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Summary
The extent of any structural or functional brain abnormality in patients with CD is yet to be fully characterised but may be potentially evaluated through the analysis of magnetic resonance (MR) imaging. Current evidence suggests a propensity for cerebellar disease in these patients as evident by gluten ataxia: an idiopathic sporadic ataxia with positive gluten related antibodies. 
Recently, excessive alcohol consumption has been shown to mediate an IgA immune response against transglutaminase 2 thus, raising the possibility of alcohol not just having a direct toxic effect on the cerebellum but also inducing an immune response that may cause cerebellar damage via different pathways. The prevalence of gluten-related serological markers in patients with alcohol-related ataxia is still to be evaluated. 
This work had the following aims:
(1) To establish the prevalence of neurological deficit in patients with newly diagnosed coeliac disease (CD),
(2) To compare the clinicoradiological features and evaluate the use of MR imaging as a potential biomarker of this group with two other groups: (a) patients with established CD that had been referred for neurological opinion and (b) patients presenting with a neurological complaint that lead to the diagnosis of CD,
(3) To investigate the prevalence of gluten-related serological markers in patients with alcohol-related ataxia and compare the pattern of brain involvement on MR imaging between patients with alcohol and gluten ataxia.
The following chapters will try to address these questions. 



[bookmark: _Toc257903598]
[bookmark: _Toc257903599]Section 1: Gluten-related disorders
The advent of agriculture over 10, 000 years ago may have inadvertently introduced an evolutionary challenge to which, humans are still struggling to meet. With agriculture came the consumption of food grains such as wheat, rye and barley, all of which contain gluten. It seems humans remain vulnerable to the toxic effects of this protein complex perhaps due to an inadequate adaptation of gastrointestinal and immunological responses.(Sapone et al. 2012) In modern society gluten is best appreciated as the toxic trigger for coeliac disease, a chronic inflammatory condition of the small bowel. Yet for over 50 years, gluten has also been associated with the skin condition dermatitis herpetiformis and recently it has been linked with unexplained neurological symptoms such as ataxia (literally meaning absence of order). There is also increasing evidence that some individuals whilst not being able to tolerate gluten do not develop coeliac-related intestinal mucosal damage. These patients, who show symptomatic improvement on a gluten-free diet, are either said to have potential CD or gluten sensitivity.(Sapone et al. 2012) A further gluten-induced disease is wheat allergy, whereby crosslinking of immunoglobulin (Ig) E by repeat sequences in gluten peptides triggers the release of chemical mediators, such as histamine.(Tanabe 2008) Thus, it is now becoming apparent that gluten-induced illness is not limited to coeliac disease; rather there exists a spectrum of gluten-related disorders. This spectrum likely reflects the different ways in which the immune system responds to the environmental trigger that is gluten. Figure 1-1
[image: ]
[bookmark: _Toc245823895]Figure 1‑1 Spectrum of gluten-related disorders.
Recently proposed classification based on pathogenesis.(Sapone et al. 2012)

The proceeding sections will concentrate on the autoimmune gluten-related disorders. The concept of gluten sensitivity will be addressed but acute IgE-centred wheat allergy will not be mentioned further.
[bookmark: _Toc257903600]Autoimmune gluten-related disorders
[bookmark: _Toc257903601]Coeliac disease
Coeliac disease (CD) is a common autoimmune inflammatory condition of the small bowel that occurs in genetically susceptible individuals and is triggered and perpetuated by exposure to gluten, a substance found in wheat, rye and barley. The term stems from the Greek word for abdominal, koiliakós and was introduced in the 19th century when descriptions of an abdominal diathesis by the Greek physician Aretaeus of Cappadocia (100AD) were eventually translated to Latin.(Losowsky 2008) Contemporary impetus for further understanding came in 1888, when Samual Gee published detailed clinical descriptions of children with advanced CD.(Gee 1888) Gee hypothesized a treatment through diet manipulation and recommended the avoidance of highly starched food, including rice, fruit and vegetables. An alternative intake of raw meat and thin slices of toasted bread was suggested and the physician reported particular improvement in a child that was fed “a quart of the best Dutch mussels daily.” Unfortunately, the child could not tolerate the diet “for more than one season.” 
The pathologic link with gluten was made by Dicke and colleagues in 1953.(Dicke et al. 1953) A year later, Paulley described (from samples obtained at surgery) the small bowel histological abnormalities that are now considered classic for CD consisting of the triad of crypt hyperplasia, intraepithelial lymphocytosis and villous atrophy.(Paulley 1954) A decade later saw the introduction of peroral small bowel biopsies and provided the visualization of the classic mucosal lesion. Strict gluten-free diet and follow-up biopsies demonstrated temporal restoration of intestinal architecture, a finding that helped define CD and distinguish it from other non-gluten induced enteropathies such as tropical sprue.(Marsh 1995)
[bookmark: _Toc215059299][bookmark: _Toc257903602]Pathogenesis
CD confers the typical hallmarks of an autoimmune condition: there is a known trigger, a genetic susceptibility and an autoantigen.
[bookmark: _Toc215059300]Trigger
Gluten can be roughly divided into two groups of proteins based on their soluble properties: ethanol-soluble gliadins and ethanol-insoluble glutenins.(Bao et al. 2012) More than one hundred components of gliadin have been identified and these are conveniently grouped into four main types: ω5-, ω1, 2-, α/β-, γ-gliadins. They differ in their immunostimulatory and toxic potential and in their resistance to digestion by gastrointestinal proteases, a factor that potentiates their survival and existence in the small intestine.(Vader et al. 2002; Qiao et al. 2004) A peptide of 33 aminoacids from α2-gliadin is considered a coeliac “superantigen” owing to the functional properties of the many glutamine and proline residues that it contains.(Shan et al. 2002; Schuppan et al. 2009) Proline is believed to confer an increased resistance to proteolysis in patients with and without CD and is thought to strengthen the binding of gluten peptides to HLA-DQ2 and HLA-DQ8 molecules on antigen presenting cells (see below).(Di Sabatino et al. 2009)
[bookmark: _Toc215059301]Genetic Susceptibility
Susceptibility to CD comes primarily from the possession of the Human Leucocyte Antigen HLA-DQ2 allele (chromosome 6p21). Approximately 95% of patients carry the heterodimer DQA1*0501 and DQB1*0201. The remaining 5% express HLA-DQ8 (DQA1*0301, DQB1*0302).(Green et al. 2003a; Grossman 2008) These alleles are also found in roughly 30% of the general population.(Dewar et al. 2004) Whilst this suggests that HLA is not the sole genetic contributor to CD the absence of the specific HLA alleles provides a valuable negative predictive value for the condition.(Rostom et al. 2004)
Several non-HLA loci have been implicated in the disease susceptibility including (a) COELIAC 2(Greco et al. 1998) - containing cytokine gene clusters, (b) COELIAC 3(Holopainen et al. 2004) - encoding the negative costimulatory molecule CTLA4 and, (c) COELIAC4(Monsuur et al. 2005) – comprising the myosin IXB gene variant that encodes an unconventional myosin that alters epithelial action remodeling.(Di Sabatino et al. 2009; Schuppan et al. 2009) Other genetic risk variants to be implicated include regions baring interleukin 2 and 21.(van Heel et al. 2007) Both of these cytokines have been associated with intestinal inflammation. 
[bookmark: _Toc215059302]Autoantigen and Inflammatory Response
The autoantigen in CD is established as tissue transglutaminase (TG2).(Dieterich et al. 1997) This ubiquitously expressed calcium-dependent protein has various functions although, its enzymatic properties feature highly in the pathogenesis of the enteropathy.(Iismaa et al. 2009; Lindfors et al. 2010) TG2 deamidates specific glutamine residues in gliadin peptides to glutamic acid and in doing so makes them negatively charged. This change increases the peptides affinity for HLA-DQ2/DQ8, found on antigen presenting cells, and potentiates a T-cell response (essentially the deamidation provides the gluten peptides with a configuration that better fits into the antigen-binding groove). (Molberg et al. 1998; Sjostrom et al. 1998; Di Sabatino et al. 2009) In addition, TG2 crosslinks gliadin peptides to other proteins including extracellular matrix proteins and itself(Skovbjerg et al. 2004; Dieterich et al. 2006) leading to the accumulation of gliadin peptides in the lamina propria of the small intestine. This haptenisation, of gliadin with TG2 enhances the immune reaction against both proteins and is thought responsible for autoantibody development.(Sollid et al. 1997; Fleckenstein et al. 2004) Figure 1-2
[image: ]
[bookmark: _Toc245823896]Figure 1‑2 Pathogenesis of coeliac disease
A. Gluten peptides that are highly resistant to digestive enzymes reach the lamina propria via either epithelial transcytosis or through increased epithelial tight junction permeability.
B. Gluten peptides undergo cross-linking and deamidation by transglutaminase 2 (TG2) to create epitopes with increased immunostimulatory potential. Some of these epitopes may include TG2. 
C. Epitopes are presented to CD4+ T-cells via HLA-DQ2 or HLA-DQ8 on antigen presenting cells (APC).
D. CD4+ T-cells are activated and secrete cytokines such as interferon-γ (INF- γ), which induce the release and activation of matrix metalloproteinases (MMPs) resulting in mucosal damage. The ensuing tissue injury leads to further release of TG2.
E. Cytokines released also drive the production of antibodies to gluten, TG2 and endomysium. Figure adapted from Schuppan et al.(Schuppan et al. 2009)

In addition to the adaptive immune response, gluten peptides can directly promote mucosal damage via a non-T-cell dependent pathway. This innate response is an immediate reaction and is currently best appreciated through the action of a fragment of α-gliadin (p31-43/49) that induces interleukin 15 production.(Hue et al. 2004; Benahmed et al. 2007) This cytokine causes the subsequent inhibition of transforming growth factor β (an immune regulator), promotes dendritic cell maturation and causes epithelial stress.(Di Sabatino et al. 2009) 

Although a strong genetic link to disease causation has been established, various research groups have also highlighted the potential roles played by environmental factors. An approximately 70% concordance rate in monozygotic twins seems to facilitate this argument.(Green et al. 2003b) Such environmental cofactors include, but are not confined to, infections - a high frequency of rotavirus infection may raise the risk of CD in genetically susceptible children(Stene et al. 2006), and drugs – a course of interferon-α could trigger the condition in predisposed individuals.(Cammarota et al. 2000) Various researchers have also reported a possible effect resulting from infant-feeding practices. Ivarsson et al. suggested the introduction of gluten whilst the baby was still breast-feeding conveyed protection.(Ivarsson et al. 2002) However, this was not replicated in a subsequent prospective study.(Norris et al. 2005)
[bookmark: _Toc215059303][bookmark: _Toc257903603]Clinical Presentation
CD is now recognized as a common condition that affects approximately 1% of individuals from Europe and the United States.(Sanders et al. 2003; West et al. 2003b) Recent studies have shown the prevalence to be 0.56% in healthy blood donors in India(Kochhar et al. 2012) and approaching 2% in American and Finnish cohorts.(Lohi et al. 2007; Rubio-Tapia et al. 2009b; Catassi et al. 2010b) These figures represent a sizeable increase from what was previously appreciated and has occurred through a combination of an increased understanding of the disease as well as the advent of more sensitive serological markers. Some also suggest that the increasing gluten content in bread and other gluten containing products, in an attempt to make such products more tasty, may also have a role to play in this apparent increase in prevalence. However, recently it was estimated that for every adult patient in whom the disease is diagnosed, eight cases go undetected.(van Heel et al. 2006) The disease can affect all age groups although, adult presentations are now more frequent than paediatric (a ratio of 9:1, according to the 2005 membership data of the Coeliac UK charity) and patients most commonly present in their 40s.(Hopper et al. 2007) Females are affected two to three times more common than males, but this predominance falls following 65-years of age.(Green et al. 2001)
[bookmark: _Toc215059304]Disease Spectrum
It is now recognised that not all patients with CD will suffer the “typical” abdominal symptoms (e.g. diarrhea, abdominal pain or bloating) and the clinical entity of CD is better appreciated as a spectrum. Patients may present with “atypical” symptoms such as those related to anaemia, vitamin or protein deficiencies, delayed puberty, osteoporosis, infertility, elevated liver enzymes or neurological or dermatological conditions. These patients often have little in the way of gastrointestinal complaint. Patients may also be classified as having silent or latent CD. Silent CD refers to those individuals who are asymptomatic but show positive serology and small bowel histological changes. These individuals are often found through screening following the diagnosis of a first-degree relative (the prevalence ranges from 4% to 22% in first degree relative(Hopper et al. 2007)) or through biopsies obtained for some other reason.(Maki et al. 1991) Those individuals that have positive serology but lack villous atrophy on biopsy depict latent CD.(Marsh 1992; Green et al. 2001) These patients may demonstrate mild histological changes such as elevated intraepithelial lymphocytes. 
[bookmark: _Toc215059305]Associated Conditions
Patients with CD demonstrate a higher frequency of other autoimmune conditions (such as Type I diabetes mellitus and thyroid disease) than a general healthy population. In a cohort of children and adolescents with CD the prevalence of associated autoimmunity was shown to increase with increasing age at diagnosis, with the latter being used as an indicator of duration of gluten exposure.(Ventura et al. 1999) However, these results were not replicated in an adult population when actual duration of gluten exposure was measured rather than age at diagnosis.(Sategna Guidetti et al. 2001) Thus, it remains to be determined whether earlier diagnosis and treatment confers protection against the development of other autoimmune conditions. Other medical conditions that have been linked with CD are shown in Table 1-1. The association between CD and the skin condition dermatitis herpetiformis and neurological disorders will be discussed in later sections.

[bookmark: _Toc244616558]Table 1‑1 Disorders associated with coeliac disease*
	Disorder
	Prevalence of coeliac disease (%)

	Dermatitis herpetiformis
Neurological disorders 
Down’s syndrome
Addison’s disease
Irritable bowel disease
Abnormal liver serology
Infertility
Type 1 diabetes mellitus
Osteopaenia/osteoporosis
Thyroid disease
Iron-deficiency anaemia 
Alopecia areata
	69-89.5
10-22.5
4-17
1.2-12.5
0-11.4
9-9.3
4.1-8
2-8
1-7
2-6
2.7-5.7
1-2

	* Table based on data obtained from previously published literature.(Hopper et al. 2007)


[bookmark: _Toc215059306]
[bookmark: _Toc257903604]Diagnosis
Currently, a diagnosis of CD is based on a combination of history, clinical examination, serological testing, histological examination of small bowel biopsies and temporal improvement following adherence to a gluten-free diet.(Rozenberg et al. 2012) The importance of HLA typing is worth reiterating, as a negative test effectively excludes the condition.
[bookmark: _Toc215059307]Histology
Histological demonstration of small bowel villous atrophy, typically using the Marsh-Oberhuber classification system, remains the gold standard approach for the diagnosis of the enteropathy. (Table 1-2) Biopsies should be obtained with the patient on a normal (i.e. gluten-containing) diet as to avoid equivocal or normal results. Biopsies from the second part of the duodenum are sufficient for the diagnosis(Granot et al. 1993; Meijer et al. 2003) and four samples are considered mandatory for absolute diagnostic confidence.(Pais et al. 2008; Lebwohl et al. 2011) Some physicians suggest the inclusion of at least two biopsies from the duodenal bulb as this site is believed to be the most sensitive site to detect mucosal injury and because gluten-induced damage is thought to follow a proximal to distal path.(Bonamico et al. 2008; Rashid et al. 2009; Gonzalez et al. 2010) Caution is advised however when interpreting samples from the duodenal bulb as this site is prone to injury from gastric acid exposure and the presence of Brunner glands (alkaline, mucous-rich secreting sub mucosal glands) may cause artifactual distortion of villi.(Bao et al. 2012)



















[bookmark: _Toc244616559]Table 1‑2 Histological classification of gluten enteropathy
	Marsh-Oberhuber Classification
	Histological Finding

	Type 0

Type 1


Type 2


Type 3a

Type 3b

Type 3c

Type 4
	Preinfiltrative, normal small intestinal mucosa with <30 IELs per 100 enterocytes 
Infiltrative type: normal villous and crypt architecture (normal villous to crypt ratio of >3.1), increased number of IELs (≥30 IELs per 100 enterocytes)
Infiltrative-hyperplastic type: normal villous architecture and crypt hyperplasia, increased number of IELs (≥30 IELs per 100 enterocytes)**
Mild villous atrophy, villous: crypt ratio <3:1 or 2:1, increased number of IELs (≥30 IELs per 100 enterocytes)
Marked villous atrophy, villous: crypt ratio <1:1, increased number of IELs (≥30 IELs per 100 enterocytes)
Total villous atrophy, completely flat mucosa, increased number of IELs (≥30 IELs per 100 enterocytes)
Atrophic (hypoplastic) type, very rare: flat mucosa with only a few crypts and near normal IEL counts***

	* Table adapted from text published in the literature.(Bao et al. 2012)
** Type 2 is rarely encountered in patients with coeliac disease and has mainly been observed under experimental conditions, after commencement of a gluten-free diet or in time-dose-related gluten challenge studies and in patients with dermatitis herpetiformis.(Marsh 1989) 
*** Type 4, if found, is usually associated with refractory disease, ulcerative jejunoileitis, or enteropathy-associated T cell lymphoma.(Marsh et al. 1995)
IEL = Intraepithelial lymphocytes


[bookmark: _Toc215059308]

Serological Markers
The National Institutes of Health defines a biomarker as “a characteristic that is objectively measured and evaluated as an indicator of normal biological processes, pathogenic processes, or pharmacologic responses to therapeutic intervention.”(Atkinson et al. 2001) CD is associated with circulating antibodies to gliadin, endomysial tissue and TG2. Serology is continually suggested as a possible replacement biomarker for the gold-standard biopsy but despite vast improvements serological tests lack absolute sensitivity and specificity.(Scoglio et al. 2003; Hill et al. 2005)
The use of antigliadin antibodies as a serological marker of CD is no longer recommended as they have been found in non-CD enteropathies and in healthy individuals. Current estimates for their accuracy are ~80% sensitivity and 80 – 90% specificity.(Rostom et al. 2005) They may still be utilized for routine detection of CD in children younger than 18-months, as they are believed to be the first antibody to appear after intestinal exposure to a gluten-containing diet(Lagerqvist et al. 2008) and may help in children who test negative for anti-TG2.(Maglio et al. 2010). The utility of antigliadin antibodies as a marker of the whole spectrum of gluten related diseases has not been assessed. As yet it is unclear if the 12% of the population that have serological evidence of positive antigliadin antibodies belong to the group of patients labeled as having gluten sensitivity who potentially may go on to develop CD or other manifestations. 
In a systematic review of studies assessing the accuracy of antibody tests antiendomysial antibody IgA was found to have sensitivities and specificities of approximately 95% and 99% respectively. Similarly, reports for anti-TG2 IgA sensitivity and specificity ranged from 90% to 98% and from 95% to 99% respectively.(Rostom et al. 2005) (Table 1-3) It should be appreciated however, that many of these studies were performed in a research environment where accuracy is likely to be higher than in clinical practice. Most used preselected serum samples rather than prospectively assessing data and the specificity of TG2 results may have been lowered in some studies by the employment of guinea-pig enzyme rather than human recombinant enzyme.(Di Sabatino et al. 2009) In a prospective study Carroccio et al. reported similar sensitivities for both tests but a lower specificity for anti-TG2 IgA (92 – 97% (depending on source of antigen) vs. 100% for antiendomysial IgA).(Carroccio et al. 2002) Endomysial antibodies can be negative in patients with lesser degrees of villous atrophy and is a qualitative test requiring subjective interpretation. Conversely, tests for anti-TG2 are quantitative but false positive results have been shown in chronic liver disease, myeloma, monoclonal gamopathy and type 1 diabetes.(Hopper et al. 2007) Importantly, both tests may be negative in the presence of IgA deficiency, a condition that affects 1.7% to 2.6% of patients with CD (~ 10-16 fold increase over the general population).(Cataldo et al. 1998) Thus, serum IgA should always be assessed and if absent measurement of anti-endomysial IgG and anti-TG2 IgG is recommended.(Cataldo et al. 2000)
Despite heterogeneity among studies, measurement of total IgA and antiendomysial IgA or anti-TG2 IgA is generally considered appropriate for serological testing of CD. Precise practices depend on local facilities and expertise. Current practice in Sheffield Teaching Hospitals NHS Foundation Trust is to measure both endomysial antibody and TG2 antibody. It is believed that this paired serological test limits missing the cases in which either of the tests may be negative. It should also be borne in mind that negative serology should not preclude histological diagnosis in patients for whom the diagnosis is suspected clinically. 


[bookmark: _Toc244616560]Table 1‑3 Sensitivity and specificity of serological markers for coeliac disease*
	[bookmark: OLE_LINK1]Antibody
	Sensitivity (%)
	Specificity (%)

	AGA IgA
AGA IgG
	75 – 95
17 – 100
	80 – 90
70 – 80

	EMA IgA
EMA IgG
	90 – 97
~ 40
	99
> 95

	TG2 IgA
TG2 IgG
	90 – 98
~ 40
	95 – 99
> 95

	*Based on systematic review of studies using biopsy as gold standard test.( Rostom et al. 2005) 
AGA = antigliadin antibody, EMA = endomysial antibody, TG2 = transglutaminase-2.


