in quantification of spectral 

edited metabolites such as GABA or GSH and broaden the linewidth of spectra resulting from repeated 

signal averaging (Harris, Glaubitz et al. 2014). This effect can be corrected at the post-processing stage 

by realigning the reference peak (e.g. NAA or PCr) to its reference ppm value (i.e. frequency shift, 

illustrated in more detail in chapter three), but neither of these biases were evident in the experiments 

conducted in this thesis. 
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8.7.2 The MR gradients 

These are the coils that generate magnetic field gradients along the x, y, and z axes primarily used for 

spatial encoding. The spatial location at which the magnetic field gradients cancel out is called isocentre. 

With incrementing distance from isocentre, the fields increase in magnitude in one direction of each 

Cartesian axis and decrease in the other. The main properties of gradients are: (1) amplitude which 

contributes towards determining maximal spatial and temporal resolution; (2) homogeneity which 

indicates to what extent changes in gradients amplitude vary linearly in space; (3) rise time which is the 

minimum time necessary to reach 90% of maximal amplitude from ten percent; and (4) slew rate which 

is the maximum rate of change per unit of time, typically used to define the gradients’ specifications. A 

description of gradient design is beyond the scope of this thesis. 

 

8.7.3 The RF coils 

This hardware is specifically designed for different heteronuclear acquisitions and must be tuned to 

phosphorus frequencies in order to acquire 31P-MRS spectra. On clinical MRI scanners, all the 

electronics are optimised for 1H (with a narrow bandwidth which does not include frequencies required 

for heteronuclei). Hence, other nuclei require special broadband transmitters, which are not standard 

equipment and are typically quite expensive. 

Generally, by oscillating at resonance frequencies, a transmitter coil creates an RF pulse which 

generates a B1 field orthogonal to B0, necessary to tilt the net magnetisation vector onto the transverse 

plane. Once the RF pulse is turned off, the MR signal can then be detected by a receiver coil. Transmitter 

and receiver may either be located in different hardware or be part of the same device. Both comprise 

an inductor (i.e. the actual coil), a capacitor, and a resistor (i.e. the wires of the circuit). 

Numerous different coil designs exist. The most basic is the linearly polarised (LP) coil which transmits 

and detects only along a single axis. This design is inefficient on a transmission level and phase 

information, available only when signal from two orthogonal directions is recorded, cannot be acquired 

and is, hence, lost. The most frequently used design is a quadrature coil (also known as circularly 

polarised or CP), characterised by coils orthogonal to each other, requires half the power of an LP coil 

and detects both the x and y components of the MR signal, as explained in more detail in section 2.3. 

CPs also have the advantage of generating a rather homogeneous B1 magnetic field. B1 homogeneity is 

an important parameter that can also be improved by using adiabatic RF pulses (i.e. RF is applied 

gradually, maintaining a constant pulse magnitude, but slowly varying frequency). In this thesis, the 

coil used for brain acquisitions was a transmit-receiver birdcage (a common type of quadrature 

arrangement) head-coil whereas, for muscle spectroscopy, the scanner’s body (quadrature) coil was 

employed for transmission and a dedicated heteronuclear flat LP coil applied for signal detection. 
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In the transmitter, the RF generating circuit is powered by a voltage generator and amplified. This 

allows the system to resonate at appropriate frequencies with receivers set to detect and amplify signal 

in the same frequency range. Since transmitted and received frequencies are in the same range, but 

transmitted voltage is greater than received voltage, it is important to ensure that receivers and 

transmitters are not coupled so that the transmitted RF pulse does not burn out the receiver. This can be 

achieved by means of a “trap”, which is a circuit that detunes and stops current at resonance frequency 

from flowing from transmitter to receiver. 

As soon as signal is detected, it is amplified by low noise preamplifiers, digitalised by an ADC, and 

demodulated, i.e. filtered to remove the high frequency “carrier” wave, while maintaining relevant 

information contained in the signal. Amplifiers are key components as the signal is very small (in the 

mV to μV range). To digitise the signal (i.e. to transform the detected voltage to digital binary 

datapoints), FID must be sampled at regular intervals by the ADC. The sampling frequency should not 

be lower than the Nyquist rate to avoid artifacts. This means that, to digitise the FID appropriately, at 

least two points per cycle should be sampled. Increasing the sampling frequency (i.e. oversampling) is 

usually used in MRI to prevent aliasing and wrap-around artefacts. Additionally, oversampling results 

in a larger FOV and has a de-noising effect. The effect of oversampling on MRI volumetric images is 

demonstrated in later sections of this chapter in the sections reporting T1-weighted preliminary work. 