[bookmark: _Toc215059309]
Seronegative coeliac disease
The prevalence of seronegative CD (patients that are antibody negative, even in the presence of a normal serum IgA) is 6.4 – 9.1% of all diagnosed cases.(Collin et al. 2005) These patients are more likely to demonstrate normal villous morphology with increased intraepithelial lymphocytes or mild forms of villous atrophy. They are also likely to lack a humoral response to the autoantigens TG2 or gliadin.(Murray 1999; Bao et al. 2012) In this situation, additional serological or histological investigations may prove helpful. For example, serological tests for antibodies against deamidated gliadin peptides (DGP) are thought to detect almost a third of those individuals with IgA TG2 seronegative disease.(Sugai et al. 2010a) Regarding further histological tests, detection of mucosal IgA TG2 deposits within the lamina propria (indicating a local immunogenic response) may increase the identification of CD in those patients that have little or no villous atrophy. Sensitivity and specificity for this method have been reported at 93%.(Salmi et al. 2006a) Similarly, CD has been diagnosed in patients lacking serological abnormalities through analyzing the number and pattern of intraepithelial lymphocytes at the villous tips and detecting increased intraepithelial γδ T cells.(Collin et al. 2009)  
[bookmark: _Toc215059310]Serological monitoring of coeliac disease
As well as aiding diagnosis, serological markers may be used to monitor patient’s adherence to a gluten-free diet (the principle treatment of CD). Sugai and colleagues analysed the sera of 82 adult patients at baseline and then at 3-month intervals for 1-year. Strict adherents had significantly lower concentrations of antibodies and fewer positive samples for IgA endomysial and IgA antigliadin than those partially adherent to the diet at 1-year. IgA endomysial and anti-TG2 predicted the degree of compliance.(Sugai et al. 2010b) However, despite coeliac-related antibodies disappearing after commencement of a gluten-free diet, the serological markers are not considered accurate for detecting mucosal recovery.(Sategna-Guidetti et al. 1996) Some researchers have questioned their use as detectors of dietary lapses(Vahedi et al. 2003) whilst others consider the use of a trained interviewer the best measure of dietary adherence.(Pietzak 2005) In clinical practice, continually raised serological antibodies particularly in the setting of persistent symptoms, typically leads to further small bowel biopsies to determine a response to treatment. 
Faced with the wide variability in which CD can manifest some physicians now argue that a rigid algorithm used to cover the clinical complexity of the disease is outdated. Subsequently, the ‘four out of five rule’ has recently been proposed(Catassi et al. 2010a) whereby CD can be confirmed if at least four of the following five criteria are fulfilled:
1. Typical symptoms of CD
2. Positivity of serum IgA class antibodies at high titer
3. HLA-DQ2 and/or HLA-DQ8 genotypes
4. Coeliac enteropathy on small bowel biopsy
5. Response to a gluten-free diet
Whether this diagnostic approach is universally utilized is yet to be determined.
[bookmark: _Toc215059311][bookmark: _Toc257903605]Treatment
Strict life-long adherence to a gluten-free diet remains the only proven treatment for CD. Patient education and regular medical support, including expert diatetic advice, are essential for achieving this.(Bardella et al. 1994) Reasons for lack of adherence include (1) poor palatability, (2) the unspecified presence of gluten in food and medication and the possible contamination of gluten in gluten-free products, (3) absence of a recurrence of symptoms after lapses and (4) the high cost of gluten free foods.(Vahedi et al. 2003) Patients identified through screening programmes are thought to be at particular risk of non-compliance, perhaps due to the lack of symptoms at diagnosis.(Fabiani et al. 2000) 
Novel therapeutic strategies continue to be analysed although none are routinely available. These include but are not limited to supplements that enable digestion of gluten before entry into the small bowel and immune-based treatments that induce oral tolerance to gluten.(Schuppan et al. 2009)
[bookmark: _Toc215059312][bookmark: _Toc257903606]Complications
Population-based studies reveal only a modest increased risk of mortality in patients with CD (Corrao et al. 2001; Peters et al. 2003; West et al. 2004) but this risk may rise with increasing delay in diagnosis and poor dietary adherence.(Corrao et al. 2001) Small bowel lymphoma may be 50 times more common in patients with CD, although when the annual incidence (0.5 to 1 per million people) is taken into account, the absolute risk is thought to be modest.(Hopper et al. 2007) Osteoporosis and/or osteopaenia has a prevalence of 1-7% in patients with CD(Hopper et al. 2007) and confers an increased risk of fracture – a rate ratio of 1.9 for hip fractures compared to healthy volunteers has been reported.(West et al. 2003a) A third of patients with untreated CD have haematological features of functional hyposplenism.(Corazza et al. 1999) These patients should be offered pneumococcal-conjugate vaccine as it is often accompanied by depletion of IgM memory-B cells that protect against encapsulated bacteria.(Di Sabatino et al. 2007) Patients may suffer fertility problems with an estimated prevalence of 4.1 to 8%. Undiagnosed CD is also linked with an increased risk of adverse outcomes during pregnancy such as miscarriage, low birth weight and intrauterine growth retardation.(Soni et al. 2010)
Refractory CD describes a state where there is an absence of histological and clinical response to a gluten-free diet. 5% of patients with CD may be affected, although this figure could be an overestimation as data were acquired from tertiary referral centres.(Al-Toma et al. 2007; Rubio-Tapia et al. 2009a) Dietary non-compliance and unintentional gluten intake are believed to be the cause of apparent refractory disease in the majority of cases. Other possible reasons include misinterpretation or misdiagnosis of the original biopsy and slow histological recovery after diet.(Di Sabatino et al. 2009)  
[bookmark: _Toc257903607]Dermatitis herpetiformis
Originally described by Duhring in 1884, this characteristically symmetrical, predominantly upper limb, highly pruritic, blistering skin disease was eventually linked to gluten in the mid-1960’s when Marks, Shuster and Watson observed that patients with the dermatopathy shared similar small bowel mucosal damage as those with CD.(Marks et al. 1966) Currently, it is thought that approximately 10% of patients with dermatitis herpetiformis have gastrointestinal symptoms. Conversely, 65% - 75% may have coeliac-type enteropathy on small bowel biopsy. Patients with the skin condition also demonstrate the same high prevalence of HLA-DQ2/DQ8 haplotypes as those with CD and anti-EMA and anti-TG2 antibodies occur in the serum.(Sapone et al. 2012) However, an epidermal-located transglutaminase, TG3, is believed to be the dominant autoantigen in dermatitis herpetiformis, rather than TG2 seen in CD.(Rose et al. 2009)
Diagnosis of dermatitis herpetiformis is based on the identification of IgA in uninvolved skin biopsies and serological evidence of coeliac-type autoimmunity. As dermatitis herpetiformis is considered the cutaneous counterpart of CD, a small bowel biopsy is considered unnecessary before commencing treatment with a gluten-free diet.(Caproni et al. 2009; Sapone et al. 2012) 
[bookmark: _Toc215059315][bookmark: _Toc257903608]Gluten ataxia
In 1996 Hadjivassiliou and colleagues showed that 30 of 53 patients (57%) with neurological dysfunction of unknown cause (predominately ataxia or peripheral neuropathy) had antigliadin antibodies (IgA or IgG) in their sera compared with 12% of healthy blood donors.(Hadjivassiliou et al. 1996) 26 of the 30 patients consented to duodenal biopsy and nine (35%) of those had histological evidence of CD. No biopsies were performed in the blood donor group. 
The same group analysed 28 patients with ataxia who were also positive for antigliadin antibodies. Twenty three (82%) patients had HLA DQ2 genotype, the remaining five (18%) having HLA DQ8. Eleven (39%) patients had duodenal histology consistent with CD; two (7%) had lymphocytic infiltration in the lamina propria but no villous atrophy, whilst the remaining 15 (54%) patients had normal mucosa. The combination of the significant prevalence of enteropathy and the high incidence of HLA genotype strongly suggested that anti-gliadin antibodies in those with previously unexplained ataxia were not just an epiphenomenon. Accordingly, the term gluten ataxia (GA) was proposed to define those patients with idiopathic sporadic ataxia with positive serological markers for gluten sensitization.(Hadjivassiliou et al. 1998) 
A number of other groups have also investigated the prevalence of antigliadin antibodies in patients with ataxia with the majority demonstrating a consistently high prevalence of the antibodies in patients with sporadic ataxia compared with controls. (Table 1-4) Recently, it has been estimated that GA accounts for 22% of patients that present with sporadic ataxia.(Currie et al. 2013a) Table 1-5 


[bookmark: _Toc244616561]Table 1‑4 Prevalence of antigliadin antibodies in patients with idiopathic sporadic ataxia*
	Sporadic Ataxias (%)
	Familial Ataxias (%)
	Healthy Controls (%)
	Reference

	3/24 (13)
12/104 (12)
7/26 (27)
4/24 (17)
13/98 (13)
6/32 (19)
59/143 (41)
5/14 (36)
12/33 (36)
	0/23 (0)
NP
9/24 (38)
NP
1/15 (6)
63 (8-15)
8/59 (14)
1/27 (4)
NP
	NP
5%
NP
2%
5%
6/73 (8)
149/1200 (12)
1/47 (2)
NP
	(Pellecchia et al. 1999a)
(Burk et al. 2001)
(Bushara et al. 2001)
(Luostarinen et al. 2001)
(Abele et al. 2002)
(Abele et al. 2003)
(Hadjivassiliou et al. 2003b)    
(Ihara et al. 2006)
(Anheim et al. 2006) 

	* Based on previously published data.(Hadjivassiliou et al. 2010b).
NP = (data) not provided.
All of the studies have methodological flaws: almost all were retrospective and varied in their use or inclusion of control groups; different gold standards for the definition of study populations were used; independent and blinded assessments of biopsy samples or measurements of disease outcome were rarely performed; data were largely accrued from tertiary referral centres and were thus subjected to referral bias; and studies attempting to disprove the association had inadequate sample size.(Grossman 2008) 




















[bookmark: _Toc244616562]Table 1‑5 Frequency of different types of ataxia seen at a tertiary referral centre, Sheffield Teaching Hospitals NHS Foundation Trust, UK*
	[bookmark: _Toc215059316]Total number of patients assessed
	
	          900

	Familial ataxia
Autosomal dominant inheritance
Autosomal recessive inheritance
Genetic characterization
	
130/183
53/183
83/183
	
(71%)
(29%)
(45%)
	183/900 (20%)

	(19 EA2, 17 SCA6, 14 FA, 8 SCA2, 4 SCA7, 3 SCA1, 3 SCA13, 2 NP type C, 2 SCA8, 2 SCA15, 1 SCA3, 1 SCA28, 1 SCA17 1EA1, 1FBD, 1 MELAS, 1 GSS, 1 POLG, 1 other mitochondrial) 

	Sporadic ataxia
Idiopathic sporadic
Gluten ataxia
Alcoholic cerebellar degeneration
Clinically probable MSA-C
Genetic diagnosis
	
201/717
159/717
104/717
88/717
88/717
	
(28%)
(22%)
(15%)
(12%)
(12%)
	717/900 (80%)

	37 FA, 12 mitochondrial, 11 SCA6, 5 EA2, 3 Cockaynes syndrome, 2 CTX, 2 cerebellar dysgenesis, 2 fragile X, 2 AOA2, 1 Tay-Sachs, 1 SCA 2, 1 Krabbe’s, 1 XP, 1 AHGH, 1 MERRF, 1 NARP, 1 congenital, 1 presenilin, 1 Angelmans, 1 NP type C, 1 amyloid

	Paraneoplastic ataxia
Phenytoin induced
Progressive ataxia and palatal tremor
Opsoclonus-myoclonus-ataxia
Anti-GAD ataxia
Superficial siderosis
	19/717
17/717
11/717
11/717
10/717
9/717
	(3%)
(2%)
(2%)
(2%)
(1%)
(1%)
	

	Idiopathic sporadic out of total
Total presumed genetic (183 + 88)
	
	 
	201/900 (22%)
271/900 (30%)

	* Replicated from published literature.(Currie et al. 2013a) 
SCA = spinocerebellar ataxia, EA = Episodic ataxia, FA = Friedreich’s ataxia, NP = Niemann-Pick disease, FAP = familial amyloid polyneuropathy, FBD = familial British dementia, MELAS = mitochondrial encephalopathy lactic acidosis and stroke-like episodes, GSS = Gerstmann-Staussler-Scheinker syndrome, POLG = polymerase gamma, MSA–C = multiple system atrophy – cerebellar type, CTX = cerebrotendinous xanthomatosis, AOA = Ataxia-oculomotor apraxia, XP = xeroderma pigmentosum, AHGH = ataxia with hypogonadotrophic hypogonadism, MERRF = Myoclonic epilepsy with ragged red fibers, NARP = neuropathy ataxia and retinitis pigmentosa, anti-GAD = anti-glutamic acid decarboxylase







[bookmark: _Toc257903609]Pathogenesis
Unlike CD and dermatitis herpetiformis GA is yet to be confirmed as an autoimmune condition, though what is known of its pathogenesis suggests that this may be the case. Current evidence proposes an immune-mediated reaction centred on the cerebellum rather than the gut or skin. The cerebellum is an organ that shows particular vulnerability to immune-mediated damage. Indeed, a number of conditions exist that are associated with immune-provoked cerebellar damage such as, paraneoplastic cerebellar degeneration, post-infectious cerebellitis, Miller-Fisher syndrome, opsoclonus-myoclonus ataxia and ataxia with anti-GAD antibodies.(Hadjivassiliou 2012) Many of these conditions are associated with autoantibodies that target and react with Purkinje cells causing their loss and permanent disability (ataxia) for the patient.(Shams'ili et al. 2003; Hadjivassiliou 2012) 
Post-mortem studies from patients with GA show selective loss of Purkinje cells in the cerebellar cortex.(Hadjivassiliou et al. 1998; Mittelbronn et al. 2010; Nanri et al. 2011) This is often accompanied by the presence of a diffuse infiltrate, of predominantly T-lymphocytes within the cerebellar white matter in addition to substantial perivascular cuffing with inflammatory cells.(Hadjivassiliou et al. 1998) Similar patterns of lymphocytic infiltration have been reported in sural nerve biopsies from patients with unexplained peripheral sensory neuropathy and antigliadin antibodies(Hadjivassiliou et al. 2006a) and in patients with established CD that later go on to develop neurological dysfunction.(Cooke et al. 1966)
The possibility of a humoural response in the pathogenesis of GA gathered pace following a report in 2002 when sera from patients with GA and patients with CD with an absence of neurology showed cross-reactivity with epitopes on Purkinje cells of both human and rat cerebellum.(Hadjivassiliou et al. 2002) In the same study, adsorption of antigliadin antibodies using crude gliadin abolished the Purkinje cell staining in patients with CD without neurological dysfunction, but not in those with GA. These findings prompted the authors to conclude firstly that gliadin and Purkinje cells share common epitopes (a suggestion supported by a previous report, which demonstrated common epitopes between gliadin proteins and enterocytes in patients with CD (Krupickova et al. 1999)) and secondly, that patients with GA must have additional antibodies against Purkinje cells other than antigliadin. 
In 2006, Hadjivassiliou et al. reported widespread perivascular deposition of transglutaminase antibodies in the brain of patients with GA. This deposition was most pronounced in the cerebellum, pons and medulla.(Hadjivassiliou et al. 2006c) These findings lead to the suggestion of a vascular-centred inflammatory response that could compromise the blood-brain barrier and expose the central nervous system to pathogenic antibodies, which in-turn trigger neuropathology. TG2 is expressed by smooth muscle and endothelial cells in non-inflamed brain and is an abundant component of the blood-brain barrier(Aeschlimann et al. 1991); autoantibody binding could initiate an inflammatory response.(Hadjivassiliou et al. 2010b) 
More direct effects of TG2 have been observed in experimental studies. Anti-TG2 antibodies from patients with CD have been shown to disturb angiogenesis(Hadjivassiliou et al. 2008a) and induce neuronal apoptosis in vitro.(Cervio et al. 2007) Moreover, passive transfer of anti-TG2-specific antibodies derived from patients with CD to the mouse brain has provoked transient ataxia.(Boscolo et al. 2010) Despite these findings questions remain over the origin and nature of anti-TG2 antibodies in relation to cerebellar insult. For instance, it remains unclear whether extraintestinal anti-TG2 antibodies are derived from the circulation or whether their production is mediated within target organs after stimulation of intestinal-primed gliadin reactive CD4+ T cells.(Hadjivassiliou et al. 2010b) Antigen-experienced CD4+ memory T cells have recently been shown to traffic through the central nervous system in proportion to their abundance in the peripheral circulation and may be pertinent to a localized immunogenic response.(Kivisakk et al. 2006) However, if autoantibodies against TG2 play a crucial role in neurological disease why do a high proportion of patients with GA have no serological evidence of anti-TG2 antibodies?(Hadjivassiliou et al. 2008a; Rashtak et al. 2011) Similarly, why do only a proportion of patients with CD develop neurological dysfunction when at least 98% of them have serological evidence of anti-TG2 antibodies?(Sblattero et al. 2002; Sblattero et al. 2004) In addition, although anti-TG2 autoantibodies may induce ataxia in animal models they currently fail to explain the spectrum of distinct neurological deficits, which are currently associated with gluten-related disorders such as gluten neuropathy (see later for details).
TG6 is, primarily, a brain-expressed transglutaminase and its importance in cerebellar functioning has recently been emphasized by linkage of mutations in the human TGM6 gene with familial spinocerebellar ataxia.(Wang et al. 2010) Antibodies against TG6 have been found in patients with GA.(Hadjivassiliou et al. 2008a) These IgA deposits appear to accumulate in the periphery of vessels whereas the respective antigens are absent in healthy individuals.(Hadjivassiliou et al. 2008a) Whether these antibodies are a result of epitope spreading or whether they truly are directed towards the specific transglutaminase is unclear. TG2, TG3 and TG6 are encoded on the same chromosome in humans (20q11-12) and all three can specifically deamidate gluten T cell epitopes, albeit with subtle functional differences.(Fleckenstein et al. 2004; Stamnaes et al. 2010) Given the overall homology between transglutaminases, autoantibody cross-reactivity and epitope spreading is worth consideration.(Grenard et al. 2001) However, current evidence is conflicting in this regard. A recent report using ELISA and immunohistochemistry showed cross-reactivity between anti-TG2 antibodies and the isozymes TG3 and TG6.(Boscolo et al. 2010) This contrasted earlier studies reporting an absence of cross-reactivity between different transglutaminase isoforms, although these observations were based on competitive inhibition ELISAs, which can prevent the detection of very low affinity transglutaminase cross-reactivity.(Hadjivassiliou et al. 2008a) Also, cross-reactivity does not explain why some patients have antibodies exclusive to one transglutaminase isozyme.(Hadjivassiliou et al. 2008a) 
It is apparent that current literature has addressed some of the criteria (albeit at differing levels of evidence) that suggest antibodies against gluten-related peptides mediate a neurological disease. (Box 1)  




Box 1: Proposed criteria suggesting that antibodies mediate a specific neurological disease.(Archelos et al. 2000; Grossman 2008) 
· Autoantibodies should be present in the serum or cerebrospinal fluid of most patients with the condition and not in healthy patients or other controls with unrelated disorders.
· Autoantibodies should be demonstrated to bind to target antigens at sites of pathology that are specific to patients and not in normal controls.
· Plasma exchange should have a therapeutic effect.
· Injection of serum or immunoglobulin should transfer the disease to experimental animals.
· An equivalent disease should be induced in animals by sensitizing susceptible animals with the target antigen.

[bookmark: _Toc215059317]Very recently, Hadjivassiliou and colleagues conducted a prospective cohort study to investigate the role of TG6 antibodies in diagnosing GA.(Hadjivassiliou et al. 2013a) Patients were recruited from the ataxia, gluten/neurology, CD, and movement disorders clinic at Royal Hallamshire Hospital, Sheffield, UK, and also from the Tampere University Hospital (Finland). Patients were divided into two groups: (1) those with idiopathic sporadic ataxia negative for antigliadin antibodies (AGA), TG2 antibodies, and endomysial antibodies (EMA) and (2) patients with GA based on the original definition of an idiopathic cerebellar ataxia with positive antigliadin IgA and/or IgG antibodies irrespective of positivity for TG2 and EMA. Neurologic control groups included patients with genetically confirmed neurologic and neurodegenerative conditions (29 patients with genetic ataxias, seven patients with Huntington disease, and 46 patients with idiopathic Parkinson disease; total = 82). A group of patients with CD presenting to the gastrointestinal clinic in Sheffield and a healthy control group were also included in the study. The authors reported that the prevalence of TG6 antibodies (IgA, IgG, or both) was 21 of 65 (32%) in idiopathic sporadic ataxia, 35 of 48 (73%) in GA, 16 of 50 (32%) in CD, four of 82 (5%) in neurology controls, and two of 57 (4%) in healthy controls. This result suggests a possible correlation between AGA and TG6 positivity but does not clarify whether TG6 antibodies are more sensitive or specific for GA than AGA. Moreover, the finding that 32% of patients with idiopathic sporadic ataxia with negative serology for all other GRD serologic markers were positive for TG6 suggests that GA may be even higher than previously thought.(Hadjivassiliou et al. 2003b) The report also revealed specificities for identifying enteropathy in patients with ataxia as 42% for AGA and 51% for TG6 antibodies. 
IgA deposits against TG2 in duodenal biopsies have been shown to be a reliable marker of the whole spectrum of GRDs and they can be found in patients with otherwise normal histologic examination of the gut mucosa. Such deposits are believed to be reliable predictors of future development of enteropathy(Korponay-Szabo et al. 2004; Salmi et al. 2006b) and have been found in patients with GA without enteropathy.(Hadjivassiliou et al. 2006c; Hadjivassiliou et al. 2013a) Accordingly, Hadjivassiliou et al examined the presence of IgA TG2 antibody deposits in 15 consecutive patients with idiopathic sporadic ataxia that were serologically negative for AGA, EMA and TG2 antibodies. Five of the 15 patients had duodenal IgA deposits against TG2, and one of these five patients had evidence of enteropathy (villous atrophy, crypt hyperplasia, and increase in intraepithelial lymphocytes) consistent with CD. Four (including the patient with enteropathy) of these five cases were positive for TG6 antibodies on subsequent testing. The authors reason that circulating TG6 antibodies can be a more sensitive marker for GA when compared with AGA, EMA and TG2 antibodies.(Hadjivassiliou et al. 2013a) The potential mechanism that accounts for why one patient presenting with ataxia had enteropathy despite negative serology for AGA, EMA and TG2 antibodies is of interest. One possible explanation proposed by the authors is that the characteristic and normally overwhelming autoantibody response seen in CD is not always necessary in the production of small bowel lesions. It may also imply that an immunologic response directed toward another TG isotype (TG6) can lead to the enteropathy. Whether the gut or the cerebellum primed the immunologic response to TG6 remains unanswered. 