The last step in the receiver chain is demodulation in which information pertaining to the various 

channels (see section 8.3) is extracted. 

All coil electronics must be optimised to participant-specific resonance frequency and impedance in a 

process called tuning and matching which maximises the coil-specific SNR. Placement of any object 

(including humans) in an RF coil alters the coil loading, as magnetic and electrical interactions occur 

between the object and the coil. As a result, the homogeneity of the magnetic fields is affected and, 

following principles mentioned in the previous chapter, the nuclear effective resonance frequency is 

slightly altered. For this reason, it is necessary to tune the coil to the appropriate resonance frequency 

range. Analogously, the coil electronic loading (or impedance) also varies depending on the size and 

shape of objects scanned and needs to be optimised so that the impedance within the coil matches that 

of the electronics connecting the transmitter and amplifiers (50 Ω) to ensure maximal transfer of energy 

to the scanned object. This process is called matching. Usually, tuning and matching occurs 

automatically prior to every scan, although the flat coil employed for muscle required manual tuning 

and matching which was always performed by the author of this thesis for reproducibility. 

A fundamental prerequisite of all MRS experiments to obtain optimal SNR and accurate localisation 

accuracy is to employ RF pulses that produce the desired FA. Therefore, RF pulse calibration is the 

initial, fundamental step when installing a new coil. Calibration is conducted by acquiring spectra at 

progressively increasing FA; this is possible by incrementing the RF duration or, in the case of adiabatic 



263 

 

pulses, maintaining the RF duration constant and incrementally increasing the transmitter power. Since 

signal intensity of the detected spectrum is proportional to the magnitude of the transverse 

magnetisation vector (which is proportional to M0sinβ where M0 is the z component of the net 

magnetisation vector and β is the FA, see equation 8.20), it is possible to determine the RF pulse 

duration that produces a 90˚ FA by detecting the spectrum with maximal signal. Analogously, no 

spectrum is recorded at β = 180˚(sin180˚=0). Figure 8. shows a typical calibration curve acquired from 

a hypothetical experiment. As expected by the linear dependence of signal intensity on sinβ, spectral 

signal varies in a symmetrical sinusoidal pattern so that the maximum falls exactly halfway between 

two zero values. 

 

Figure 8.9 Radio frequency pulse calibration curve. 

The maximum corresponds to a 90ᵒ flip angle whereas the minimum to 0ᵒ and 180ᵒ. The figure was drawn by the author. 

 

8.7.4 The MR computer system.  

This coordinates all the above-mentioned components as well as allowing sequence programming, 

acquisition planning, image reconstruction, and some data processing. This latter aspect is the topic of 

chapter three. Of note, the MR system used in this thesis (Philips Healthcare, Best, The Netherlands) 

included the spectral fitting software SpectroView which was used to analyse spectra acquired for 

protocol set-up experiments discussed in chapter two. The main advantage of this software is the speed 

of spectral analysis when setting up protocols, but it also confers some disadvantages, discussed in more 

detail in previous chapters (e.g. lower reliability than other software packages, no calculation of pH and 

Mg++ concentration). 

 

8.8 Localisation and dynamic series in phosphorus magnetic resonance spectroscopy 

An invaluable feature of both MRS and MRI is spatial localisation of pathology. To localise spectra, it 

is possible to use a SV sequence, in which only one spectrum is obtained from a selected three-

https://en.wikipedia.org/wiki/Netherlands
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dimensional volume. Alternatively, there are techniques, such as CSI (used in heteronuclear 

spectroscopy) or magnetic resonance spectroscopic imaging (MRSI, used in 1H-MRS), in which spectra 

are obtained from multiple voxels during the same acquisition. CSI and MRSI allow sampling and 

comparisons of larger tissue volumes, rather than a single region of interest. In 1H-MRS, signal from 

extracranial lipids and water, which are otherwise the main “source” of 1H) needs to be removed. 31P-

MRS does not present a problem in this regard, although PCr signal from neck skeletal muscles can still 

cause issues when using a PA sequence. This is one of the reasons that different localisation techniques 

are sometimes used for the two modalities. There are numerous technical reasons why SV localisation 

is preferred in 1H-MRS, the most important of which is the necessity of water and fat suppression: water 

and fat would otherwise mask signal associated with macromolecules of interest. Suppression is 

particularly challenging in MRSI, especially in regions close to the skull where partially unsuppressed 

signal may “bleed” into brain regions. This is because RF pulses suppressing signals are effective over 

parallelepiped-like volumes which do not model the shape of the skull well. In phosphorus 

spectroscopy, both SV and CSI can be used and both were tested in the preliminary work reported in 

chapter two. 

Spectroscopic localisation methods differ from classical MRI techniques, in which spatial encoding is 

typically carried out by means of slice selection with frequency and phase encoding. In MRS, frequency 

domain data needs to be displayed on the x-axis and, hence, cannot be manipulated for spatial 

localisation. Numerous different spectroscopic sequences have been invented: in 1H-MRS, the most 

common are point resolved spectroscopy (PRESS) and stimulated echo acquisition mode (STEAM), 

whereas in 31P-MRS the most frequently used by far is ISIS. ISIS was originally established as a SV 

technique, but was subsequently developed as a multivoxel method as well (Ordidge, Connelly et al. 

1986, Ordidge, Bowley et al. 1988). Spatial information is encoded by 180˚ pre-pulses which invert and 

select a set of planes then sampled by a 90˚ RF pulse. This scheme is then repeated (twice in 1D ISIS, 

four times in 2D ISIS, and eight times in 3D ISIS) on different sets of planes and, following specific 

addition and subtraction schemes, it is then possible to localise the spectrum to a plane (1D ISIS), a 

series of voxels within a single plane (2D ISIS), or voxels within a three-dimensional volume (3D ISIS). 

An example illustrating 2D ISIS is shown in Figure10; the figure has been drawn by the author and 

adapted from (de Graaf 2007), page 300. 

ISIS has become the technique of choice to localise 31P-MRS because it is particularly apt to measure 

metabolites that have a short T2, such as ATP. This is because sampling can take place immediately 

after the 90˚ RF pulse and refocusing pulses are not required. This implies that, since no echoes are 

generated, the method is almost devoid of T2 weighting (Ordidge, Connelly et al. 1986). 
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Figure 8.10 A visual example of how a 2D ISIS voxel is localised.  

(A) An initial 90˚ radiofrequency (RF) pulse generates signal from the entire field of view. In two subsequent acquisitions, 

inversion RF pulses (i.e. at 180˚ angle) allow selection of horizontal (B) and vertical (C) volumes. A fourth acquisition where 

two inversion pulses are concomitantly switched on, generates signal as in (D). Following combination of data acquired (A-

B-C+D), signal from the selected central voxel is recorded, whilst signals from surrounding volumes cancel out (E). The figure 

was drawn by the author after being readapted from (de Graaf 2007), page 300. 

 

There are some circumstances when precise localisation of MRS spectra is not needed, and, in these 

cases, a simple PA sequence is sufficient. This sequence detects signal from the entire sensitivity profile 

of the coil, as it comprises only an RF pulse followed by sampling of FID. RF and sampling are repeated 

a number of times and FID averaged (reported as number of signals averaged or NSA in the acquisition) 

to improve SNR. PA is a quick way to obtain spectra as no additional time for spatial localisation steps 

is needed, which can be useful in some 31P-MRS exercise experiments, for example in skeletal muscle, 

when the focus is on global changes within a tissue compartment rather than more precisely localised 

pathology. This was the case in this thesis as one of the research questions entailed investigating putative 

skeletal muscle metabolic alterations associated with denervation in MND.  