To further evaluate whether production of TG6 antibodies is linked to gluten intake, a cohort of 86 consecutive Finnish patients presenting to the gastroenterologists who were then diagnosed with CD and responded to a gluten-free diet were tested for autoantibodies to TG6. The prevalence of TG6 autoantibodies was 14% (12/86) and none of these patients had known neurologic symptoms. In 11 of these 12 patients, antibody titres were significantly reduced after 1-year on a gluten-free diet thus, inciting the authors to suggest that TG6 antibodies are gluten-dependent.(Hadjivassiliou et al. 2013a)
It remains to be determined whether patients with CD and positive TG6 antibodies are the ones susceptible to the development of neurologic dysfunction if they continue with dietary gluten intake. It is also unclear whether TG6 antibodies are present at the time of the initial immunologic response that leads to the development of enteropathy, or whether autoimmunity against TG6 is a late phenomenon.(Hadjivassiliou et al. 2013a)
[bookmark: _Toc257903610]Clinical presentation
Patients with GA typically have a pure cerebellar ataxia with gait involvement. Gaze-evoked nystagmus and other ocular signs of cerebellar dysfunction are also present in the vast majority of cases. Up to 60% of patients have neurophysiological evidence of sensorimotor, length-dependent axonal neuropathy, which is usually mild and does not contribute to the ataxia.(Hadjivassiliou et al. 2008b) Symptoms have an insidious onset with a mean age of 53-years but rarely can be rapidly progressive.(Hadjivassiliou et al. 2008b) Fewer than 10% of patients suffer gastrointestinal symptoms and only one third will have histological evidence of the enteropathy on small bowel biopsy.(Hadjivassiliou et al. 2008b) In common with CD and dermatitis herpetiformis, patients with GA have a strong association with HLA-DQ genotype. HLA-DQ2 and DQ8 are found in 70% and 10% of cases respectively. Interestingly, the remaining 20% of patients with GA demonstrate HLA-DQ1, suggesting an additional HLA susceptibility marker for GA.(Hadjivassiliou et al. 2006c)
[bookmark: _Toc215059318][bookmark: _Toc257903611]Diagnosis and treatment
The current lack of a readily available specific serological marker for GA along with the unsuitability of the cerebellum for tissue sampling makes the diagnosis of GA rather less straight forward compared to its enteropathic and cutaneous counterparts. Anti-TG2 IgA can be found in 82% of patients with GA and enteropathy but in only 11% of those with GA alone. These figures rise to 88% and 43% respectively when evaluation of anti-TG2 IgG is added(Hadjivassiliou et al. 2010b) and are comparable with other studies.(Rashtak et al. 2011) The finding that IgG class antibodies to TG2 in patients with GA are more common than IgA is in opposition to the findings in patients with CD but is consistent with an immune response to transglutaminase in the central nervous system.(Schrodl et al. 2004)
Antibodies against TG2 and TG6 can be found in 85% of patients with ataxia and antigliadin antibodies(Hadjivassiliou et al. 2006c) but it is unclear at present whether the combined detection of anti-TG2 and anti-TG6 IgA and IgG without the use of antigliadin antibodies will identify all patients with GA.(Sapone et al. 2012) Current guidance suggests that patients that present with progressive cerebellar ataxia should undergo serological testing for antigliadin antibodies (IgA and IgG), anti-TG2 antibodies and if available, anti-TG6 antibodies. Patients with anti-TG2 antibodies should have histological assessment for CD. However, irrespective of the presence/absence of the enteropathy, patients with no alternative explanation for their ataxia should be placed on a gluten-free diet and undergo regular follow-up. Elimination of serological antibodies in combination with stabilization or improvement of the ataxia is believed to be a strong indicator that the patient suffers from GA.(Sapone et al. 2012) 
Whether treatment through elimination of gluten from the diet confers overall benefit for patients with GA remains unknown. Currently, the published literature shows a distinct lack of randomized, placebo-control trials. This in part may be attributable to the ethical difficulties faced when trying to randomly assign patients with GA and enteropathy to a non-gluten free diet group. Of the studies available in the literature that have attempted to evaluate dietary therapy, most have been case reports that describe the outcome of patients with established CD that latterly develop neurological symptoms. Results are variable but overall favourable towards a gluten-free diet.(Ward et al. 1985; Kaplan et al. 1988; Mauro et al. 1991; Bhatia et al. 1995; Beversdorf et al. 1996; Muller et al. 1996; Hahn et al. 1998; Pellecchia et al. 1999b; Sander et al. 2003) Hadjivassiliou and colleagues systematically assessed the effect of a gluten-free diet with accompanying serological confirmation of antigliadin antibody elimination in a non-randomised cohort of patients (n=43) with GA ± biopsy proven enteropathy. Fourteen patients in the cohort who refused the diet were classed as the control group. Assessment of ataxia (based on standard neurological examination) was performed at baseline and 1-year following commencement of the diet. Results demonstrated significant improvement in performance in the treatment group when compared to controls even after excluding patients with an enteropathy.(Hadjivassiliou et al. 2003a) 
[bookmark: _Toc257903612]Gluten sensitivity (also referred to as Non-Coeliac gluten sensitivity-NCGS)
The term gluten sensitivity has been proposed as a diagnosis of exclusion in which both allergic and autoimmune mechanisms have been ruled out and specifically the following criteria have been met: 
· Negative immune-allergy tests to wheat
· Negative serology for CD (anti-EMA and/or anti-TG2)
· Exclusion of IgA deficiency
· Normal or near normal duodenal biopsy (such patients may have increased intraepithelial lymphocytes)
Individuals may have serological evidence of native gluten immune reaction (e.g. antigliadin antibodies), and their symptoms may overlap with that of CD. Similarly, symptoms typically resolve following commencement of a gluten-free diet. These patients also show a higher prevalence of the HLA-DQ2/DQ8 genotype than that of the general healthy population (~ 50% vs. 30%) but less than that seen with the autoimmune gluten-related disorders.(Sapone et al. 2012) 
A recent double blind, randomised, placebo-controlled re-challenge trial in patients with irritable bowel syndrome appears to add support for the entity of NCGS. Patients (all of which fulfilled the Rome criteria III for irritable bowel syndrome and had CD excluded) were randomised to receive gluten-containing diet or placebo. Compared to the placebo group, patients who received gluten reported significantly higher severity scores for pain, dissatisfaction with stool consistency, and tiredness despite no evidence for intestinal inflammation or for the presence of latent CD.(Biesiekierski et al. 2011) Similar findings have been reported previously.(Cooper et al. 1980) Current theory on the pathogenesis of gluten sensitivity suggests an important role for the innate immune system.(Sapone et al. 2011)
[bookmark: _Toc257903613]Definition of gluten-related disorders remains ambiguous
It should be appreciated that overlap between gluten-related disorders exits. However, the extent of any overlap is yet to be determined. GA was originally defined by measuring serological levels of antigliadin antibodies in patients with unexplained cerebellar dysfunction. At the time of initial investigation antigliadin antibodies were chosen as a marker of gluten-related disorder as more sensitive and more specific biomarkers (such as anti-transglutaminases) were unavailable. In subsequent studies duodenal biopsies may have been performed that confirmed or refuted an accompanying enteropathy. Thus, it could be argued that some patients diagnosed with GA may actually represent patients with CD that presented with neurological disturbance rather than typical gastrointestinal complaints. 
In non-enteropathy GA patients it is still difficult to explain as an epiphenomenon positive antigliadin antibodies in combination with an abnormally high rate of HLA-DQ2/DQ8. Furthermore the identification of TG6 as a potential autoantigen in patients with GA suggests that GA, like dermatitis herpetiformis, is an extraintestinal manifestation of sensitivity to gluten. As such, the consensus terminology of gluten-related disorders probably represents the most appropriate as things stand. It also likely reflects the current lack of readily available biomarkers for GA (TG6 is not yet readily available) and gluten sensitivity. It should be borne in mind that some authors have suggested associations of ‘gluten sensitivity’ with various medical conditions on the basis of raised antigliadin antibody titers without further investigating the presence of CD, HLA-status or reporting whether symptoms improve on a gluten-free diet.(Bushara et al. 2001; Bushara et al. 2004) In time these reports may prove important but for now they introduce ambiguity, particularly as 12% of the healthy population have antigliadin antibodies without apparently suffering any ill effects. 
[bookmark: _Toc257903614]Section summary
“Gluten-related disorders” is an umbrella term used to describe a number of diseases in which gluten is thought to be the trigger. Some of these conditions such as CD and dermatitis herpetiformis are autoimmune diseases in which, transglutaminases (TG2 and TG3 respectively) comprise the self-antigen and genetic susceptibility comes from HLA-DQ2/8 haplotype. GA, although not widely accepted, shares many pathogenic similarities with its enteropathic and cutaneous counterparts as well as showing an immunological response directed against TG6. Patients with GA have an abnormally high prevalence of gluten-related serological markers and the HLA-DQ2/8 haplotype, and introduction of a gluten-free diet appears to at least stabilize patient’s symptoms. Thus, in genetically susceptible individuals, gluten-related disorders may primarily manifest in at least one of three ways: (1) as a gastrointestinal complaint (or sequelae thereof), (2) as a skin condition, or (3) as neurological dysfunction. In the next section, attention will focus on the neurological manifestations of gluten-related disorders.


[bookmark: _Toc257903615]Section 2: Neurological manifestations of gluten-related disorders
This section will further expand on the link between gluten-related disorders and neurological dysfunction. New terminology, such as gluten neuropathy and gluten encephalopathy will be introduced. These are neurological conditions that are primarily characterized by a high prevalence of antigliadin antibodies. It will become apparent that clinical overlap exists between these neurological conditions as well as those patients that have enteropathy. In view of the controversy relating to the specificity of antigliadin antibodies in defining these diseases, every attempt will be made to distinguish patients with CD and neurological dysfunction from patients that may have unconfirmed enteropathy but still show neurological disturbance in combination with serological evidence of gluten-related diseases.
[bookmark: _Toc257903616]Background
In 1966, Cooke and Smith published the first comprehensive report into the neurological manifestations of 16 severely malnourished patients with established CD.(Cooke et al. 1966) Ten patients had a severe progressive neuropathy. All patients had gait ataxia and some had limb ataxia. Post-mortem data from the same study revealed an inflammatory process with lymphocytic infiltration in the spinal cord, hypothalamus, cerebellum and brainstem. In addition, there was cerebellar atrophy through loss of the Purkinje cell layer and demyelination of the lateral and dorsal columns. The authors attributed the findings to vitamin deficiency or absorption of an unknown toxin.(Wills et al. 2002) Ensuing years saw publication of a myriad of case reports and small series that charted neurological dysfunction in patients with established CD.(Binder et al. 1967; Bundey 1967; Morris et al. 1970; Coers et al. 1971; Kepes et al. 1975; Finelli et al. 1980; Harding et al. 1982; Kinney et al. 1982; Ward et al. 1985; Lu et al. 1986; Kristoferitsch et al. 1987; Brucke et al. 1988; Kaplan et al. 1988; Tison et al. 1989; Collin et al. 1991; Hermaszewski et al. 1991; Bhatia et al. 1995; Dick et al. 1995) The prevailing findings from these reports were that ataxia and neuropathy were the most common manifestations. 
Current data suggest a prevalence of 10% to 22.5% for neurological dysfunction in patients with established CD (Holmes 1997; Briani et al. 2008) although the accuracy of these figures has been questioned. They are typically derived retrospectively from gastroenterology clinics, which focus on patients that present with enteropathic features and in doing so exclude those patients that may have neurological sequelae but lack intestinal symptoms. They also include neurological deficits that are unlikely to be truly attributable to CD e.g. carpel tunnel syndrome and idiopathic Parkinson’s disease.(Burk et al. 2009) [Hadjivassiliou, 2010 #269;Burk, 2009 #1822;Burk, 2009 #2762]
[bookmark: _Toc257903617]Ataxia and coeliac disease
The prevalence of ataxia in patients with CD is unknown but approximately 12% to 15% of patients with ataxia of unknown origin have CD.(Green et al. 2005) 
The clinical presentation may be indistinguishable from other forms of cerebellar ataxia and include progressive unsteadiness of the gait, limbs and stance with or without myoclonus.(Green et al. 2005) Postmortem data suggest an immune-mediated pathogenesis involving the cerebellum,(Cooke et al. 1966) similar to that seen in GA. Symptoms may improve or stabilize following a strict gluten-free diet.(Pellecchia et al. 1999b; Hadjivassiliou et al. 2010b) However, Purkinje cell loss is permanent and cannot be reversed with a gluten-free diet, unlike the mucosal damage seen with CD.
[bookmark: _Toc257903618]Neuropathy and coeliac disease
The exact prevalence of peripheral neuropathy in patients with biopsy-proven CD is unknown. Some authors report figures as high as 50%;(Cicarelli et al. 2003) other groups are more modest. In a review of 424 patients that presented to the combined gluten sensitivity/neurology clinic, Sheffield, UK from 1994 to 2009, 174 (41%) had peripheral neuropathy. Of those, 46 (26%) patients had CD on duodenal biopsy.(Hadjivassiliou et al. 2010b) Luostarinen and colleagues found 23% of patients with CD had peripheral neuropathy compared to 4% of controls.(Luostarinen et al. 2003) A retrospective review of all patients (n=400) with neuropathy attending a tertiary referral centre in the USA showed the prevalence of CD to be between 2.5% and 8% (compared to 1% in the healthy population).(Chin et al. 2003) The same group also reported six patients with CD and multifocal axonal polyneuropathy; one in particular having an interval of 42 years from neurology symptom onset to CD diagnosis, highlighting the fact that neuropathy may precede the diagnosis of the enteropathy.(Chin et al. 2006) Similar association was described by De Sousa et al. who reviewed 62 patients with biopsy confirmed small fiber neuropathy and found six (9.7%) patients with CD and a further eleven (17.7%) patients with abnormal TG2, antigliadin IgA and IgG antibodies but normal duodenal biopsies.(De Sousa et al. 2006) Finally, Mata et al. discovered that a greater proportion of patients with various neuropathies had IgA anti-TG2 compared to controls (68/320 (21%) vs. 1/68 (1.5%) respectively; p<0.0001).(Mata et al. 2006) 
In all of the aforementioned studies, referral bias was likely to have contributed to the high prevalence of CD amongst neurology patients. Conversely, in a large population based study (84,000 participants) examining neurological dysfunction in CD, the authors found the odds of having polyneuropathy with CD to be statistically significant (odds ratio 5.4; 95% CI 3.6-8.2).(Ludvigsson et al. 2007a) 
Few reports in the published literature oppose an association between neuropathy and CD. Rosenburg et al. retrospectively reviewed all patients that attended their outpatient neurology centre with peripheral neuropathy between 1997 and 2000. They initially identified 53 patients as having idiopathic neuropathy. However on follow-up (over 3 years) a definitive aetiology was found in 22. Of the remaining 31 patients, 12 had died and 3 had been lost to follow-up before a diagnosis could be made, leaving a final 16 patients. Of the 16 idiopathic neuropathies that could be investigated, only one had abnormal serological titers for IgA antigliadin but their duodenal biopsy was normal. 
[bookmark: _Toc185573430]The most common type of neuropathy associated with CD is a symmetrical sensorimotor axonal peripheral neuropathy(Hadjivassiliou et al. 2006a), although other neuropathies have been reported, including asymmetrical neuropathy,(Kelkar et al. 1996; Hadjivassiliou et al. 1997; Chin et al. 2006) mononeuropathy multiplex,(Kelkar et al. 1996) sensory ganglionopathy,(Hadjivassiliou et al. 2010a) small fiber neuropathy,(Brannagan et al. 2005) pure motor neuropathy and autonomic neuropathy.(Gibbons et al. 2005) Electrophysiological studies, sural nerve or skin biopsies may be abnormal(Chin et al. 2003; Brannagan et al. 2005; Chin et al. 2006) and as many as 65% of patients may have raised antibody titers against gangliosides (multifunctioning neuronal surface molecules).(Alaedini et al. 2002)
The pathogenesis of coeliac neuropathy including any potential role for antiganglioside antibodies is poorly understood. Passive transfer of antiganglioside antibodies has been shown to result in myelin and axonal degeneration in animals.(Santoro et al. 1992; Uncini et al. 1993) These antibodies have also been shown to bind to the nodes of Ranvier and paranodal myelin of peripheral nerves, leading to the suggestion that demyelination and conduction block may follow an antibody-dependent immune response.(Green et al. 2005) Further support for the role of antiganglioside antibodies comes from the reported correlation of clinical improvement with decreasing antibody titer in response to plasmapheresis.(Feldman et al. 1991) Speculatively, antiganglioside antibodies in patients with CD might arise through antigen molecular mimicry and antibody cross-reactivity with foreign glycolipids or glycoproteins. Alternatively they may occur as a consequence of neo-epitope formation.(Green et al. 2005) It should also be appreciated that any impact that other concurrent disorders (such as diabetes mellitus, autoimmune thyroid disease or vitamin deficiencies) may have on coeliac neuropathy is yet to be ascertained. 
Data analyzing the effect gluten-free diet has on coeliac neuropathy is sparse and mainly entails low-level evidence provided by single or multiple case reports. Patients have been shown to suffer clinical deterioration following poor dietary adherence but have also shown subsequent improvement when strict dietary practice was resumed.(Kaplan et al. 1988; Polizzi et al. 2000) Conversely, peripheral neuropathy is said to develop or worsen despite dietary adherence.(Cooke et al. 1966; Chin et al. 2003; Luostarinen et al. 2003) It should be stressed that not all studies define what is meant by dietary adherence. For instance, a study by Tursi et al. failed to show improvement in neuropathy in 12 patients apparently maintaining a gluten-free diet. However, complete antibody elimination was not evident in all patients and 83% of the subjects still had enteropathic lesions on duodenal biopsy at one-year follow-up.(Tursi et al. 2006) 
[bookmark: _Toc257903619]Gluten neuropathy
Akin to GA, Hadjivassiliou and colleagues used the term ‘gluten neuropathy’ to define those patients with apparently sporadic idiopathic neuropathy that had serological evidence of gluten sensitivity (antigliadin antibodies) but lacked an alternative aetiology.(Hadjivassiliou et al. 2010b) Like coeliac neuropathy, most patients suffer a symmetrical sensorimotor axonal peripheral neuropathy.(Hadjivassiliou et al. 2006a) The disease tends to be slowly progressive with a mean age of onset at 55-years. A third of patients have evidence of enteropathy on biopsy (i.e. they also have CD) but the presence or absence of enteropathy does not predetermine the effect of a gluten-free diet.(Hadjivassiliou et al. 2006b) In a non-randomised trial consisting of 25 neuropathy patients with raised antigliadin antibodies versus 10 controls (gluten neuropathy patients who refused a gluten-free diet), the authors found significant improvement in neuropathy after one year when the outcome measure was mean change in sural nerve action potential amplitude (p=0.04).(Hadjivassiliou et al. 2006b) 
[bookmark: _Toc257903620]Headaches and coeliac disease
Migraine-type headache may be the presenting feature of CD.(Serratrice et al. 1998; Benjilali et al. 2012) Gabrielli et al. found a higher prevalence of migraine-like headaches in 90 patients with CD compared with 236 blood donor controls (4.4% vs. 0.4%, p<0.05).(Gabrielli et al. 2003) Burk and colleagues reported as many as 28% of patients with CD may suffer headaches.(Burk et al. 2009) Four of 79 (5%) patients with headaches had CD on duodenal biopsy compared with 0.6% of controls.(Lionetti et al. 2009) Contrariwise, Inaloo et al. found no significant difference in the prevalence of CD when comparing 100 subjects with migraines with 1500 controls (2/100 (2%) patient group vs. 30/1500 (2%) control group).(Inaloo et al. 2011) In the few reports available, headaches appear to improve on a gluten-free diet.(Gabrielli et al. 2003; Burk et al. 2009; Lionetti et al. 2009)
[bookmark: _Toc257903621]Coeliac disease and white matter abnormalities
A higher than expected prevalence of cerebral white matter abnormalities (WMAs) has been observed in patients with CD.(Kieslich et al. 2001). WMAs describe abnormal areas of hyperintensity within the cerebral white matter as depicted on T2-weighted MR imaging. The aetiology of these lesions is unknown. In two cases in which autopsy data were available, cerebral histology revealed a vasculitic picture.(Rush et al. 1986; Mumford et al. 1996) 
In some cases the WMAs have mimicked amyotropic lateral sclerosis on MR imaging but have improved after gluten-free diet institution.(Turner et al. 2007; Brown et al. 2010) WMAs will be discussed in more detail in later sections. 
[bookmark: _Toc257903622]Gluten encephalopathy
In 2001, Hadjivassiliou et al. used the term “gluten encephalopathy” to describe ten patients (age range 37 to 73 years) that had the combination of antigliadin antibodies, migrainous headache and WMAs. Headaches were typically episodic and mimicked migraine and were occasionally associated with focal neurological deficit. Following introduction of a gluten-free diet the headaches resolved in seven of the ten patients.(Hadjivassiliou et al. 2001b)
In 2010, the same authors stated they had encountered 61 patients (including the initial ten) with gluten encephalopathy over a 14-year period at their combined gluten sensitivity/neurology clinic. The prevalence of coeliac-type enteropathy was said to be higher than observed in patients with GA and gluten neuropathy (57% vs. 36% and 26% respectively) The group also reported that a gluten-free diet could arrest progression of WMAs and implied a causal link between gluten and the encephalopathy.(Hadjivassiliou et al. 2010b) Contrariwise, Paul and co-workers found no significant difference in the prevalence of antigliadin and anti-TG2 antibodies in 86 patients with non-multiple sclerosis WMAs compared with healthy controls and compared with patients with multiple sclerosis (9.3% vs. 7.7% and 12.5% respectively).(Paul et al. 2008) Similarly, Schlesinger et al. found no anti-gliadin antibody positive cases from a group of 25 patients with migraine.(Schlesinger et al. 1997)
[bookmark: _Toc257903623]Other neurological conditions linked with coeliac disease
A recent study suggests that patients (adults and children) with CD have an approximately 1.4-fold increased risk of epilepsy.(Ludvigsson et al. 2012) The association between CD and epilepsy has also been reported elsewhere(Chapman et al. 1978; Fois et al. 1994; Cronin et al. 1998; Lionetti et al. 2010) but a precise mechanism linking the two conditions remains unclear. Epilepsy may occur before or after the onset of CD, suggesting a common aetiology or predisposition rather than CD being the cause of epilepsy per se.(Ludvigsson et al. 2012) A specific type of focal epilepsy that occurs with bilateral occipital calcification appears to have a strong link with CD.(Gobbi et al. 1992; Magaudda et al. 1993) This condition, which has been primarily reported in Italian populations, tends to affect young patients (mean age 16 years) with the majority suffering complex partial seizures that are typically refractory to antiepileptic medication.
Less common associations with CD include inflammatory myopathies,(Henriksson et al. 1982) myoclonus(Javed et al. 2012) and palatal myoclonus.(Kheder et al. 2012) (Appendix A1.1) There have also been case reports or small series describing patients with CD that have also suffered movement disorders (e.g. chorea(Pereira et al. 2004)), cerebral abnormalities (e.g. vasculitis(Rush et al. 1986) or progressive leukoencephalopathy(Beyenburg et al. 1998)) and neuromuscular dysfunction.(Hadjivassiliou et al. 1997) The frequency of CD in patients with Down’s syndrome may be as high as 7%.(Roizen et al. 2003) Recently, cognitive performance has been shown to be impaired in elderly patients with CD on a gluten free diet compared with controls(Casella et al. 2012) and patients with CD may be at a higher risk of depression and/or anxiety-related illness.(Addolorato et al. 1996; Carta et al. 2002)
[bookmark: _Toc257903624]Gluten and alcohol
Recently, excessive alcohol consumption has been shown to mediate IgA immune responses against TG2,(Koivisto et al. 2008) raising the possibility of a co-existing pathological process that may involve both alcohol- and gluten. A disease common to both substances is cerebellar ataxia. (Table 1-5) Akin to histological findings in GA, chronic alcohol consumption has been correlated with reduction in cerebellar Purkinje cell density and volume.(Phillips et al. 1987; Baker et al. 1999) Both substances are also believed to particularly target the superior cerebellar vermis.(Cavanagh et al. 1997; Hadjivassiliou et al. 2003b) Patients with alcohol-related cerebellar degeneration can demonstrate the same clinical symptoms as patients with GA. Alcohol-induced intestinal mucosal lesions, along with increased gut permeability, leading to the exposure of new antigens, (such as gliadin peptides), which are considered foreign by the mucosal system(Koivisto et al. 2008) is one potential mechanism, which may explain a link between alcohol and gluten. Speculatively, any compromise to the blood brain barrier (such as is thought to occur in GA (Hadjivassiliou et al. 2010b) and alcohol abuse(Alikunju et al. 2011)) could theoretically, expose the brain to antigens or immune complexes and lead to/potentiate neurological damage. 
As a disease entity GA is in its relative infancy and still has its opponents. As such not all neurological centres will investigate gluten-related serology in patients with sporadic ataxia, particularly if there is a strong history of alcohol abuse. Thus, the prevalence of gluten-related serology in patients with alcohol-related ataxia is unknown, as is the prevalence of HLA-DQ2/DQ8 genotype in this patient group. A study investigating these parameters may provide further insight into a potential link between alcohol and gluten.
[bookmark: _Toc257903625]Section summary
Current estimates suggest approximately 1/5th of patients with CD may have concurrent neurological dysfunction. The number of patients with gluten-related disorders that suffer neurological problems is likely an order of magnitude more common. One of the most frequent neurological manifestations of gluten-related illness is ataxia, a cardinal feature of cerebellar disease. In patients with gluten-related ataxia, there exists evidence for an immunological reaction centred on the cerebellum that causes irreversible loss of Purkinje cells. Antibodies against transglutaminases may play an aetiological role. Recently, excessive alcohol intake has been shown to be associated with antibodies against TG2, raising the possibility of an association between alcohol and sensitivity to gluten. Both of these substances are known to cause cerebellar degeneration but investigations into the prevalence of gluten-related serology in patients with alcohol-related ataxia are yet to be conducted. 
Given that the literature on gluten-related neurological dysfunction is supportive of a pathological process that primarily involves the cerebellum, it seems prudent to examine its structure and function in the next section.