In a typical dynamic protocol, spectra are acquired over time: following baseline measurements, the 

research participant is asked to contract the muscle of interest, which causes PCr to decline (as it 

transphosphorylates ADP to maintain ATP levels constant) and Pi (the end-product of ATP hydrolysis) 

to increase. Following relaxation of muscle, these metabolites return to baseline levels. It is generally 

postulated that, if pH changes are negligible (within 0.1 units, according to recently published 



266 

 

guidelines (Meyerspeer, Boesch et al. 2020)), PCr recovery can be considered an indirect indicator of 

mitochondrial oxidative capacity. In such experimental designs, to prevent pH from decreasing, 

contraction should take place at submaximal forces, typically a fourth or a third of MVIC. For this 

reason, it is important to have a system that allows force of contraction to be gauged within the MRI 

scanner. In this thesis, an in-house MR compatible pulley system was devised and tested for this 

purpose.  
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Figure 8.9 Copyright of Brain paper: licence to reproduce article’s text in this thesis. 
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Figure 8.10 Copyright of Brain paper: licence to reproduce article’s abstract in this thesis. 
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Figure 8.11 Copyright of Brain paper: licence to reproduce article’s figures and tables in this thesis. 
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ALSFRS-R 
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Figure 8.12 ALSFRS-R questionnaire used in experiments conducted in this thesis (Cedarbaum, Stambler et al. 1999). 

Participants’ names and personal details were not recorded on the form, a unique identifier was assigned instead. 
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Processing protocols comparisons for PDE 

 

 

Figure 8.13 Box and whisker plots illustrating phosphodiesters (PDE) values calculated using methods A to E (detailed in 

method section of chapter three), y-axis scaled to illustrate all datapoints.  
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ICC, all voxels 

 

Table 8.2 ICC calculated from protocol A and B (i.e. reliability of jMRUI to phasing), as detailed in chapter three, methods.  

Voxels are illustrated in Figure 3.13. Legend is illustrated below table. 

 

 

 

Table 8.3 ICC calculated from protocol B and C (i.e. comparing analysis in jMRUI with SpectroView), as detailed in chapter 

three, methods.  

Voxels are illustrated in Figure 3.13. Legend is illustrated below table. 

 

 

 

Table 8.4 ICC calculated from protocol D and E (i.e. reliability of SpectroView to phasing), as detailed in chapter three, 

methods.  

Voxels are illustrated in Figure 3.13. Legend is illustrated below table. 

 

 

 

  

a b c d e f g h i j k l m n o p q r s t u

pH 99.0% 96.8% 99.3% 83.6% 96.4% 97.6% 92.6% 98.3% 85.5% 99.6% 99.8% 93.8% 95.7% 89.5% 95.2% 98.6% 96.8% 62.6% 72.5% 99.3% 53.7%

Mg
++

84.1% 80.3% 75.3% -12.8% -1.2% 85.0% 97.2% 53.6% -7.7% 80.6% 86.7% 90.6% 48.3% 19.3% 79.0% 58.2% 20.1% 56.2% -12.1% 59.7% -11.7%

PME 94.5% 86.5% 98.8% 91.6% 97.7% 81.4% 75.7% 82.9% 91.6% 92.7% 94.1% 96.4% 91.2% 81.6% 95.4% 96.0% 95.4% 95.3% 97.9% 98.8% 54.1%

Pi 99.8% 95.9% 99.2% 69.4% 94.0% 80.2% 94.6% 98.3% 88.6% 98.8% 97.8% 93.6% 93.4% 73.4% 80.4% 93.8% 93.6% 97.0% 70.4% 98.0% 76.5%

PDE 96.9% 92.5% 82.0% 81.9% 96.3% 92.4% 86.0% 94.7% 93.9% 85.6% 89.0% 64.8% 85.7% 97.1% 53.8% 89.2% 91.7% 60.9% 95.5% 94.2% 10.7%

PCr 93.3% 90.5% 85.7% 92.3% 88.9% 83.0% 81.2% 91.6% 93.7% 95.0% 97.4% 94.7% 82.8% 90.9% 91.3% 97.5% 95.8% 90.9% 76.1% 98.4% 62.7%

γATP 98.7% 88.1% 88.3% 79.7% 89.8% 81.7% 90.8% 94.5% 84.5% 95.1% 97.5% 94.0% 75.8% 95.3% 94.4% 96.4% 97.5% 88.7% 78.0% 94.4% 57.1%