[bookmark: _Toc257903626]Section 3: Cerebellar structure and function
At the turn of the 19th century the German phrenologist Franz Joseph Gall proposed the cerebellum the organ of sexuality. He believed the cerebellum to be key to the then termed act of philoprogenitiveness (love of making babies).(Combe et al. 1838) This proposal had its supporters. Voisin studied the heads of 372 convicts sentenced to the gallows at Toulon. On the basis of the shape of their skulls he identified 20 as potential sex offenders and he was correct in 13 counts. At a similar time, Ferroresi of Torino claimed he had obtained the cure of a young girl afflicted with nymphomania and two young men who suffered from a habit of masturbation by the simple application of ice to the back of the head, below the occipital protuberance.(Glickstein et al. 2009) The phrenologist’s sexual theory was shortly disproven by Pierre Flourens (1794 – 1867) when he removed the cerebellum of a mature rooster and observed that the animal was still deeply interested in hens, but lacked the motor coordination to allow him to express his feelings.(Glickstein et al. 2009)
Work by Flourens and others led to the conventional view that the cerebellum is primarily an organ of motor control. Indeed, the importance of the cerebellum in the coordination of movement is undisputed.(Apps et al. 2005) It integrates a huge amount data received from the brain and spinal cord to generate smooth coordinated movements and assist in motor planning. Currently, theories for its role in conventional motor circuitry continue to expand. Many of these are computational models, largely inspired by the apparent disparity between the cerebellum’s functional diversity and its comparatively homogeneous microarchitecture. Moreover, theories outside of motor control are also being proposed such as its involvement in higher order cognitive function.(Middleton et al. 1998) Cerebellar networks show long-term synaptic plasticity suggesting that experience-dependent adaptive and learning processes also feature in cerebellar function.(Apps et al. 2005) As such, consensus concerning cerebellar function is yet to be achieved.(Manto et al. 2012)
Basic information on cerebellar function may still be obtained through the traditional analysis of the effect cerebellar lesions have on the body. This in turn, requires knowledge of cerebellar anatomy.
[bookmark: _Toc257903627]Gross anatomy
The cerebellum, literally meaning “little brain,” lies in the posterior fossa, beneath the tentorium cerebelli and behind the brain stem and the 4th ventricle. (Figure 1-3) It is connected to the dorsal aspect of the midbrain, pons and medulla through three paired white matter tracts called the superior, middle and inferior cerebellar peduncles respectively. 
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[bookmark: _Toc245823897]Figure 1‑3 Gross intracranial anatomy
Sagittal T1-weighted MR image of the brain demonstrating the gross anatomy of the cerebellum in relation to the cerebrum and brainstem. M = Midbrain, P = pons, m = medulla oblongata, 4th = 4th ventricle.

The surface of the cerebellum is folded like an accordion to increase surface area. This creates deep fissures, the most prominent of which is the primary fissure, which subdivides the cerebellum into anterior and posterior lobes. The cerebellum may also be appreciated as having two lateral hemispheres and a midline vermis. Figure 1-4
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[bookmark: _Toc245823898]Figure 1‑4 Lobar divisions of the cerebellum 
Coronal T1-weighted MR images through the posterior fossa. Top image shows the cerebellum to consist of a centrally located vermis, with its inferior nodule, and two laterally located hemispheres. Bottom image demonstrates the use of the primary fissure in dividing the cerebellum into anterior and posterior lobes.

Between the fissures, the cerebellar surface consists of small ridges called folia, separated by sulci. Deep to the surface cortex of grey matter lies white matter, which on sagittal section is said to resemble a branching tree. Figure 1-5a
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[bookmark: _Toc245823899]Figure 1‑5 Anatomy of the cerebellar vermis
Sagittal T1-weighted MR image of the cerebellar vermis. a) The branching pattern of white matter is thought to resemble a tree. Accordingly, it has been termed ‘arbor vitae’ (tree of life, with folia (as in foliage) meaning leaf, Latin). b) The cerebellar vermis may be divided into lobules: Lin, Lingula; Cen, Central; Cul, Culmen; Dec, Declive; Fol, Folium; Tub, Tuber; Pyr, Pyramis; Uvu, Uvula; Nod, Nodulus. White line depicts the primary fissure. Ton = Cerebellar tonsil.


Embedded in the white matter of each cerebellar hemisphere lie the paired deep cerebellar nuclei. From lateral to medial they comprise the dentate nucleus, the interposed nucleus (a combination of two small nuclei called globose and emboliform) and the fastigial nucleus.
Fissures divide the vermis into a number of lobules. (Figure 1-5b) The fissures are continuous across the midline so that each section of vermis has a lateral hemispheric portion.(Nolte 2002) The nodulus is the vermial portion of the paired laterally positioned flocculi, small appendages in the posteroinferior aspect of the cerebellum. Together the flocculi and nodulus comprise the flocculonodular lobe, which is separated from the posterior lobe of the cerebellum by the posterolateral fissure. (Figures 1-6a and 1-7)
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[bookmark: _Toc245823900]Figure 1‑6 Lobular and functional division of the cerebellum
Anatomical and functional divisions of the cerebellum. (a) The cerebellum can be divided into three lobes: anterior and posterior lobes and the flocculonodular lobe. It may also be appreciated that the fissures are continuous across the midline so that each vermian lobule has corresponding hemispheric portions. (b) Image depicts the functional division of the cerebellum based on input.
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[bookmark: _Toc245823901]Figure 1‑7 Cerebellar peduncles and flocculus
Coronal T1-weighted MR image through the posterior fossa. Note the laterally positioned paired flocculi, which together with the nodulus of the vermis form the flocculonodular lobe. The superior and middle cerebellar peduncles can also be appreciated.


The flocculonodular lobe is considered to be the oldest part of the cerebellum phylogenetically, and as such it is also termed the archicerebellum. The anterior lobe corresponds approximately to the paleocerebellum, which is the second oldest part of the cerebellum phylogenetically. The posterior lobe, or neocerebellum, is considered the youngest part of the cerebellum. It receives projections from the cerebral hemispheres and is greatly expanded in mammals that have developed an extensive cerebral cortex.(Gilman et al. 1996)
[bookmark: _Toc257903628]Cerebellar circuitry 
Cerebellar circuitry may be appreciated as having three main components: (1) afferent fibers that project to the cerebellar cortex from an extra-cerebellar source, (2) fibers that form an intra-cerebellar network that principally connects the cerebellar cortex to the deep cerebellar nuclei, and (3) efferent fibers, primarily originating from the deep cerebellar nuclei that exit the cerebellum and project to spinal, brainstem, thalamic or cortical structures. 
[bookmark: _Toc257903629]Afferent pathways of the cerebellum
Anatomical divisions have been applied to summarize input pathways to the cerebellum. The vestibulocerebellum refers to the flocculonodular lobe and part of the uvula, and receives vestibular inputs. The spinocerebellum comprising the vermal and intermediate zones (barring the nodulus and uvula) receive spinal inputs (and head and neck equivalent via the trigeminal system). The cerebrocerebellum refers to the lateral parts of the cerebellar hemispheres as they receive projections from the cerebral cortex (via relays in the pontine nuclei).(Nolte 2002) Figure 1-6b
All of the somatosensory input travelling to the cerebellum from the head and body traverses the inferior cerebellar peduncle with the exception of the anterior spinocerebellar tract, which travels in the superior cerebellar peduncle. Table 1-6 charts the various inputs to the cerebellar cortex.











[bookmark: _Toc244616563]Table 1‑6 Inputs to the cerebellar cortex
	Tract
	Origin
	Major Input
	Cerebellar Peduncle
	Midline Crossing
	Cerebellar Termination

	Anterior Spinocerebellar 
	Spinal border cells (T12 – L5)
	Somatosensory (i.e. mechanorecptors skin, muscles, joints) from trunk/lower limb
	Superior
	Once in the cord, again in the cerebellum
	Ipsilateral spinocerebellum (i.e. vermis/intermediate zone)

	Pontocerebellar 
	Pontine nuclei
	Cerebral cortex – motor/pre-motor areas predominate, also visual, limbic and association areas
	Middle
	Almost all fibers (barring some destined for the vermis) cross in the basal pons
	All contralateral areas$

	Posterior Spinocerebellar



Cuneocerebellar




Olivocerebellar (climbing fibers)










Trigeminocerebellar



Reticulocerebellar




Vestibulocerebellar
	Clarke’s nucleus+ (T1 – L2/3)



Lateral cuneate nucleus++



Inferior olivary/accessory olivary nuclei, medulla








Spinal, main sensory nuclei (V cranial nerve)

Lateral, paramedian, reticular tegmental nuclei

Vestibular ganglion (primary afferents),
Vestibular nuclei (second-order fibers)
	Proprioceptive & exteroceptive information from trunk/lower limb

Proprioceptive & exteroceptive information from trunk/upper limb

Inputs to olivary nuclei include fibers from the ipsilateral red nucleus, spinal inputs, both cerebral cortices (mainly motor) and cerebellum (contralateral dentate and interposed nuclei). 

Somatosensory (mechanoreceptor skin, muscles, joints)






Information from semicircular canals (coordinating postural adjustments)
	Inferior




Inferior




Inferior











Inferior



Inferior & Middle**



Inferior&
	None




None




Cross to enter the contralateral inferior cerebellar peduncle






None



None




Some second order fibers cross in the brainstem***
	Ipsilateral spinocerebellum 



Ipsilateral spinocerebellum



All contralateral areas










Ipsilateral spinocerebellum


Mainly ipsilateral spinocerebellum+++



Ipsilateral nodulus and uvula (primary afferents) and bilateral flocculus, nodulus and vermis (second-order fibers)

	* Exclusive of inputs from the deep cerebellar nuclei and inputs from the raphe nuclei and locus ceruleus. The locus ceruleus gives rise to noradrenergic fibers that enter the cerebellum through the superior cerebellar peduncle and terminate in all parts of the cerebellar cortex. Serotonergic fibers from the raphe nuclei of the brainstem also project to all lobules of the cerebellum. Both sets of forgoing fibers are thought to have an inhibitory effect on Purkinje cells.( Gilman et al. 1996)
** Reticular tegmental nucleus projects through the middle cerebellar peduncle.
*** 1st order afferents arise from Scarpa’s ganglion (internal auditory meatus) and travel in the vestibular portion of the VIII cranial nerve. Most synapse in the medial and inferior vestibular nuclei in the brainstem but some pass directly to the cerebellum. 2nd order fibers arise from vestibular nuclei and pass to the cerebellum.
$ Possible exception of the nodulus – pontocerebellar input to flocculonodular lobe is sparse.
+ As Clarke’s nucleus does not exist caudal to L2, neither does the posterior spinocerebellar tract. Instead, afferents caudal to L2 ascend to that level in fasciculus gracilis to synapse with Clarke’s nucleus.
++ The lateral cuneate nucleus lies in the dorsolateral medulla and receives mechanoreceptive afferents from the upper limbs, which ascend to the medulla in the fasciculus cuneatus. The lateral cuneate nucleus is analogous to Clarke’s nucleus for the lower limb.
+++ The reticular tegmental nucleus projects visual information to the flocculus, where it is used to control eye movements.
& As part of the juxtarestiform body, which also carries efferent fibers of the cerebellovestibular tract.



[bookmark: _Toc257903630]Microcircuitry of the cerebellar cortex
The cerebellar cortex is regular and comprises three layers: an outer layer (molecular layer), formed by stellate and basket cells; a central layer (Purkinje layer) composed of Purkinje cells and; an internal layer (granular layer) formed by granule cells and Golgi cells. The cortex also has a relatively simple synaptic organization comprising (a) inputs (excitatory) from mossy and climbing fibers, (b) interneurons, which are stellate, basket and Golgi cells (all inhibitory) and granule cells (excitatory) and, (c) one output (inhibitory) from Purkinje cells.
Glutamatergic mossy fiber afferents are derived from the spinal cord, pontine nuclei, vestibular ganglia and nuclei, trigeminal nuclei, reticular formation nuclei and deep cerebellar nuclei (Table 1-6) They ascend through the white matter of the cerebellum to the granular layer where they synapse with dendrites from the glutamatergic granule cells. The unmyelinated axons of granule cells in turn, ascend to the molecular layer where they bifurcate into parallel fibers. Parallel fibers run parallel with the folia and perpendicular to the dendritic trees of Purkinje cells. Over their course, each parallel fiber forms excitatory synapses with numerous Purkinje cells, causing them to discharge ‘simple spikes’ (conventional action potentials).(Apps et al. 2005) Purkinje cells are large, GABAergic neurons and serve as the sole output of the cerebellar cortex. Their myelinated axons terminate on neurons of the cerebellar nuclei and vestibular nuclei.
Climbing fibers arise exclusively from neurons in the contralateral inferior olivary nucleus and synapse with Purkinje cells. There are approximately ten times as many Purkinje cells as there are cells in the inferior olive, thus each olivocerebellar fiber branches into about 10 climbing fibers.(Gray et al. 2005)
Moreover, each Purkinje cell receives input from just one climbing fiber, but the contact is so extensive that climbing fibers (through the neurotransmitter aspartate) generate the largest depolarizing event seen in any neuron, known as a complex spike.(Apps et al. 2005) This characteristic burst of impulses results in a sustained decrease in the response of Purkinje cells to synaptic inputs from parallel fibers.(Blumenfeld 2002) Figure 1-8
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[bookmark: _Toc245823902]Figure 1‑8 Basic structure of the cerebellar cortex 
Three layers can be appreciated: the outer molecular layer, middle Purkinje cell layer and the inner granular layer. Purkinje cells receive input from two main sources: parallel fibers and climbing fibers. Parallel fibers represent the axons of granule cells, which receive somatosensory information from the body via mossy fibers. Mossy fibers also make excitatory synaptic contact with Golgi cells and in some cases mossy and climbing fibers provide collaterals to the deep cerebellar nuclei en route to the cerebellar cortex. Cell bodies of climbing fibers originate in the inferior olivary nucleus (medulla oblongata). Parallel fibers extend for 2-3 mm to each side of the bifurcation point. Each Purkinje cell receives as many as 175,000 parallel fibers synapses. In contrast, each Purkinje cell comes into contact with only one climbing fiber via numerous discrete synaptic junctions formed on stubby dendritic spines.(Ito 2001) Parallel fibers also make excitatory synaptic contact with stellate and basket cells. With the exception of granule cells, all cerebellar cortical neurons make inhibitory synaptic connections with their targets. Purkinje cells represent the only output of the cerebellar cortex, sending axons to the deep cerebellar nuclei and vestibular nuclei. Figure adapted from previously published literature.(Apps et al. 2005)

Mossy fibers, granule cells and Golgi cells also coalesce in the granule cell layer to form complex synapses called cerebellar glomeruli. The glomeruli are encapsulated in a glial sheath and can be identified on histological sections as small clearings among the granule cells. The two input fibers (terminal axons of mossy fibers and Golgi cells) form synapses with the postsynaptic granule cell dendrites.(Blumenfeld 2002) Figure 1-9
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[bookmark: _Toc245823903]Figure 1‑9 Cerebellar glomerulus 
As each mossy fiber traverses the cerebellar white matter its branches diverge to enter several adjacent folia. Within each folium these branches expand into grape-like synaptic terminals called mossy fiber rosettes. Approximately 20 claws - the dendritic terminations of granule cells, surround each rosette. Some Golgi dendrites divide in the granular layer and join cerebellar glomeruli. Excitation of granule cells can occur when receptors on granule cell claws are activated by glutamate released by mossy fibers. Conversely, inhibition of granule cells may be achieved by GABA, released from Golgi cell axons acting on receptors on granule cell claws. Excitation or inhibition of granule cells will indirectly influence Purkinje cells through their interaction with parallel fibers. Figure adapted from published literature.(Gray et al. 2005)


A simple summation of this circuitry is that all axons projecting upward are excitatory (mossy, climbing and granule cell parallel fibers) while all axons projecting downward are inhibitory (Purkinje, basket, stellate and Golgi cells). Axons of the Purkinje cells are the sole output from the cerebellar cortex and they are ordered in a rather convenient manner. The laterally located dentate nucleus receives input from Purkinje cells in the lateral hemispheres, the interposed nucleus receives input from Purkinje cells in the intermediate zone and the medially located fastigial nucleus receives input from Purkinje cells in the vermis. The cerebellar cortex of the flocculonodular lobe does not project fibers to the deep cerebellar nuclei; rather it projects directly to the vestibular nuclei.
[bookmark: _Toc257903631]Efferent pathways of the cerebellum
The main output tracts from the cerebellum are listed in Table 1-7 and are illustrated in Figures 1-10 to 1-12.

[bookmark: _Toc244616564]Table 1‑7 Cerebellar efferent pathways
	Output tract
	Origin
(Nucleus)
	Cerebellar peduncle
	Termination

	Dentatothalamic

Cerebellorubral
Fastigioreticular

Cerebelloolivary
Cerebellovestibular
Cerebellar Reticular
	Dentate 

Interposed
Fastigial

Fastigial
Fastigial*
Fastigial
	Superior

Superior
Superior

Inferior
Inferior
Inferior
	Contralateral ventral intermediate and ventral anterior thalamic nuclei
Contralateral red nucleus 
Ipsilateral reticular nucleus of the midbrain, pons and medulla
Inferior olivary nucleus
Vestibular nucleus
Pontine and medullary reticular nucleus

	* Plus direct axons of Purkinje cells in flocculus, nodule and anterior and posterior vermis.
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[bookmark: _Toc245823904]Figure 1‑10 Cerebellar output from the dentate nucleus
The dentate nucleus (blue semicircle), which receives input from Purkinje cells in the lateral cerebellar hemisphere, projects efferent fibers to the contralateral thalamus (ventral lateral (VL) nucleus, orange circle) via the superior cerebellar peduncle (white oval). Fibers from the VL nucleus project to the motor cortex, premotor cortex, supplementary motor area, and parietal lobe to influence motor planning in the corticospinal systems.
Fibers from the dentate nucleus also terminate in the contralateral parvocellular division of the red nucleus (red oval). From here, fibers project to the ipsilateral inferior olive (green semicircle) via the central tegmentum. Climbing fibers originating from the inferior olive cross the medulla to enter the contralateral cerebellar hemisphere (via the inferior cerebellar peduncle). Thus, a complete loop is formed from lateral cerebellar hemisphere to dentate nucleus to contralateral parvocellular red nucleus to inferior olive and then crossing back to the original cerebellar hemisphere.(Blumenfeld 2002)
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[bookmark: _Toc245823905]Figure 1‑11 Cerebellar output from the interposed nucleus
The interposed nucleus (blue oval), which receives input from the spinocerebellum, projects fibers to the contralateral thalamic VL nucleus, which in turn projects to the motor, supplementary motor, and premotor cortex to influence the lateral corticospinal tract. Large white oval depicts the pyramidal decussation involving the corticospinal tracts.
Fibers from the interposed nucleus also travel to the contralateral magnocellular division of the red nucleus (red oval). From here, fibers descend in the contralateral rubrospinal tract after crossing in the ventral tegmental decussation (smaller white oval). Thus, note the ‘double crossing’ of pathways between the cerebellum and spinal cord, explaining why lesions of the cerebellum are ipsilateral to the affected body part.(Blumenfeld 2002)
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[bookmark: _Toc245823906]Figure 1‑12 Cerebellar output from the fastigial nucleus
Outputs from the vermis reach the fastigial nucleus (orange triangle) and are then carried out of the cerebellum via the uncinate fasciculus (red oval) to the tectal area and the thalamic VL nucleus (orange circle). From the thalamus, projections reach the cerebral cortex and have influence over the anterior corticospinal tract.
Vermian- fastigial fibers also exit the cerebellum via the juxtarestiform body, within the inferior cerebellar peduncle (white oval). These fibers reach the ipsilateral reticular formation and vestibular nuclei (green circle) to influence the reticulospinal and vestibulospinal tracts, respectively.
Fibers from the flocculonodular lobe also project to the vestibular nuclei. Connections between the cerebellum and vestibular nuclei are important for balance and equilibrium. Signals from the vestibular nuclei are also transmitted via the medial longitudinal fasciculus and other eye movement pathways to influence eye movements such as vestibule-ocular reflexes and smooth pursuit (not shown).(Blumenfeld 2002)







It can be appreciated that the motor output of the cerebellum (from cortex onwards) consists of (1) inhibitory projections from the Purkinje cells to the cerebellar and vestibular nuclei and (2) the efferent connections of the cerebellar nuclei to motor centres in the brainstem and motor cortex (via the thalamus). Hence, the cerebellum’s effect on movement is always indirect as there are no direct projections from the cerebellar nuclei to motor neurons.(Gray et al. 2005)

When summarizing cerebellar output it is convenient to subdivide each half of the cerebellum into three functional zones: (1) medial vermal region, (2) paravermal region (also called intermediate zone), and (3) lateral hemisphere region. Each zone projects Purkinje cell axons to a corresponding nucleus, the output of which helps maintain normal balance, posture, equilibrium and gait by influencing various motor pathways. Table 1-8

[bookmark: _Toc244616565]Table 1‑8 Cerebellar output divided into functional zones*
	Region
	Corresponding nucleus
	Functions
	Motor pathways influenced

	Vermis




Intermediate zone

Lateral hemisphere
	Fastigial




Interposed


Dentate
	Proximal limb and trunk coordination


Distal limb coordination

Motor planning for extremities
	Anterior corticospinal tract, reticulospinal tract, vestibulospinal tract, tectospinal tract

Lateral corticospinal tract, rubrospinal tract

Lateral corticospinal tract

	* The notable exception to the table is the flocculonodular lobe. Most fibers leaving this lobe do not relay in the deep cerebellar nuclei but instead pass directly to the vestibular nuclei within the brainstem. The flocculonodular lobe influences the medial longitudinal fasciculus and controls balance and vestibulo-ocular reflexes.
Table adapted from previously published literature.(Blumenfeld 2002)





[bookmark: _Toc257903632]Theories on cerebellar function
As the microstructure of the cerebellar cortex is largely uniform, it follows that its basic mode of operation (particularly in relation to motor performance) is also uniform. Operative input is provided by mossy fibers, which carry information from all levels of the spinal cord, in addition to sensory and motor information relayed from the cerebral cortex and subcortical motor regions. Operative output originates from Purkinje cells that are spatially organized into modules, i.e. discrete parallel zones that are coupled to deep cerebellar nuclei and in turn to different motor systems in the spinal cord, brainstem and cerebral cortex. Inhibitory interneurons act on this system to influence a specific combination of inputs to an appropriate output.(Gray et al. 2005) 
Increasingly theories on cerebellar function are based on mathematical models thanks largely to the emergence of computer simulation systems. No consensus exists between models but similar themes are demonstrated. In respect to motor control, the cerebellum appears to resemble an adaptive modulator that uses feedforward and feedback mechanisms to fine-tune movement.(Manto 2008) Its role as a timer or clock is thought to be important and its self-tuning properties are likely to be fundamental for motor learning.(D'Angelo et al. 2011)
The notion of motor learning (i.e. the ability to increase accuracy through repetition of action) has received a lot of attention. Current concepts imply a role for plasticity of the synapse between parallel fibers and Purkinje cells, with contribution from climbing fibers, which upon activation cause long-term depression of Purkinje cell firing.(Ito 2001) For example, parallel fiber input activates metabotropic glutamate receptors at the parallel fiber terminal on the Purkinje cell. Parallel fiber input also activates the ionotropic AMPA receptors. The metabotropic glutamate receptors activate phospholipase C, resulting in the formation of IP3 and DAG. Both of these second messengers help generate protein kinase C, which in turn phosphorylates proteins associated with AMPA receptors. Protein kinase C activity is greatly enhanced by increasing intracellular concentration of calcium. Climbing fibers, through their neurotransmitter aspartate, open calcium channels, resulting in raised protein kinase C activity, which causes internalization of phosphorylated AMPA glutamate channels. As a result, future subsequent activation of parallel fibers will have less excitatory effect on Purkinje cells – the so-called long-term depression effect. The overall effect of this activity is to ‘home in’ on the wanted movement (i.e. to pick the appropriate Purkinje cell – deep cerebellar nucleus output combination for the required action). Climbing fibers are therefore thought to relay an “error signal” that helps suppress the unwanted components of the action.(Swenson 2006)
[bookmark: _Toc257903633]Cerebellar symptoms
Cerebellar lesions typically result in a characteristic type of uncoordinated movement, termed ataxia (literally meaning absence of order). Based on clinical signs and symptoms a few simple principles can be applied to help discriminate the location of a cerebellar lesion. Following the anatomical review it can be appreciated that the vermis affects primarily the medial motor systems (i.e. trunk and proximal limbs). Thus, lesions at this location cause truncal ataxia, with the patient demonstrating an unsteady, broad-based gait. These patients also have difficulty performing tandem walking - the act in which the heel touches the toe with each step. Titubation, a tremor of the trunk or head, may be present and in severe cases, individuals may have difficulty sitting up unsupported. The intermediate and lateral portions of the hemispheres influence the lateral motor systems (i.e. the extremities). Accordingly, these patients suffer appendicular ataxia, which typically results in a combination of dysmetria and dysrhythmia. Dysmetria is abnormal undershoot (hypometria) or overshoot (hypermetria) during movements towards a target and can be appreciated by asking the patient to repeatedly move their index finger between their nose and an examiners finger, which is positioned at arms-length in front of the patient. Alternatively, the patient (whilst in a supine position to avoid gravitational affect) is asked to move their heel from their knee down the shin in a straight, continuous stroke. During movements towards a target the patient may also demonstrate an intention tremor whereby their extremity is seen to irregularly oscillate in multiple planes throughout the trajectory.(Blumenfeld 2002) Dysrhythmia reflects abnormal rhythm and timing of movements and can be elicited with the patient attempting to perform rapid repetitive movement such as tapping fingers together, hand on the thigh or foot on the floor. Dysdiadochokinesia refers to the inability to perform rapidly alternating movements such as alternately tapping one hand with the palm and then dorsum of the other hand.(Blumenfeld 2002) Patients may also demonstrate myoclonus, a focal, unilateral or bilateral sudden and rapid muscular jerk. Palatal myoclonus refers to rhythmic involuntary movements of the palate, which in opposition to other forms of myoclonus, characteristically persists during sleep. Patients may complain of a clicking sound arising from the palate. 
The cerebellum is involved in all classes of eye movements and gaze fixation.(Manto et al. 2012) Specifically, the vestibulocerebellum (flocculonodular lobe, uvula, tonsil and cerebellar pyramid) is important for steady gaze holding, smooth pursuit, and the vestibulo-ocular reflex.[footnoteRef:1](Baier et al. 2009) The oculomotor cerebellum (dorsal vermis (declive, folium, tuber), fastigial nucleus and ansiform lobe (a section of the posterior cerebellum)) is principally involved in the control of saccades but also contributes to smooth pursuit and vergence.(Manto et al. 2012) One of the most notable signs of cerebellar ocular disturbance is gaze-evoked nystagmus. This sign is appreciated with the patient looking at a target in the periphery so that the eye is in an eccentric position in the orbit. Centripetal slow phases followed by fast phases toward the target can then be discerned. It may occur in horizontal, vertical or both dimensions and its occurrence is linked to a defective neural integrator.(Zee et al. 1980; Manto et al. 2012) [1:  The vestibulo-ocular reflex (VOR) stabilizes the eyes on an image during head and body movements.Blumenfeld, H. (2002). Cerebellum. Neuroantaomy through clinical cases. Sunderland, MA, USA, Sinauer: 653-687.] 

The flocculonodular lobe has impact over vestibular and ocular function. Disturbance here may affect equilibrium, (leading to nausea, vomiting, and/or vertigo) and abnormal eye movement. 
[bookmark: _Toc257903634]Section summary
The cerebellum is essential for normal motor control and may play an integral role in higher order function. Central to its performance are the Purkinje cells, which provide a link between the multitude of input fibers and output connections. Knowledge of the functional anatomy of the cerebellum helps one to appreciate that damage to the Purkinje cells, such as occurs in patients with gluten-related ataxia, can lead to problems with coordination, balance, speech and ocular motion. These complications may be detected clinically by the demonstration of signs such as gait ataxia, dysrhythmia, dysmetria, nystagmus and myoclonus. 
Earlier sections have indicated the current lack of routinely available, specific serological markers of gluten-related neurological dysfunction. MR imaging can provide a valuable insight into underlying brain structure and function in vivo. Moreover, MR imaging sequences targeted at the cerebellum may provide alternative biomarkers for gluten-related neurological disease. The following section will introduce MR imaging and will explore current literature regarding its potential use as a surrogate biomarker in patients with gluten-related disorders.



[bookmark: _Toc257903635]Section 4: MR imaging biomarkers of gluten-related neurological dysfunction
MR imaging can provide a valuable, non-invasive, in vivo insight into underlying brain structure and function. Specifically, MR spectroscopy can reveal details of the underlying chemical environment of a particular brain region. Abnormal spectra imply neurological dysfunction, which may be present despite apparently normal structural imaging. Computer-based analytical tools are now available that, through manipulation of MR images, can deliver quantitative volumetric assessment of cortical and subcortical brain tissue, including the evaluation of grey matter density change, through voxel-based morphometry (VBM). Biomarkers such as these may prove useful in the clinical appraisal of patients with gluten-related neurological dysfunction. For instance, information on cerebellar volume, cerebellar neurochemistry, regional grey matter atrophy and the burden of WMAs are all pertinent to this patient group and may be assessed in combination with the clinical scenario (e.g. ataxia severity) to provide an indicator of disease status.
This section provides an overview of specific MR imaging biomarkers (cerebellar volume, VBM, MR spectroscopy and WMAs) that may be used in clinical neuroradiology to further assess brain abnormalities in patients with gluten-related neurological dysfunction. The basic physics of MR imaging,(Currie et al. 2013e) the essential principles governing MR spectroscopy,(Currie et al. 2013b) and the current use of MR imaging as a biomarker for adult patients with progressive ataxia(Currie et al. 2013a) have recently been reviewed and will not be repeated here.(See appendices A1.2 to A1.4) 
[bookmark: _Toc257903636]MR spectroscopy
Manipulation of the 1H proton is used to generate a quantifiable spectrum of various neurometabolites. One of two methods is generally applied: single voxel spectroscopy – providing a spectral trace of metabolites within a small volume of tissue (voxel) or magnetic resonance spectroscopic imaging (MRSI) (also referred to as chemical shift imaging (CSI)), which allows the selection of a large volume of tissue, comprising many voxels with each giving rise to a spectrum simultaneously. Generally, single voxel spectroscopy is performed when localized accurate measurements of neurometabolites are required whereas MRSI is utilized when information on spatial distribution is desired.
Resonances of particular interest include N-acetyl aspartate, choline and creatine. These are typically detected using an intermediate echo time. (Figure 1-13) Other resonances may be detected at short echo time such as, myo-inositol, glutamine and glutamate, and lactate. (Figure 1-14) 
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[bookmark: _Toc245823907]Figure 1‑13 Normal single voxel 1H MR spectroscopy of the superior cerebellar vermis (intermediate echo time)
Top image illustrating the voxel (red box) position over the superior cerebellar vermis. Bottom image: Normal proton MR spectrum comprising a set of resonances (peaks) distributed along the x-axis, labeled in parts per million (ppm). The amplitude of the resonances is measured on the y-axis typically using an arbitrary scale. Three prominent peaks are consistently seen: N-acetyl aspartate (NAA) at 2.02; Creatine (Cr) at 3.02; and Choline (Cho) at 3.2 when depicted in ppm. Although the positions of the resonances along the x-axis are constant, the relative heights of the resonances can differ depending on various MR imaging parameters. (Spectral data obtained at intermediate echo-time (TE) by single-voxel 1H MR spectroscopy of the cerebellar vermis using a point-resolved spectroscopic (PRESS) sequence (echo-time/relaxation time = 144/2000 msec, from 3T Philips Intera, Best, Netherlands)).(Currie et al. 2013b) 
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[bookmark: _Toc245823908]Figure 1‑14 Single voxel 1H MR spectroscopy of the superior cerebellar vermis (short TE)
Spectral data obtained at short-echo time by single-voxel 1H MR spectroscopy of the cerebellar vermis using a stimulated echo acquisition mode sequence (echo-time/relaxation time = 20/2000 msec, from 3T Philips Intera, Best, Netherlands). Note that in addition to the resonances of N-acetylaspartate, choline and creatine, resonances of myoinositol (mI), glutamine and glutamate (Glx) can now be appreciated.


Much has still to be learned of the metabolic principles governing these chemicals but conclusions drawn from alterations in their resonances in the context of pathology are currently accepted. N-acetyl aspartate (NAA) is considered a marker for neuronal and axonal integrity with reductions signifying neuronal loss and/or damage.(Moffett et al. 2007) Choline (Cho), represents the constituents of the cell membrane and is a marker for cell turnover.(Ross et al. 2001) Increases may be seen in conditions corresponding to rises in cell turnover, cell number, membrane synthesis, or membrane breakdown, such as malignancy and demyelination.(Miller 1991; Castillo et al. 1996) Creatine (Cr), including phosphocreatine is a marker for brain energy metabolism. Its concentration is relatively stable even in disease states and for this reason it is used as an internal standard from which ratios of other metabolites are generated.(Rosen et al. 2007) Myo-inositol (mI) has a high intracellular concentration in astrocytes and is considered a glial marker; its increase is consistent with gliosis.(Farina et al. 2008) The intimately related amino acids glutamine and glutamate (often referred collectively as Glx) are involved in brain neurotransmission. Glutamine is an astrocyte marker that is often found increased in hepatic encephalopathy, hypoxic-ischemic events, and hyperosmolar states and decreased in Alzheimer’s disease and hyponatremia.(Mountford et al. 2010) The significance of lactate signal on spectroscopy is unclear, however healthy tissues do not have sufficient lactate to be detectable by MR spectroscopy.(Mountford et al. 2010) It has been associated with glycolytic metabolism(Prichard 1991), alterations in mitochondrial metabolism(Barkovich et al. 1993), and activation of macrophages.(Petroff et al. 1992) Its presence provides diagnostic value in cases of brain injury where hypoxia is part of the differential. 
Occasionally, unexpected resonances are detected on the proton spectrum. Perhaps the most ‘familiar’ of these is alcohol (ethanol), seen as a triplet peak at 1.3 ppm. Figure 1-15
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[bookmark: _Toc245823909]Figure 1‑15 Single voxel 1H MR spectroscopy demonstrating an alcohol peak
Spectral data obtained from the superior cerebellar vermis of a healthy male volunteer at one hour following the ingestion of 4 units of alcohol demonstrates the alcohol peak at 1.3 ppm. (Single-voxel 1H MR spectroscopy, PRESS sequence, echo-time/relaxation time = 144/2000 msec, from 3T Philips Intera, Best, Netherlands).


Wilkinson et al. used single voxel 1H MR spectroscopy of the right cerebellar hemisphere to investigate the presence of abnormal underlying cerebellar neurochemistry in patients with GA.(Wilkinson et al. 2005) The group demonstrated significant reduction in mean NAA concentration at short echo-time and in NAA/Cho ratios at intermediate echo-time in subjects compared with healthy controls. The authors concluded that cerebellar neuronal physiology is abnormal in patients with GA even in the absence of cerebellar structural deficit and that MR spectroscopy may prove a useful tool for monitoring disease.(Wilkinson et al. 2005) A recent study examined cerebellar atrophy and cerebellar MR spectroscopy in patients with GA (n=22, mean age 59 years, mean duration of ataxia 8 years), Friedreich’s ataxia (n=6, mean age 33 years, mean duration of ataxia 19 years), spinocerebellar ataxia 6 (n=6, mean age 61 years, mean duration of ataxia 9 years) and 21 healthy controls.(Hadjivassiliou et al. 2011b) Cerebellar atrophy was graded subjectively by a neuroradiologist and the MR spectroscopy voxel was placed over the right dentate nucleus. The only abnormality seen in the Friedreich’s ataxia group was significant atrophy of the superior vermis, which was reflective of the clinical presentation of primary gait ataxia. Conversely the spinocerebellar ataxia 6 and GA groups demonstrated significant atrophy of the vermis and hemispheres. The only statistically significant difference in MR spectroscopy was found between the GA group (NAA/Cr 1.17) and controls (NAA/Cr 1.39, p=0.02).
[bookmark: _Toc257903637]FMRIB software library
FMRIB software library (FSL[footnoteRef:2]) is a freely available, downloadable computer package containing image analysis and statistical tools for the evaluation of structural, functional and diffusion MR brain imaging data. Accordingly, analysis of cerebellar volume and grey matter voxel-based morphometry can be performed. [2:  FSL = FMRIB software library, created by The Analysis Group, FMRIB, Oxford, UK. A comprehensive library of analysis tools for MR imaging. http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/ ] 

[bookmark: _Toc257903638]Grey matter voxel-based morphometry
Grey matter voxel-based morphometry (VBM) is a neuroimaging analytical method that allows voxel-wise comparison of the local concentration of grey matter between two groups of subjects.(Ashburner et al. 2000) 
The technique forgoes a priori[footnoteRef:3] identification of a specific structure and instead provides an assessment of anatomical differences throughout the brain(Ashburner et al. 2000) whilst discounting differences in global brain shape.(Mechelli et al. 2005) The output is a statistical map detailing areas where grey matter differs significantly between groups. As such, it may be used as a way of locating areas of grey matter density loss (atrophy) in patients with gluten-related disorders compared with controls. [3:  a priori is used to describe knowledge that is independent of experience/requires no evidence or reasoning e.g. “all bachelors are unmarried.”
] 

The standard method for VBM can be broadly divided into two parts: (1) pre-processing and (2) statistical analysis. Pre-processing is comprised of: (a) spatial normalisation, (b) tissue segmentation, (c) modulation and (d) smoothing. 
[bookmark: _Toc257903639]Spatial normalisation
The structure of the human brain demonstrates notable consistency across individuals. Two cerebral hemispheres joined by commissural fibers and the presence of major landmarks such as the central and lateral sulci are present in virtually all subjects. However, a great deal of variability remains in the finer detail, even between identical twins.(Toga et al. 2005) The aim of spatial normalisation is to transform brain images from each individual in order to reduce the variability between subjects and to allow meaningful group analysis to be performed.(Poldrack et al. 2011) Spatial normalisation involves registering all subjects’ T1 volume images to the same template image. The first widely used template MNI305 (so called because it was developed at the Montreal Neurological Institute) was created by aligning a set of 305 images to a brain atlas using landmark-based registration thus, creating a mean of those brain images. Each image was then realigned to the mean image using a nine-parameter affine registration. FSL-VBM uses the template ICBM-152, which was developed by registering a set of higher-resolution images to the MNI305 template.(Poldrack et al. 2011)
Spatial normalisation is generally achieved in two steps. The first involves affine transformation i.e., using combinations of translation, rotation, scaling and sheering in order to map the individual images onto the template. The second step involves non-linear registration i.e. the process of warping an image to fit onto the template. This aligns sulci and other structures to a common space. 
Spatial normalisation does not attempt to match every cortical feature exactly as this would preclude the study of differences between subject groups, as all images would appear identical. Rather, it corrects for global differences in brain shapes.(Mechelli et al. 2005) 
[bookmark: _Toc257903640]Segmentation
Segmentation is the process whereby the normalized images are partitioned into brain components e.g. into grey matter, white matter and cerebrospinal fluid. Tissues such as the scalp, skull and dural venous sinuses are removed. It is generally achieved by the combination of probability maps and mixture model cluster analysis. Probability maps encode the knowledge of the spatial distribution of different tissues in normal subjects. Computer software can compare the original image to priors to calculate the probability of each voxel in the image being for example, grey matter or white matter or CSF. The mixture model cluster analysis identifies voxel intensity distributions of particular tissue types.(Mechelli et al. 2005) Intensities in T1-weighted images fall roughly into three groups (grey matter, white matter and CSF) and each voxel can be assigned to a tissue class by comparing what its intensity is relative to other voxels within the image. Thus, each voxel has an a posteriori[footnoteRef:4] probability (value between 0 and 1) that it should be assigned to a particular tissue type.  [4:  a posteriori describes knowledge that is dependent on experience or empirical evidence e.g. “all bachelors are happy.”] 