αATP 99.4% 72.4% 97.3% 94.2% 96.0% 91.9% 97.8% 64.2% 88.5% 68.1% 97.7% 98.1% 91.8% 95.1% 98.4% 96.7% 92.4% 98.6% 76.1% 98.7% 84.9%

βATP 99.5% 60.7% 74.2% 71.3% 69.6% -0.9% 92.8% 49.3% 50.1% 92.8% 88.8% 62.1% 78.3% 92.5% 74.4% 44.3% 96.6% 79.7% 22.6% -5.8% -21.4%

Legend

≤ 0.0%

0.1% - 59.9%

60.0% - 69.9%

70.0% - 79.9%

≥80.0%

a b c d e f g h i j k l m n o p q r s t u

PME 94.4% 95.1% 95.9% 91.5% 97.5% 89.3% 96.2% 91.9% 94.8% 85.9% 75.9% 93.9% 83.3% 87.1% 90.5% 97.3% 98.0% 93.0% 98.7% 99.6% 75.9%

Pi 98.0% 98.5% 96.0% 73.1% 95.0% 71.9% 97.2% 96.6% 97.2% 98.2% 95.2% 98.4% 93.1% 67.1% 49.8% 67.9% 96.4% 84.7% 67.6% 90.6% 76.7%

PDE 89.8% 89.8% 79.8% 75.9% 85.6% 89.6% 82.1% 93.0% 93.2% 96.6% 82.7% 79.3% 94.0% 98.2% 74.2% 61.7% 90.1% 92.1% 96.2% 97.7% 92.8%

PCr 77.4% 63.0% 40.4% 84.6% 74.0% 49.6% 45.7% 82.9% 95.3% 84.2% 64.4% 70.4% 93.5% 96.8% 79.4% 91.1% 98.3% 96.7% 95.0% 96.3% 60.6%

γATP 93.6% 92.5% 90.0% 69.4% 86.7% 83.9% 93.3% 92.2% 96.2% 94.2% 91.4% 80.9% 83.3% 96.5% 76.8% 92.5% 96.8% 90.1% 88.7% 97.6% 51.6%

αATP 97.9% 86.9% 93.3% 65.9% 90.9% 93.6% 96.7% 94.9% 97.5% 74.3% 91.4% 96.4% 96.4% 72.0% 92.1% 96.4% 97.1% 81.7% 66.9% 97.9% 87.8%

βATP 89.9% 92.8% 66.0% 96.5% 95.2% 53.9% 96.6% 43.2% 94.2% 93.5% 93.9% 65.8% 98.5% 96.4% 96.2% 50.6% 92.2% 76.6% 96.6% 94.9% 72.3%

Legend

≤ 0.0%

0.1% - 59.9%

60.0% - 69.9%

70.0% - 79.9%

≥80.0%

a b c d e f g h i j k l m n o p q r s t u

PME 69.1% 91.1% 89.1% 90.5% 90.3% 91.2% 87.4% 95.0% 52.6% 93.3% 92.9% 88.9% 87.0% 77.6% 53.2% 93.6% 96.7% 86.6% 93.5% 79.8% 91.2%

Pi 87.6% 74.3% 93.4% 94.0% 2.4% 97.2% 66.7% 81.5% 84.2% 80.8% 71.7% 92.1% 61.8% 98.1% 97.8% 95.8% 98.8% 97.0% 93.4% 92.4% 88.1%

PDE 78.9% 59.3% 95.7% 63.8% 98.4% 99.4% 73.3% 65.8% 31.4% 81.3% 95.9% 94.1% 97.8% 96.7% 99.1% 98.2% 94.8% 41.2% 99.7% 99.0% 90.2%

PCr 77.6% 68.3% 94.1% 58.3% 66.8% 97.9% 75.1% 82.4% 51.0% 87.6% 97.2% 97.7% 94.6% 96.7% 94.4% 98.9% 97.3% 61.0% 94.1% 98.5% 80.9%

γATP 89.9% 94.0% 76.2% 89.0% 81.3% 98.8% 89.3% 68.1% 71.9% 78.0% 95.7% 93.5% 95.6% 90.7% 95.7% 99.2% 97.1% 81.7% 98.6% 98.1% 77.2%