Images collected at higher field strengths (3T and above) often show broad variation in their intensity due to inhomogeneities in the excitation of the head caused by a number of factors.(Sled et al. 1998) The effect is seen as a very broad (low-frequency) variation in intensity across the image, generally brighter at the center and darker toward the edges of the brain.(Poldrack et al. 2011) The segmentation step incorporates an image intensity non-uniformity correction to account for this artifact. 
[bookmark: _Toc257903641]Modulation
Volumetric differences may be introduced when a series of images are warped to a template. For example, warping a subject whose occipital lobe is half the volume of that of the template would result in a doubling of the subjects’ occipital lobe volume. The subjects’ occipital lobe would comprise twice as many voxels after spatial normalisation meaning that the data regarding the absolute volume of this region would be lost. Absolute volumes need to be preserved when identification of regional differences in the volume of grey matter between subject groups is desired. Modulation can be incorporated to compensate for the effect of spatial normalisation. Modulation involves multiplying the spatially normalized grey matter by its relative volume before and after spatial normalisation. Figure 1-16
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[bookmark: _Toc245823910]Figure 1‑16 VBM - Modulation
Modulation is incorporated into VBM to compensate for the effect of spatial normalisation. Modulating the signal intensity by multiplying the spatially normalized grey matter by its relative volume before and after spatial normalisation ensures that the total amount of grey matter is unchanged and allows differences in grey matter between subjects to be distinguished. V = volume; I = intensity.

[bookmark: _Toc257903642]Smoothing
All images have inherent noise. The intensity of a voxel will be inclusive of its true signal intensity and noise. The same concept exits for neighbouring voxels. Smoothing involves reducing the amount of intensity variation between neighbouring voxels in an attempt to reduce unwanted noise and to increase overall signal to noise ratio. Smoothing is carried out using the mathematical operation of convolution. Convolution provides a way of ‘multiplying together’ two arrays of numbers to produce a third array of numbers that represents a new modified, filtered image.(Fisher et al. 2003) One of the input arrays is typically the grey-scale image. The second input array is called a kernel. Figure 1-17
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[bookmark: _Toc245823911]Figure 1‑17 VBM - Smoothing by convolution
Convolution is performed by sliding the kernel over the image. The procedure generally commences at the top left hand corner. Each kernel position gives rise to a single output, the value of which equals the sum of each kernel value multiplied by the corresponding image value for each of the cells within the kernel, then divided by the sum of the kernel. For example, in this simplified schematic the red square indicates the position within the image matrix that is undergoing convolution by the kernel. The new intensity at that position following convolution = ((5 x 0) + (10 x 1) + (11 x 0) + (10 x 1) + (10 x 1) + (14 x 1) + (12 x 0) + (16 x 1) + (20 x 0))/5 = 60/5 = 12. Figure adapted from the published literature.(Fisher et al. 2003)

In VBM segmented grey matter is smoothed by convolving with an isotropic (i.e. circularly symmetric) Gaussian kernel.(Mechelli et al. 2005) The basic concept is similar to that just described but instead a different kernel is used – one that represents the shape of a Gaussian (‘bell-shaped’) hump. The output generated is a blurred image containing the weighted average of each voxel’s neighbourhood, with the average weighted more towards the value of the central voxel.(Fisher et al. 2003) The amount of smoothing imposed by a Gaussian kernel is determined by the width of the distribution, which is typically described by the width of the distribution at the point where it is at half maximum (FWHM).  FWHM is related to the standard deviation (σ – sigma) by the equation FWHM = 2σ√2 In 2, or approximately 2.35σ. The larger the FWHM, the greater the smoothing.(Poldrack et al. 2011) It is suggested that the size of the smoothing kernel should be comparable to the size of the expected regional differences between the groups of brains.(Mechelli et al. 2005) Automated software packages such as FSL tend to use Gaussian kernels with sigma of 2, 3 or 4mm i.e. approximating FWHM of 4.6mm to 9mm.(www.fmrib.ox.ac.uk/fsl)
Reasons for smoothing before performing statistical analysis include: (1) it ensures that each voxel in the images contains the average amount of grey matter from around the voxel (where the region around the voxel is defined by the smoothing kernel); (2) it helps compensate for the relative inaccuracy of spatial normalisation; (3) it reduces the effective number of statistical comparisons, thereby lessening the correction for multiple comparisons and (4) it reduces the variability in the spread of voxel intensities, thus rendering the data more normally distributed and increasing the validity of parametric statistical analysis.(Mechelli et al. 2005)
[bookmark: _Toc257903643]Optimised pre-processing
The preceding pre-processing steps described the ‘standard’ method for grey matter VBM. FSL (at the time of writing) employs an optimised method, which differs slightly from the standard approach.(Good et al. 2001) The motivation behind the modification of the standard method involves the normalisation step. Specifically, occasions exist when structural differences, not related directly to grey matter volumes, may be misinterpreted as volumetric differences. An example of this is when ventricular size differs significantly between two subject groups.  If the ventricles of one group are enlarged during normalisation, the surrounding grey matter may also be enlarged. This occurs because the parameters of normalisation only encode highly smooth, low frequency deformations, which may not discriminate between ventricles and surrounding tissue. Thus, structural differences related to ventricular volume may arise in a grey matter VBM study. This error can be minimised by conducting the normalisation step using segmented grey matter volumes rather than whole brain images. It follows that if only grey matter data enters the statistical analysis then any significant differences found must relate to grey matter changes.(Mechelli et al. 2005) Figure 1-18
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[bookmark: _Toc245823912]Figure 1‑18 Pre-processing in optimised and standard grey matter VBM
Optimised VBM: The original structural MR images (in native space) are segmented to produce extracted grey matter images in native space (A). These images are normalized to grey matter templates (B) thus preventing any contribution from non-brain voxels and affording optimal spatial normalisation of grey matter. Initial segmentation (A) is performed on affine-normalised images in native space but the prior probability maps used for segmentation are in stereotactic space. Segmentation of fully normalized images (i.e. those in stereotactic space) is preferable. In order to facilitate an optimal segmentation, the optimised normalisation parameters are reapplied to the original, whole brain structural images (in native space). The optimally normalised whole brain structural images, which are then in stereotactic space, are segmented into grey matter and are subjected to a second extraction of normalised segmented grey matter images (C). The brain extraction step is repeated at this stage because some non-brain voxels from scalp, skull, or venous sinuses in the optimally normalised whole brain images could still remain outside the brain margins on segmented grey matter images(Good et al. 2001). Modulation and smoothing are performed akin to the standard approach (D). Schematic adapted from the published literature.(Mechelli et al. 2005)


[bookmark: _Toc257903644]Statistical analysis
Within FSL, data are analysed by voxel-wise statistical analysis using the general linear model (GLM), a flexible framework that permits a range of statistical tests including group comparisons.(Mechelli et al. 2005) The statistical maps generated comprise the results of many voxel-wise statistical tests and when assessing the significance of an effect in any given voxel it is necessary to correct for multiple comparisons. This step is fully automated and generates both corrected and uncorrected data, which can be viewed according to the statistical significance chosen (e.g. p<0.05 significance). Figure 1-19
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[bookmark: _Toc245823913]Figure 1‑19 VBM – Statistical output
Both rows A and B display coloured (yellow-red) areas of significant differences in grey matter density between two groups of subjects (p<0.05). The only difference between the images is that A displays data that are fully corrected for multiple comparisons whereas B shows uncorrected data. Not allowing for multiple comparisons may lead to spurious results e.g. misinterpreting significant grey matter loss at multiple supratentorial loci.

[bookmark: _Toc257903645]Limitations of VBM
There are many potential confounders related to VBM, which must be considered when planning the procedure and during data interpretation. Raw T1 volume data sets should be obtained from the same MR machine using the same imaging parameters. This is to limit any significant effects that may be attributable to image acquisition rather than the subjects under investigation. 
Further confounders may arise during normalisation and segmentation steps. Gitelman et al. compared grey matter concentration in five patients with gross structural abnormalities after recovering from herpes simplex encephalitis with five controls. VBM identified limbic and paralimbic anatomical changes in the patient group reflecting previous pathological reports.(Gitelman, dr 2001 herpes simplex encephalitis) The results appeared to validate the use of VBM even in the context of highly distorted brains. However, macroscopic differences between patients and subjects were apparent after normalisation, specifically ventricular size was larger in the patient group. These differences remained despite the addition of more basis functions and reducing the smoothness of the deformation fields during spatial normalisation. Segmentation was also an issue as there was apparent reduction in the volume of the caudate nucleus in the patient group but it was unclear whether this grey matter reduction was due to true volumetric differences or due to displacement of brain structures surrounding the ventricles. Importantly, there is no simple metric that can be used to scrutinize the normalisation and segmentation steps. Rather, careful visual inspection after both procedures is required.(Mechelli et al. 2005)
Motion artifact obtained at the time of image acquisition may also interact with the segmentation step leading to problems with tissue classification. Thus, it is imperative to review raw image data prior to pre-processing. FSL-VBM incorporates a command within its script that creates a web page containing snapshots of all the images, which can be reviewed prior to commencing brain extraction.
The investigation of brains containing pathologies such as tumours or arteriovenous malformations may prove problematic when trying to spatially normalise and segment the images. Features that are not present in the template image may be mismatched and segmentation cannot model for atypical tissue types (as it is restricted to grey matter, white matter and CSF). Future warping methods that can model the various forms of severe pathology may prove beneficial.(Mechelli et al. 2005)
Standard parametric statistical analysis (e.g. t tests) are thought to be valid providing that the residuals, after fitting the model, are normally distributed. This may not always be the case and thus raises concerns over statistical viability. Greater smoothing of the data (e.g. FWHM 12 mm) may ensure that the residuals conform to Gaussian distribution by central limit theorem but may also affect the accuracy of localisation. An alternative approach, and one which is recommended in the FSL-VBM guide, is to use non-parametric methods, which are independent for normally distributed residuals. Finally, the average amount of grey matter from around the voxel should be interpreted currently as being due to differences in grey matter density or concentration. Data should not be confused with cell packing density, which is measured cytoarchitectonically.(Mechelli et al. 2005)  
[bookmark: _Toc257903646]Grey matter VBM and gluten-related disorders
To date, the only reported use of VBM in the context of gluten-related disorders was by Nanri and colleagues who used the technique to analyze grey matter loss in a patient with suspected GA. Grey matter loss was found in the vermis, left cerebellar hemisphere and caudate nuclei. These changes corresponded with autopsy data, which revealed selective loss of Purkinje cells.(Nanri et al. 2011) 

VBM may prove useful in the investigation into a possible link between gluten and alcohol related cerebellar degeneration. Presuming that gluten has a role in cerebellar injury and if it was proven that patients with alcohol ataxia also have serological evidence of gluten-related antibodies one may expect the pattern of brain injury (grey matter density loss) in these patients to be similar to those with GA. VBM would allow direct comparison of grey matter density changes between the two groups. 
[bookmark: _Toc257903647]Cerebellar volume 
Outside of histological reports there are no studies that provide a quantitative assessment of cerebellar volume in patients with gluten-related disorders.(Currie et al. 2013a) Studies mostly apply a semiquantitative, subjective scale of cerebellar atrophy based on the opinion of a neuroradiologist reporting the MR imaging. (Figures 1-20 and 1-21) Based upon subjective specialist opinion cerebellar atrophy in patients with GA is thought to preferentially affect the superior vermis but may extend into the cerebellar hemispheres and the inferior vermis.(Hadjivassiliou et al. 2003b) The brainstem is typically unaffected.(Burk et al. 2001)
Quantitative measurement of cerebellar volume may be obtained using FSL tools, thus providing novel in vivo information regarding possible cerebellar atrophy in patients with gluten-related disorders. 
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[bookmark: _Toc245823914]Figure 1‑20 Semiquantitative grading system for atrophy of the cerebellar vermis
Midline sagittal T1-weighted MR images demonstrating a grading system for vermian atrophy as used in the published literature.(Hadjivassiliou et al. 2003b)
(a) Grade 0, no atrophy; (b) grade 1, mild atrophy; (c) grade 2, moderate atrophy and; (d) grade 3, severe atrophy. Images shown are of patients with GA, courtesy of Dr. Nigel Hoggard, University of Sheffield, UK.
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[bookmark: _Toc245823915]Figure 1‑21 Semiquantitative grading system for atrophy of the cerebellar hemispheres
Coronal T2-weighted MR images demonstrating a grading system for cerebellar hemispheric atrophy as used in the published literature.(Hadjivassiliou et al. 2003b)
(a) Grade 0, no atrophy; (b) grade 1, mild atrophy; (c) grade 2, moderate atrophy and; (d) grade 3, severe atrophy. Images shown are of patients with GA, courtesy of Dr. Nigel Hoggard, University of Sheffield, UK.





[bookmark: _Toc257903648]White matter abnormalities
White matter abnormalities (WMAs) were briefly introduced in Section 2. In this section, WMAs inclusive of subjects with gluten-related disorders and a general aging population are explored in more detail in an attempt to further understand their aetiology and clinical consequences.

WMAs, also referred to as white matter lesions, white matter changes or leukoaraiosis[footnoteRef:5] are a common finding on T2-weighted MR imaging of the brain.(Schmidt et al. 2011) Classification systems typically separate (a) the WMAs primarily affecting periventricular regions from (b) WMAs in deep/subcortical locations.(Mantyla et al. 1997) Periventricular changes may be subdivided further into caps, lining or halo and deep/subcortical WMAs may be appreciated as punctate, early confluent or confluent changes.(Fazekas et al. 1988) Figure 1-22 [5:  Leukoaraiosis comes from the Greek leuco (white) and araiosis (rarefaction).Hachinski, V. C., P. Potter and H. Merskey (1987). "Leuko-araiosis." Archives of Neurology 44(1): 21-23.] 
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[bookmark: _Toc245823916]Figure 1‑22 Classification of subcortical and deep white matter abnormalities on MR imaging
Axial T2-weighted MR images demonstrate (a) Mild (grade 1), punctate lesions predominantly in the parietal lobe at the level of the corona radiata in a 42-year-old male with GA; (b) moderate (grade 2), early confluent WMAs in the peritrigonal regions from a 69-year-old male with a clinical presentation of ataxia and; (c) severe (grade 3), extensive confluent white matter hyperintense signal changes at the level of the basal ganglia in a 65-year-old male with “gluten encephalopathy”. (Images courtesy of Dr. Nigel Hoggard, University of Sheffield, UK).

[bookmark: _Toc257903649]Prevalence
In population-based studies, the prevalence of any WMA varies between 45% and 95%.(Schmidt et al. 2011) Table 1-9 displays the frequency of different types of WMAs, as shown on MR imaging in the community-dwelling (asymptomatic) Austrian Stroke Prevention Study.(Schmidt et al. 1994)


[bookmark: _Toc244616566]Table 1‑9 Prevalence of different types of WMAs in 993 participants (age range 45-87 years) from the Austrian Stroke Prevention Study*
	
	Periventricular WMAs
	Deep/subcortical WMAs

	Age (years)
	Caps/lining (N=632)
N (%)
	Halo (N=61)
N (%)
	Punctate (N=586)
N (%)
	Early confluent (N=150)
N (%)
	Confluent (N=76)
N (%)

	<55 (N = 128)
55-64 (N = 344)
65-74 (N = 374)
≥75 (N=147)
	66 (55.5
203 (59.0)
254 (67.9)
109 (74.1)
	0 (0)
5 (1.4)
27 (7.2)
29 (19.7)
	76 (59.3)
236 (68.6)
209 (55.8)
65 (44.2)
	3 (2.3)
17 (4.9)
88 (23.5)
42 (28.5)
	0 (0)
9 (2.6)
32 (8.5)
35 (23.5)

	* Some participants had more than one lesion type. Data replicated from previously published literature.(Schmidt et al. 2011)



Punctate deep/subcortical lesions are common over the age of 45-years but more severe grades (early confluent and confluent) occur infrequently below 65-years. In symptomatic patients, particularly those with dementia, the frequency of WMAs is typically higher. Deep/subcortical WMAs were found in 85% of patients with Lewy body dementia, 89% with Alzheimer’s disease and 96% with vascular dementia; periventricular changes were found in all patients irrespective of the dementia type.(Barber et al. 1999) 
[bookmark: _Toc257903650]Pathophysiology
The aetiology of WMAs in the general population, not to mention patients with gluten-related disease, remains unclear. Histological samples of a few patients with CD and WMAs have revealed the presence of a vasculitis, however a causal link between WMAs and CD in these patients could not be proven.(Rush et al. 1986; Mumford et al. 1996) 
In the general elderly population, smooth periventricular WMAs appear to be of non-vascular origin. Caps are considered to represent normal anatomical structures in the fasciculus subcallosus(Fazekas et al. 1993), whereas more extensive change such as periventricular lining or halo has been linked to increased fluid accumulation related to the proximity of the ventricles. Frequently, the ependymal lining of the ventricular wall is irregular or partly disrupted and a rim of gliotic tissue borders the ventricular lumen. However, there is no evidence for associated arteriosclerosis or periarteriolar tissue damage.(Fazekas et al. 1993; Schmidt et al. 2011)
Punctate deep/subcortical WMAs are also felt to be of non-ischaemic origin as their most frequent histopathological correlate is widening of periarteriolar spaces, accompanied by reduced myelination with atrophy of the neutropil around fibrohyalinotic arteries. Conversely, early confluent and confluent changes are thought to represent a continuum of true ischaemic lesions with increasing tissue damage, rarefaction of myelin, fiber loss and gliosis.(Schmidt et al. 2011) Arteriolar sclerosis and increased levels of factors induced by hypoxia have been observed in deep/subcortical lesions, supporting a hypoxic aetiology.(Fernando et al. 2006) Furthermore, a recent postmortem study using RNA microarray and pathway analysis identified eight major pathways in which multiple genes showed altered RNA transcription in tissue with WMAs as compared to non-lesional control tissue. Transcripts in WMAs were associated with immune regulation, cell cycle, apoptosis, proteolysis, ion transport, cell structure, electron transport and metabolism, apparently adding support for a primary ischaemic origin for WMAs.(Simpson et al. 2009; Schmidt et al. 2011)
An alternative explanation for the pathogenesis of WMAs, beyond the classic microvascular ischaemic change is through the disruption of the blood brain barrier (perhaps due to alterations in small vessels), which leads to chronic leakage of fluid and macromolecules in the cerebral white matter.(Pantoni 2002) Albumin extravasation has been shown to be widespread in the aging brain and enhanced in WMAs.(Simpson et al. 2010) Elevated albumin and IgG concentrations were found in the cerebrospinal fluid of patients with WMAs diagnosed on computer tomography.(Pantoni et al. 1993; Wallin et al. 2000) Furthermore, increased blood brain barrier permeability was recently demonstrated even in normal-appearing white matter in patients that had evidence of WMAs on MR imaging.(Topakian et al. 2010) The blood brain barrier is also thought to be disrupted in patients with GA, although a link between this and WMAs in these patients is yet to be found.(Hadjivassiliou et al. 2010b)
The need for further clarification on the pathophysiological processes involved in the generation of WMA is also highlighted by a number of other aetiological hypotheses that have been proposed including, dysfunction of vasomotor reactivity and autoregulation(Isaka et al. 1994; Bakker et al. 1999; Ohtani et al. 2003; Fu et al. 2006; Kozera et al. 2010), endothelial dysfunction(Hassan et al. 2003; Jickling et al. 2009) and, chronic oedema.(Pantoni et al. 1997; Chung et al. 2010).
[bookmark: _Toc257903651]Risk factors
Age and hypertension are established risk factors for WMAs(Basile et al. 2006) whereas associations with diabetes mellitus, hypercholesterolaemia, and hyperhomocysteinaemia are less consistent between studies.(Xiong et al. 2011) Genetic factors have also been proposed although a recent meta-analysis study failed to find convincing evidence for the association between WMAs and candidate genetic polymorphisms.(Paternoster et al. 2009) Conversely, the presence of the apolipoprotein E (ApoE) ε4 allele has been linked to the extent and progression of WMAs on MR imaging.(de Leeuw et al. 2004; Godin et al. 2009) The production or deposition of ApoE is not necessarily considered the cause of WMAs but it may play a role in repair mechanisms for myelin.(Schmidt et al. 2011) Cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL) is the most common heritable cause of WMAs. It results from pathogenetic mutations in the NOTCH3 gene (chromosome 19) that alters the number of cysteine residues in the extracellular domain of the NOTCH3 protein. The protein then accumulates at the cytoplasmic membrane of vascular smooth muscle cells leading to the vasculopathy.(Chabriat et al. 2009) 
No definitive mechanism for why patients with CD should have WMAs has been found. Speculatively, it may be linked to dietary deficiencies that are common to both pathologies. For instance, researchers have shown an association between low plasma concentrations of vitamin E and a higher risk of WMAs in elderly patients.(Schmidt et al. 2003) In addition, encephalitis with hypovitaminosis E has been described in a patient with CD.(Schmidt et al. 2003) Similarly, nutritional deficiencies in vitamin cofactors required for homocysteine metabolism (e.g. folate, vitamin B12 and vitamin B6) may promote hyperhomocysteinaemia(Welch et al. 1998), a condition that some groups have found to be an independent predictor for WMAs.(Vermeer et al. 2002; Hassan et al. 2004; Sachdev et al. 2004; Scott et al. 2004; Wright et al. 2005; Wong et al. 2006) Patients with CD also show a high prevalence of diabetes mellitus and thyroid disease, conditions that are known to affect vasculature and haemodynamics. Furthermore, increased load of WMAs has been reported in association with migraine,(Swartz et al. 2004; Kruit et al. 2010) a condition that has also been linked with CD and gluten encephalopathy.(Hadjivassiliou et al. 2001a) 
[bookmark: _Toc257903652]Assessment of WMAs on MR imaging
Visual rating scales for WMAs are popular because they are quick and easy to apply and as such they lend themselves to clinical neuroradiology. The classification system used earlier (i.e. punctate, early confluent and confluent) is often replicated in the published literature and has been validated histopathologically.(Fazekas et al. 1987) The preferred visual rating scale, according to the vascular cognitive impairment harmonization standard(Hachinski et al. 2006) is the age-related white matter changes (ARWMC) scale.(Wahlund et al. 2001) This defines WMAs as ill-defined hyperintensities ≥ 5mm on T2-weighted imaging. The characterisation of WMAs into focal (punctate), early confluent and confluent is also employed but the location of the WMA is also stipulated based upon the division of the brain into five regions: (1) frontal, anterior to the central sulcus; (2) parieto-occipital, consisting of parietal and occipital lobes together; (3) temporal, comprising the temporal lobe where the border between the parieto-occipital and temporal lobes was approximated by a line drawn from the posterior part of the Sylvian fissure to the trigone of the lateral ventricle; (4) infratentorial, including the cerebellum and brainstem; and (5) the basal ganglia, including the corpus striatum, thalamus, internal and external capsules and the insula. When WMAs in all areas were considered together, good agreement (inter-rater reliability) was found (κ = 0.67). This scale has also been validated against volumetric measurement and cognitive impairment.(Xiong et al. 2010)
Fully automated techniques and semiautomated segmentation methods are becoming increasingly available. In contrast to visual rating scales, volumetric methods provide quantitative data without ceiling effect. However, they are time consuming and require a higher quality of MR imaging and a higher level of user expertise. As such, their applicability to clinical neuroradiology is currently limited.(Xiong et al. 2011)
[bookmark: _Toc257903653]Progression of WMAs and clinical importance
Extent of WMAs at baseline is considered a major predictor of subsequent progression.(Schmidt et al. 2003; Taylor et al. 2003; van Dijk et al. 2005; Sachdev et al. 2007) In the Austrian Stroke Prevention Study(Schmidt et al. 2003) there was minimal increase in lesion volume in subjects with punctate WMAs, whereas those individuals with early confluent or confluent change demonstrated a rapid increase in lesion volume. The median (interquartile range) volume increase over a 6-year period was 0 cm3 in patients with no lesions, 0.2 (0.0 – 1.1) cm3 in subjects with punctate lesions, 2.7 (0.5 – 5.9) cm3 in those with early confluent change, and 9.3 (7.1 – 21.0) cm3 for subjects with confluent WMAs at baseline.(Xiong et al. 2011) Faster disease progression has also been associated with cigarette smoking(Schmidt et al. 2004) and with female gender. In a longitudinal study of 554 subjects (aged 70 to 82-years-old) females were shown to accumulate twice as much WMA volume load as men from baseline scanning to 3-year follow-up.(van den Heuvel et al. 2004)

Concern over the presence of WMAs was raised by The Leukoaraiosis and Disability (LADIS) Study, which examined risk factor profile effects on the subtypes of WMAs.(Basile et al. 2006) Individuals with coalescent WMAs were significantly older and more frequently had hypertension and a history of stroke compared to subjects with punctate WMAs. The amount of cigarettes smoked, and the interaction between hypercholesterolaemia and smoking were associated with confluent WMAs only.(Schmidt et al. 2011) The LADIS trial consistently showed that compared to subjects with punctate WMAs those individuals with early confluent/confluent WMAs showed impaired function, particularly regarding cognition(van der Flier et al. 2005), depression(Teodorczuk et al. 2007), gait and balance(Baezner et al. 2008), and urinary incontinence.(Poggesi et al. 2008) Importantly, the trial also revealed that elderly people (mean age 74.1 ± 5 years), in whom extensive WMAs are found on MR imaging performed for non-disabling complaints, are at high risk of declining in global functioning in a period as short as 1-year. The risk of decline increased with increasing severity of WMAs, with an apparent dose effect, such that the risk of rapid decline in independence for activities of daily living were 2 to 3 fold higher for those with severe (i.e. confluent) WMAs compared to those with punctate disease. Functional decline was mostly due to motor and cognitive deterioration.(Inzitari et al. 2009) A recent meta-analysis study has also shown WMAs to be associated with an increased risk of stroke, dementia and death.(Debette et al. 2010)
[bookmark: _Toc257903654]Treatment options
Studies examining the effect of gluten-free diet on WMAs in relation to gluten-related disorders are extremely limited. Hadjivassiliou et al. studied ten patients with gluten sensitivity (defined by the presence of antigliadin antibodies and HLA-DQ2/8 genotype) that complained of headaches and who also had WMAs on MR imaging of the brain. All ten patients had episodic unilateral headache often associated with visual or sensory disturbance. Three patients had CD on duodenal biopsy.(Hadjivassiliou et al. 2001a) WMAs ranged from punctate disease to confluent change. Introduction of a gluten-free diet resulted in complete resolution of the headaches in seven of nine patients (one patient did not attempt the diet) and partial symptomatic improvement in the remaining two. There was no resolution of the WMAs but gluten-free diet was thought to arrest lesional progression.(Hadjivassiliou et al. 2010b) Kieslich and colleagues examined 75 patients with CD on a gluten-free diet (mean age 11.6 years, range 2.8 – 24.2 years) and showed that 15 (20%) subjects had WMAs. However, the group found no correlation between WMAs and adherence to a gluten-free diet, or with neurologic and electroencephalographic abnormalities. Mean duration of gluten exposure was slightly longer in those patients with WMAs but this was not significant.(Kieslich et al. 2001) In respect to possible ischaemic aetiology for cerebral abnormalities in patients with CD, Addolorato et al. used positron emission tomography to assess cerebral perfusion. Seven of 11 (73%) patients with CD who were not on a gluten-free diet had at least one region of hypoperfused brain compared with one of 15 (7%) controls and compared with one of 15 (7%) patients with CD who were actively eliminating oral gluten intake.(Addolorato et al. 2004)

Outside of the confines of patients with CD, various studies have sought to examine the effects of modifiable vascular risk factors on WMAs, yet there remains a distinct lack of randomised control trials. The Perindopril Protection against Recurrent Stroke Study (PROGRESS) MR imaging substudy investigated the role of antihypertensive medication against placebo on WMA progression. 192 participants were followed-up over 3-years and the mean total volume of new WMAs was significantly lower in the active treatment group compared with placebo group and this difference was greatest for patients that had severe WMAs at entry.(Dufouil et al. 2005) 
[bookmark: _Toc215059332]Studies looking at the effect statins (cholesterol-lowering medication) have on WMAs are controversial. Over a period of 33 months, The PROSPER study (Prospective Study of Pravastatin in Elderly at Risk) examined the effect of pravastatin (40 mg daily) on the progression of WMAs in 270 placebo-treated subjects and 265 active subjects and failed to demonstrate any benefit for statins on WMA progression.(ten Dam et al. 2005) Similarly in the Cardiovascular Health Study, which followed up 3334 community participants over a 7-year period, progression of WMAs was shown not to be statistically different between patients treated with statins than those who were not.(Bernick et al. 2005) Conversely, the ROCAS (Regression of Cerebral Artery Stenosis) study showed that patients that had severe WMAs at baseline and were then treated with simvastatin showed a lower median volume increase in WMAs over 2 years compared to controls. However, this result was drawn from subgroup analysis using small study numbers. Also, the subjects were not likely to be representative of the general population as they all had concurrent asymptomatic middle cerebral artery stenosis.(Mok et al. 2009) 
Finally, a recent report has found evidence for reduced WMAs in association with hyperlipidaemia.(Jimenez-Conde et al. 2010) 
Forthcoming results of the current VITATOPS (VITAmins TO Prevent Stroke) MR imaging substudy will hopefully provide information regarding whether vitamins (folic acid, vitamin B12 and vitamin B6 by way of lowering homocysteine levels) can slow the progression of WMAs.(Xiong et al. 2011)
[bookmark: _Toc257903655]Section summary
MR imaging may prove a useful surrogate biomarker of brain dysfunction in patients with gluten-related disorders, possibly through cerebellar volumetry, VBM, characterisation of WMAs and cerebellar MR spectroscopy. Ultimately, the use of MR imaging biomarkers needs further assessment, particularly to determine whether they may allow early detection of neurological dysfunction. There is a further need to evaluate them longitudinally, especially to assess any changes that may occur in the brain following the commencement of a gluten-free diet.
[bookmark: _Toc257903656]Chapter summary
[bookmark: _Toc215059336]“Gluten-related disorders” is an umbrella term used to describe a number of diseases triggered by gluten ingestion. Probably the most familiar of these conditions is CD, a small bowel enteropathy that occurs in individuals carrying the susceptible genotype, HLA-DQ2/DQ8 and involves the autoantigen transglutaminase 2.
Neurological dysfunction has been described in patients with CD. However, the prevalence and phenotypic spectrum of neurological disease in patients with CD is yet to be fully established. Specifically, the prevalence of subclinical neurological dysfunction in patients with CD is unclear. It also remains to be seen how many patients with unexplained neurology have evidence of the enteropathy. Equally, the true extent of any structural or functional brain abnormality in these patients needs to be determined.
A number of neurological conditions also exist that are associated with an abnormally high prevalence of (a) gluten-related serological antibodies (including TG2, the autoantigen in CD) and (b) the HLA-DQ2/DQ8 genotype. GA and gluten neuropathy fall into this category. 
Histopathological studies into patients with gluten-related neurological dysfunction provide evidence for an immune-mediated reaction that primarily centres on the cerebellum and causes irreversible loss of Purkinje cells. A neuronal-based transglutaminase (TG6) has been proposed as a potential autoantigen in this process. Injury to the cerebellum typically leads to disturbance in balance, coordination, eye movements and speech. 
No specific serological test is currently readily available that can predict or evaluate those patients who are at risk of developing gluten-related neurological dysfunction. This may change in the future should research into TG6 prove fruitful. Presently however, one of the best methods for evaluating structural and functional brain deficit in vivo is through MR imaging. MR imaging techniques that specifically target the cerebellum such as single voxel 1H MR spectroscopy and cerebellar volumetry, in addition to whole brain analysis through VBM and characterisation of WMAs may act as useful biomarkers of neurological dysfunction in patients with gluten-related disorders. Still, the use of MR biomarkers in this patient cohort needs formal assessment, especially in relation to clinical severity and therapeutic intervention through a gluten-free diet. 
The recent finding that excessive alcohol consumption has been shown to mediate an IgA immune response against TG2 provokes an interesting possibility that alcohol and gluten may share a common pathological process, particularly as both substances are known to cause cerebellar injury. Prevalence studies examining gluten-related serological antibodies and HLA-DQ2/8 in patients with alcohol-related ataxia may help substantiate this claim. Equally, any co-existence found between the two conditions may be represented by the same pattern of neurological disease on brain imaging. Thus, a study comparing structural and functional brain deficit in patients with alcohol-related ataxia to those with GA would be of interest. 


[bookmark: _Toc257903657]
The proceeding chapters aim to address the following hypotheses and research questions regarding neurological dysfunction in patients with CD and patients with GA and especially, how MR imaging of the brain may provide biomarkers for these two conditions.
[bookmark: _Toc257903658]Research hypotheses
1. Patients with newly diagnosed CD have subclinical neurological dysfunction, of which the most common disorder is ataxia. MR spectroscopy of the cerebellum is abnormal in patients with CD that have subclinical ataxia.
2. Patients with established CD referred for neurological opinion and patients with newly diagnosed CD have less severe brain abnormalities on MR imaging compared with those patients that present with neurological dysfunction that are then diagnosed with CD.
3. Patients with alcohol ataxia have an abnormally high prevalence of gluten-related serological antibodies and HLA-DQ2/DQ8 genotype. Patients with alcohol-related ataxia that also have evidence of gluten-related serological antibodies have the same pattern of brain abnormality on MR imaging as those patients with GA.
[bookmark: _Toc215059337][bookmark: _Toc257903659]Research questions
Regarding neurological dysfunction in patients with CD:
1. What is the prevalence of neurological dysfunction in patients with newly diagnosed CD?
2. In what way and in what frequency do patients with CD suffer neurological dysfunction? 
3. Do patients, presenting primarily with a neurological complaint that are then diagnosed with CD have a worse neurological clinicoradiological phenotype than those patients presenting with gastrointestinal symptoms that then go on to develop neurological problems? Similarly, does worsening neurological dysfunction correlate with delay in diagnosis to CD?
Regarding MR imaging biomarkers:
4. What degree of variability can be expected in metabolite ratios of the normal human cerebellum when using single voxel 1H MR spectroscopy?
5. Is cerebellar 1H MR spectroscopy abnormal in patients with gluten-related neurological dysfunction? Specifically, is cerebellar NAA/Cr reduced in (a) patients with CD with neurological dysfunction and in (b) patients with GA?
6. Do patients with (a) CD and neurological dysfunction and (b) GA have reduced cerebellar volume compared with age- and sex-matched healthy volunteers?
7. Do patients with (a) CD and neurological dysfunction and (b) GA have reduced cerebral and/or cerebellar grey matter density on VBM compared with age- and sex-matched healthy volunteers?
8. What is the prevalence and extent of WMAs in patients with CD with or without neurological dysfunction?
Regarding the possibility of gluten sensitivity in patients with alcohol-related ataxia:
9. What is the prevalence of antigliadin antibodies and HLA-DQ2/DQ8 in patients diagnosed with alcohol-related ataxia?
10. Is there any difference in cerebellar volume, cerebellar 1H MR spectroscopy, and VBM in patients with GA compared with patients with alcohol-related ataxia?


[bookmark: _Toc257903660]
[bookmark: _Toc257903661]Methods
Local, regional ethics committee approved all studies undertaken within this thesis and all participants gave their written informed consent prior to inclusion in compliance with the Code of Ethical Principles for Medical Research Involving Human Subjects of the World Medical Association (Declaration of Helsinki). 
[bookmark: _Toc215059339][bookmark: _Toc257903662]Recruitment
[bookmark: _Toc215059340][bookmark: _Toc257903663]Healthy volunteers
An email inviting individuals aged 18 or over to undergo MR imaging of the brain was distributed throughout the Sheffield Teaching Hospitals NHS Foundation Trust. Those interested were asked to send their contact details via e-mail reply to the Academic Unit of Radiology. Potential participants were contacted (by SC) typically within 24 hours and were taken through a pre-prepared questionnaire detailing present and past medical history. Individuals that answered negatively for the presence of chronic or current illness, particularly regarding neurological disease or psychiatric conditions and that were free from medication and that satisfied MR safety regulations (i.e. no cardiac pacemakers or metallic implants) were provided with an appointment. All participants were sent (via email and at least 24 hours prior to the appointment) a participant information sheet. SC obtained informed consent when subjects arrived for their appointment and performed an initial review of imaging at the time of acquisition. A consultant neuroradiologist (NH) reviewed all imaging. Pre-existing, local Ethics Committee approved procedures for dealing with any incidental pathology were followed. 
Initial recruitment was encouraging but was largely filled with middle-aged subjects. Recruitment of late teens/early twenty year-olds was improved by extending the invitation to students within the University of Sheffield, again by e-mail distribution. A second pass of email through the Sheffield Hospitals NHS Foundation Trust that asked specifically for subjects aged 60 or over proved sufficient to improve recruitment of the older-age group. Chapter 4 details subject demographics and MR imaging findings. 
[bookmark: _Toc215059342][bookmark: _Toc257903664]Patients with newly diagnosed coeliac disease
Patients attending the clinic for newly diagnosed CD at the Royal Hallamshire Hospital, Sheffield were informed (both verbally and in writing) by their gastroenterologist (DSS) of the prospective study and were asked whether they wished to undergo neurological review and MR imaging of the brain, irrespective of any current neurological complaint they may have had. All patients had small bowel biopsy confirmed CD. Details of participants that expressed an interest were forwarded to MH, who subsequently arranged an appointment at his neurology clinic. Consent for participation in the study was obtained (by MH) during the clinic. Formal request for MR imaging of the brain was then made (by MH) to the Academic Unit of Radiology via SC. Scanning protocols were applied (by SC) and the clerical staff within the Academic Unit contacted the subjects to make appointments. 
[bookmark: _Toc257903665]Patients with established coeliac disease referred for neurological opinion
Patients were identified from the database of the gluten/neurology clinic based at the department of Neurology, Royal Hallamshire Hospital, Sheffield. The clinic (lead by MH) specializes in the neurological manifestations of gluten related disorders. All patients had biopsy-confirmed CD and were referred to the clinic for neurological opinion. The list of patients generated from the neurology database was cross-matched (by SC) to the Academic Unit of Radiology MR imaging attendance database (MRI Lite) to ensure that patients had undergone MR imaging of the brain. All patients were imaged on the same MR scanner (Philips ACHIEVA 3.0T Best, Netherlands). This machine had undergone a software update in November 2009. Since then, the single proton MR spectroscopy metabolite ratios obtained within the cerebellar vermis and hemispheric white matter were felt (by NH) to be considerably lower than previously encountered. Thus, only those patients that had undergone MR imaging of the brain after November 2009 were included in the cohort. The final list of patients (generated by SC) that satisfied the above criteria was passed to the radiographic staff in the Academic Unit of Radiology for data retrieval. That is, historical MR studies are stored on disc within the Unit and can be uploaded to a workstation for review when required. 
[bookmark: _Toc215059343][bookmark: _Toc257903666]Patients diagnosed with coeliac disease following neurological presentation
Patients were identified from the database of the gluten/neurology clinic based at the department of Neurology, Royal Hallamshire Hospital, Sheffield. In addition to any investigations that are deemed appropriate for the clinical presentation all patients attending the clinic undergo serological investigation for CD as part of their routine clinical care. Patients that have serology suggestive of CD are referred to the gastroenterologist for biopsy confirmation. All patients were devoid of an alternative diagnosis that may have explained their clinical deficits. Patients were cross-matched against the MR imaging database in a procedure identical to that outlined in the previous paragraph..
[bookmark: _Toc215059344][bookmark: _Toc257903667][bookmark: _Toc215059345]Patients with gluten ataxia and patients with alcoholic cerebellar degeneration
Patients were identified from the database of the ataxia clinic, Royal Hallamshire Hospital, Sheffield. This clinic was established 15 years ago and cares for over 900 patients with progressive ataxia (Table 1-5). Patients are reviewed on a regular basis and have undergone extensive investigations to establish the cause of their ataxia. A diagnosis of alcoholic cerebellar degeneration was based upon positive clinical history of chronic alcohol excess with hematological/serological evidence of alcohol excess (raised gamma-GT and mean corpuscular volume) in the absence of an alternative explanation for the ataxia. Patients were cross-matched against the MR imaging database as previously detailed.