αATP 96.0% 87.7% 68.5% 77.2% 92.7% 96.3% 81.3% 69.7% 51.5% 72.9% 92.0% 94.4% 89.8% 91.0% 94.2% 97.9% 92.8% 71.5% 97.9% 99.0% 92.0%

βATP 75.4% 76.8% 55.5% 70.3% 93.3% 75.9% 68.8% 63.8% 13.6% 92.2% 92.7% 81.4% 84.0% 94.0% 93.2% 91.6% 95.3% 71.6% 93.2% 86.9% 92.3%

Legend

≤ 0.0%

0.1% - 59.9%

60.0% - 69.9%

70.0% - 79.9%

≥80.0%
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Upper Motor Neuron Score 

 

Original Range:  0-33 

Without thoracic segment included:  0-32 

 

Spasticity Scoring:    

 Ashworth 1 = 0 

 Ashworth 2-3 = 1 

 Ashworth 4-5 = 2 

 

Ashworth Spasticity Scale   

1 = normal, no increase in tone 

2 = slight increase in tone, giving a “catch” when affected part is moved 

3 = more marked increase in tone, but affected part easily moved 

4 = considerable increase in tone; passive movement difficult 

5 = affected part rigid, immobile 

 

Reflex Scoring: 

 Normal or absent = 0 

 Pathologically brisk = 1 

 Retained reflex in a weak or wasted limb = 1 

 Thoracic = 0 for present, 1 for absent 

 

Pseudobulbar Affect Scoring: 

 CNS-LS 7-12 = 0 

 CNS-LS 13-35 = 1 
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(see below) 
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UMN Score - score sheet 

 

Bulbar 

Jaw Jerk (0-1)  

Facial Reflex (0-1)  

Palmomental Sign (0-1)  

Pseudobulbar Affect (0-1, see below)                                  (CNS-LS        ) 

 

Right Cervical 

Spasticity (0-2)                                   (Ashworth      ) 

Triceps Reflex (0-1)  

Biceps Reflex (0-1)  

Finger Flexors (0-1)  

Clonus (0-1)  

Hoffman’s Sign (0-1)  

 

Left Cervical 

Spasticity (0-2)                                   (Ashworth      ) 

Triceps Reflex (0-1)  

Biceps Reflex (0-1)  

Finger Flexors (0-1)  

Clonus (0-1)  

Hoffman’s Sign (0-1)  

 

Thoracic 
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Abdominal Reflex (0-1)  

 

Right Lumbosacral 

Spasticity (0-2)                                   (Ashworth      ) 

Patellar Reflex (0-1)  

Crossed Adduction (0-1)  

Ankle Reflex (0-1)  

Clonus (0-1)  

Babinski Sign (0-1)  

 

Left Lumbosacral 

Spasticity (0-2)                                   (Ashworth      ) 

Patellar Reflex (0-1)  

Crossed Adduction (0-1)  

Ankle Reflex (0-1)  

Clonus (0-1)  

Babinski Sign (0-1)  

 

 

Pseudobulbar affect scoring 

Using the scale below, circle the number that describes the degree to which each item applies to you 

DURING THE PAST WEEK.  Circle only one number for each item: 

 

Applies 

Never 

Applies 

Rarely 

Applies 

Occasionally 

Applies 

Frequently 

Applies Most of 

the Time 
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1 2 3 4 5 

 

 

1.  There are times when I feel fine one minute, and then I’ll become tearful the next over something 

small or for no reason at all. 

 

  1  2  3  4  5 

 

2.  Others have told me that I seem to become amused very easily or that I seem to become amused 

about things that really aren’t funny. 

 

  1  2  3  4  5 

 

3.  I find myself crying very easily. 

 

  1  2  3  4  5 

 

4.  I find that even when I try to control my laughter I am often unable to do so. 

 

  1  2  3  4  5 

 

5.  There are times when I won’t be thinking of anything happy or funny at all, but then I’ll suddenly 

be overcome by funny or happy thoughts. 

 

  1  2  3  4  5 

 

6.  I find that even when I try to control my crying I am often unable to do so. 
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  1  2  3  4  5 

 

7.  I find that I am easily overcome by laughter. 

 

  1  2  3  4  5 
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