[bookmark: _Toc257903668]Clinical data collection
[bookmark: _Toc257903669]Data extraction from patient records
The clinical notes of patients that satisfied the criteria described in the proceeding sections were reviewed (by SC). This was particularly time consuming and it was frequently the rate limiting step for the research as many notes had to be retrieved from clinics or clinicians. Patient data were made anonymous and were entered into an excel spreadsheet. Extracted data included, age of onset of symptoms, age at diagnosis, age at MR imaging, past medical history, medication history, family history, date and result of small bowel biopsy, tobacco smoking status, number of units of alcohol per week and severity of symptoms. Data on smoking, alcohol and severity of symptoms were taken from the last medical entry that preceded the date of MR imaging. Results from blood tests were also reviewed (using hard copy notes and the Sheffield NHS Foundation Trust Intranet Results Service – ICE). Specifically, temporal changes in antigliadin antibodies (IgA and IgG), EMA, anti-TG2, and total IgA were recorded. Particular attention was paid to the serology results that immediately preceded MR imaging as those were used to assess for patient adherence to a gluten-free diet.
[bookmark: _Toc257903670]Rating severity of ataxia
An ataxia severity scale used by the same consultant neurologist (MH) throughout his time at the ataxia clinic, Royal Hallamshire Hospital, Sheffield, UK was employed. This classified ataxia as follows: mild – instability without staggering steps or falls; moderate – instability with staggering steps or falls and/or requires support through a walking aid and; severe – unable to walk despite support from an accompanying person. Every patient assessed at the ataxia clinic is assigned to this scale. Similar scales have been utilized in the published literature.(Nissenkorn et al. 2011) 


[bookmark: _Toc215059346][bookmark: _Toc257903671]MR imaging protocol
Scanning was performed at the Academic Unit of Radiology, University of Sheffield using a 3-T system (Philips ACHIEVA 3.0T Best, Netherlands) with an 8-channel receive only array head coil. The imaging protocol comprised pre-existing, clinically established structural and spectroscopic sequences as follows. 
[bookmark: _Toc257903672]Structural MR Imaging
High-resolution 3-dimentional T1-weighted MR imaging scans were acquired using a magnetization-prepared rapid gradient echo sequence (TR = 11ms, TE = 4.8 ms, flip angle = 8°, field of view = 256 x 205 x 150 mm, voxel dimension = 0.8 mm isotropic, acquisition time = 5 min 32 sec). Axial T2-weighted images were acquired using a turbo spin echo sequence (TR = 3000 ms, TE= 80 ms; echo train length = 14; 1 NSA, scan time 4 min 12 sec). 
[bookmark: _Toc215059349][bookmark: _Toc257903673]1H MR spectroscopy of the cerebellum
A point-resolved spectroscopy (PRESS) sequence (TR = 2000 ms, TE = 144 ms; 128 measurements; 1024 spectral points; spectral bandwidth 2000Hz) was used to separately acquire data at two voxel positions. Each voxel comprised a parallelepid of 2·0 X 1·0 X 2·0 cm3 (4 mL) placed over the superior cerebellar vermis and the deep cerebellar white matter of the right cerebellar hemisphere. (Figure 3-1) All spectra were acquired by one of two experienced MR radiographers, reflecting typical clinical practice. Anatomical landmarks from scout images were used for voxel positioning. 
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[bookmark: _Toc245823917][bookmark: _Toc213410995]Figure 3‑1 Representative voxel positions for proton MR spectroscopy
 (a) Right cerebellar hemispheric white matter and (b) superior cerebellar vermis.

Care was taken to avoid inclusion of cerebrospinal fluid spaces within the volume of interest. After automated higher-order shimming, water suppression was achieved using a chemical shift selective imaging pulse technique (CHESS). Post-processing of the spectra involved the following steps: zero filling, gaussian filtering, exponential multiplication, Fourier transform and manual phase correction with baseline subtraction. Fitted-peak integral values for N-acetylaspartate (NAA) and choline (Cho) were referred to the peak integral value of creatine (Cr) as the internal reference using the MR system manufacturer’s proprietary software. NAA/Cho data was also assessed. Acquired at TE = 144 ms, the fitted metabolite signal areas were T2-weighted as is typically the case within the University of Sheffield, MR Unit.(Wilkinson et al. 1994) No additional data for determination of relaxation times or tissue compartments of the voxel of interest were acquired as this would have led to unacceptably long study times for clinical use.(Schirmer et al. 2000) Total acquisition time for two spectra including scout images was approximately 16 minutes. 



[bookmark: _Toc215059350]

[bookmark: _Toc257903674]Imaging analysis
[bookmark: _Toc257903675]Assessing quality of 1H MR spectroscopy data
Patients with poor quality cerebellar MR spectra were excluded from all data analysis. Decision regarding the quality of cerebellar spectroscopy was made by consensus opinion between two of the researchers (NH/SC) and was based on criteria published previously in the literature.(Mascalchi et al. 2002) This comprised assessment of signal to noise ratio, peak shape and separation of choline (Cho) and creatine (Cr) peaks. Details of a typical example of a poor quality cerebellar 1H-MR spectrum encountered during this research is published in the literature.(Currie et al. 2013b) (Appendix A1.3, Figure 4)
[bookmark: _Toc215059351][bookmark: _Toc257903676]Evaluation of white matter abnormalities
The visual rating scale and classification system used by Fasekas et al. was employed.(Fazekas et al. 1987) This scale is quick and easy to apply, has been previously validated and was available at the time of data analysis. Subcortical/deep WMAs, defined as ill-defined hyperintensities ≥ 5mm on T2-weighted imaging were classified (by consensus opinion between SC/NH) according to appearance (i.e. punctate – grade 1 (mild), early confluent – grade 2 (moderate) or confluent – grade 3 (severe) – Figure 1-22 – reproduced on the next page for convenience). Although FLAIR (fluid attenuated inversion recovery), has been used by other research groups to evaluate WMAs the decision was made to use conventional T2-weighted axial images in this body of research. This was to ensure a standard approach across the patient groups – retrospective data only comprised conventional T2 images. 
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Figure 1-22 (reproduced for convenience from Chapter 1) Classification of subcortical and deep white matter abnormalities on MR imaging
Axial T2-weighted MR images demonstrate (a) Mild (grade 1), punctate lesions predominantly in the parietal lobe at the level of the corona radiata in a 42-year-old male with GA; (b) moderate (grade 2), early confluent WMAs in the peritrigonal regions from a 69-year-old male with a clinical presentation of ataxia and; (c) severe (grade 3), extensive confluent white matter hyperintense signal changes at the level of the basal ganglia in a 65-year-old male with “gluten encephalopathy”. (Images courtesy of Dr. Nigel Hoggard, University of Sheffield, UK).

[bookmark: _Toc257903677]FMRIB software library
Data concerning cerebellar volume and grey matter VBM were analysed on a MacBook Pro (© Apple Inc. US) using the FMRIB software library (FSL) version 4.0.2.(www.fmrib.ox.ac.uk/fsl ; Smith et al. 2004) 
Running FSL from the command line (Terminal, Mac OS X) was an entirely new experience and one, which proved to be a steep learning curve. It took approximately six months to feel proficient in formulating and running the analysis scripts, including being able to write scripts that allowed analysis of multiple subjects rather than running a series of single subject data investigation. A colleague within the department (MJRC) who had prior experience of the software provided some initial (and very helpful) instruction.  The FMRIB analysis group also offered guidance via the FSL website and via email (FSL@JISCMAIL.AC.UK). 
[bookmark: _Toc257903678]Preparing data for use with FSL
The imaging protocol within the Academic Unit of Radiology, Sheffield is to acquire high-resolution 3-D T1 data sets from all patients undergoing neurological investigation. The data set comprises 187 DICOM (Digital Imaging and Communications in Medicine) images. FSL uses nii.gz (compressed) files rather than DICOM images. DICOM images from all subjects were obtained (by SC) from the storage database within the Academic Unit of Radiology. A free web-based conversion package(Rorden 2011) was downloaded and used to convert all T1 volume DICOM patient data to nii.gz files. This was a rather simple procedure that required dragging only one of the 187 DICOM images from a file onto the dcm2niigui.app provided in the download. The resulting nii.gz file could then be renamed to reflect the subject’s anonymised data and could be used within FSL software.
[bookmark: _Toc257903679]Grey matter VBM protocol 
Structural data were analysed with FSL-VBM(Douaud et al. 2007) (an optimised VBM protocol(Good et al. 2001)) using FSL tools.(Smith et al. 2004) Structural images (Figure 3-2 A) were brain-extracted (Figure 3-2 B) and grey matter-segmented (Figure 3-2 C) before being registered to the MNI152 standard space using non-linear registration.(Andersson et al. 2007) The resulting images were averaged and flipped along the x-axis to create a left-right symmetric study-specific grey matter template (Figure 3-2 D). All native grey matter images were non-linearly registered to the study-specific template (Figure 3-2 E) and modulated (Figure 3-2 F) to correct for local expansion/contraction due to the non-linear component of the spatial transformation. The modulated grey matter images were then smoothed (Figure 3-2 G) using an isotropic Gaussian kernel with a sigma of 3 mm. Voxelwise GLM was applied using permutation-based non-parametric testing, correcting for multiple comparisons across space.
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[bookmark: _Toc245823918]Figure 3‑2 Grey matter VBM: Preprocessing stages
See main text for details.

[bookmark: _Toc257903680]Quantifying cerebellar volume
To allow for variation in head size, each individual subject cerebellar volume was calculated as a percentage of total intracranial volume (%CV:TIV) using FSL.(Smith et al. 2004) Analysis (performed by SC) consisted of three main steps: (1) calculation of total intracranial volume using SIENAX(Smith et al. 2002), (2) calculation of cerebellar volumes using FIRST and (3) calculation of %CV:TIV from the results obtained from steps 1 and 2. 
[bookmark: _Toc257903681]Calculating total intracranial volume
SIENAX (Structural brain change analysis/x) estimates total brain tissue volume, from a single image (i.e. the nii.gz derived from the subject’s T1-volume dataset) using a series of FSL programs.  Firstly, it extracts brain and skull images using BET (Brain Extraction Tool).(Smith 2002) (Figure 3-3 A) Then using FLIRT (FMRIB’s Linear Image Registration Tool), the brain image is affine-registered to MNI152 (i.e. to standard brain) space.(Jenkinson et al. 2002) This step provides a volumetric scaling factor, which can be used as a normalisation for head size. (Figure 3-3 B) The standard brain image mask (derived from the MNI152) is transformed into the original image space and applied to the brain image. This helps to ensure that the original brain extraction does not include artifacts such as orbits. (Figure 3-3 C) Segmentation is then carried out on the masked brain using FAST (FMRIB’s Automated Segmentation Tool).(Zhang 2001 segmentation of brain MR images) (Figure 3-3 D-F) All volumes are scaled by the normalizing scaling factor, meaning that all subject’s volumes are reported relative to a normalised skull size. Information on total brain volume, grey matter volume, white matter volume, CSF volume and peripheral grey matter volume is provided in metric form (i.e. mm3). The sum of total brain volume and CSF volume was used as an estimate of total intracranial volume (TIV). 
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[bookmark: _Toc245823919]Figure 3‑3 Example of SIENAX output
A. Brain extraction, B. FLIRT standard space registration results, C. Field-of-view and standard space masking – red shows the standard-space-based brain mask, blue shows the original BET-derived brain mask, green shows the intersection of the two, D. Whole-brain segmentation, E. Peripheral cortex masked segmentation and F. Ventricle masked segmentation.


[bookmark: _Toc257903682]Calculating cerebellar volume – standard approach
Cerebellar volume was calculated (by SC) using the FSL model-based segmentation tool FIRST (FMRIB’s Image Registration/Segmentation Tool).(Patenaude et al. 2011) FIRST utilizes properties based on Active Shape Models (ASM) and Active Appearance Models (AAM) to provide accurate segmentation of brain structures. The ASM is an automated segmentation method that has been widely used within medical image analysis.(Cootes et al. 1995) Standard ASMs model the distribution of corresponding anatomical points and then parameterize the mean shape and most likely variations in shape across a training set. Images are segmented using the model built from the training data, which specifies the range of likely shapes.(Patenaude et al. 2011) The AAM is an extension of the ASM framework that incorporates intensity information.(Cootes et al. 1998) As with the standard shape model, the intensity distribution is modeled as a multivariate Gaussian and is parameterized by its mean and eigenvectors (modes of variation). The AAM relates the shape and intensity models to each other with a weighting matrix estimated from a training set. Fitting shapes to new images is achieved by minimizing the squared difference between the predicted intensities, given a shape deformation, and the observed image intensities.(Patenaude et al. 2011) FIRST takes the deformable-model-based AAM and poses it in a Bayesian framework. This framework is advantageous as it naturally allows probability relationships between shapes of different structures and between shape and intensity to be utilized and investigated, while also accounting for the limited amount of training data in a natural way. It is still based on using a deformable model, which restricts the topology and ensures that point correspondence between structures is maintained. Using the AAM in a Bayesian framework also eliminates the need for arbitrary empirical weightings between intensity and shape. This is due to the use of conditional probabilities (e.g. the probability of shape conditional on intensity), which underpin the method. These conditional properties also allow the expected intensity distribution to change with the proposed shape.(Patenaude et al. 2011) Thus, based on learned models, FIRST searches through linear combinations of shape modes of variation for the most probable shape instance given the observed intensities in a T1-weighted image.(UserGuide_FIRST) 

The shape/appearance models used in FIRST are constructed from manually segmented images provided by the Centre for Morphometric Analysis (CMA), MGH, Boston, US. The models were constructed from 336 subjects, consisting of children and adults (aged between 4 and 87), normal subjects and subjects with pathology (including schizophrenia, Alzheimer’s, attention deficit disorder and prenatal cocaine exposure). Included with FIRST, are models for the left and right cerebellum.
Before running segmentation, FIRST requires that the whole-head volumetric data is affine-registered to standard space using FLIRT. This proceeds in two stages, the first of which is a standard 12 degrees of freedom registration to the template (MNI152 space). The second stage usually applies a 12 degrees of freedom registration using an MNI152 sub-cortical mask to exclude voxels outside the subcortical regions. Data is then registered to the non-linear MNI152 template for normalisation. The default second stage is appropriate when trying to segment subcortical structures such as the thalamus or putamen, but is inappropriate for segmentation of the cerebellum (which after all is not subcortical). In this instance a mask of the brain replaced the subcortical mask. This only required a slight alteration to the input script and information regarding the necessary change was provided in the (web-based) FSL user guide.(UserGuide_FIRST) Output from this stage includes the registered image and the transformation matrix (i.e. a description of the transformation of the T1-weighted image into standard space). 
Cerebellar segmentation requires the input of several key pieces of information (main arguments): (1) the input image (i.e. T1 volume dataset), (2) the transformation matrix (provided in the registration stage), (3) the number of modes of variation and (4) the model. The cerebellum model uses the putamen intensities to normalise its intensity samples. As a result an extra option had to be added to the default segmentation script. The FSL-FIRST user guide(UserGuide_FIRST) provides a suggested number of modes of variation for each subcortical structure, based on leave-one-out cross-validation run on the training set. The maximum number of modes available is 336. The more modes of variation used the finer the detail that may be captured using the model for the chosen structure. However, this is typically at the expense of time. Based upon the recommended number of modes of variation for the putamen (and by inference the cerebellum), 40 modes were applied initially to subject data.  However, this resulted in under-segmentation of the cerebellum and an underestimation of cerebellar volume. (Figure 3-4 A & B) Trialing several other modes of variation, using increments of five from 40 to 80 yielded little improvement. Following a conversation (via e-mail) between SC and Mark Jenkinson (a leading author on FSL tools and part of the FMRIB group, Oxford, UK) it was suggested that 320 modes of variation would improve substantially cerebellar segmentation. (Figure 3-4 C) For each individual subject the change from 40 to 320 modes of variation resulted in an approximate 10-minute increase in time for total cerebellar segmentation. Individual subject cerebellar segmentation was reviewed (by SC) to ensure good approximation to the original T1-data. 
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[bookmark: _Toc245823920]Figure 3‑4 Changes in cerebellar segmentation with differing modes of variation
A. Subject T1-volume image, B. segmentation of left cerebellum (red) using 40 modes of variation – note the residual (under-segmented) peripheral cerebellar tissue, C. segmentation of left cerebellum using 320 modes of variation (white) superimposed over image B – note the finer detail/more accurate segmentation obtained. Estimation of left cerebellar volume using 40 and 320 modes of variation = 57 cm3 and 104 cm3 respectively. 

[bookmark: _Toc257903683]Calculating cerebellar volume – modified approach
Good cerebellar segmentation was achieved using the aforementioned standard approach until more gross cerebellar atrophy was encountered. (Figure 3-5 A & B) Segmentation did not improve despite trying numerous different modes of variation.

[image: ]
[bookmark: _Toc245823921]Figure 3‑5 Modified approach to cerebellar segmentation
A. T1-images of a 52-year-old female diagnosed with CD following presentation to the neurology clinic with ataxia – note profound cerebellar atrophy, B. Overestimation of left cerebellar volume (semi-transparent white) using standard method of cerebellar segmentation (FIRST, 320 modes of variation), C. Improved accuracy of cerebellar segmentation (green) using modified approach.

After taking further advice from Mark Jenkinson, FMRIB, Oxford, UK it was felt that there was a problem with registration.  Especially that linear registration was no longer appropriate given the vast differences in cerebellar structure. It was suggested that the local deformations permitted by a non-linear registration algorithm might improve outcome. Subsequently, we used FSL’s non-linear registration tool FNIRT, in combination with Invwarp to create an estimation of subject’s cerebellar volume.(UserGuide_FNIRT) FNIRT uses FLIRT to create an affine transform, which maps the subject’s brain onto the MNI152 template. It then uses this transform as an initial ‘best guess’ to derive a non-linear transformation file that contains the coefficients that determine the warp field (i.e. what is needed to warp subject’s data into MNI152 space). Invwarp was used to ‘reverse’ the non-linear mapping to allow regions of interest in MNI space to be mapped onto the subject’s native space. Segmentation of MNI152 (2mm) was performed using the standard approach to obtain a standard cerebellum in MNI152 space. This cerebellum mask was then binarised to be inclusive (i.e. any voxel outside of the cerebellum was ascribed a zero value and was excluded). The warp coefficient obtained from Invwarp was then applied to the segmented MNI152 cerebellum, using the subject’s brain as the target space, thereby creating an output file of the subject’s cerebellum. We had essentially warped a segmented cerebellum from MNI space into the subject’s space. As the warped cerebellum contained binarised data, volume (intensity) measurements could be obtained using ‘fslstats.’ The improvement in cerebellar segmentation using non-linear registration is demonstrated in Figure 3-5 C. 
Invwarp is computationally intensive (takes time and substantial computational memory) – rather fortuitously a new Invwarp file (planned to be released around the time of analysis) was supplied (by MJ to SC via email), which proved much more efficient.
Using the modified approach individual cerebellar hemispheric volumes were calculated for 55 healthy volunteers (see Chapter 4 for demographics) with a mean (±SD) of right 65267 ± 6661 cm3 and left 66133 ± 6930 cm3 (R/L = 0.99). This data is comparable with that previously published in the literature, which used cerebellar segmentation to determine volumes in 30 healthy volunteers (right 69768 ± 8934 cm3 and left 70614 ± 8763 cm3; R/L = 0.99).(Szabo et al. 2003) Additionally, mean %CV:TIV in the 55 healthy volunteers = 8.2 ± 1.0, which is in agreement with the literature that suggests that the cerebellum is approximately 10% of the total brain volume.(Stoodley et al. 2011) 
[bookmark: _Toc257903684]Statistical Analysis
Any difference in group mean %CV:TIV between subjects and controls was assessed using an Independent-Samples Mann-Whitney U Test. Statistical evaluation was performed using SPSS software (version 19, IBM SPSS Statistics, US). This method was also applied to examine any statistical differences in group mean NAA/Cr and Cho/Cr ratios of the cerebellar hemisphere and vermis between subjects and controls. Age- and sex-matched control groups were obtained for subject cohorts from a database of 55 healthy volunteers (see Chapter 4 for details). Individual NAA/Cr and Cho/Cr at the cerebellar vermis and hemispheric white matter were considered abnormal when any one of four possible metabolite ratios (hemispheric or vermian NAA/Cr or Cho/Cr) measured ≤ 2 standard deviations below the group mean ratio for age- and sex-matched healthy volunteers. This method for establishing a normal threshold has previously been used in the literature.(Moran et al. 2000) 

Permutation-based non-parametric inference within the framework of the general linear model (5000 permutations) was used to investigate grey matter density changes on VBM.(Nichols et al. 2002) Results were considered significant for P<0.05, fully corrected for multiple comparisons. 
[bookmark: _Toc257903685]Alternative potential MR imaging biomarkers
Advanced MR imaging sequences provide the opportunity to evaluate other potential biomarkers of gluten-related diseases. MR imaging biomarkers may include the analysis of volume (MR-volumetry and voxel-based morphometry), analysis of underlying metabolism and biochemistry (MR spectroscopy), analysis of brain structure (diffusion-weighted and diffusion-tensor imaging) and analysis of brain function (functional MR imaging).(Currie et al. 2013a) 
Diffusion weighted imaging (DWI) reflects pathology as changes in the cellular microenvironment alter the restrictions to translational water motion.(VonRogulija et al. 1973) This can be assessed quantitatively within a specific voxel by measuring the apparent diffusion coefficient (ADC; also referred to as mean diffusivity) of water or globally by whole brain histogram analysis.(Ross et al. 2006) Increases in mean diffusivity are seen in the context of underlying neurodegeneration.(Della Nave et al. 2004) 
Diffusion tensor imaging (DTI) is an MR technique that analyses water motion in order to evaluate the integrity of white matter tracts.(Raz et al. 2010) Quantitative assessment is provided through fractional anisotropy, an index of tissue organisation at the subvoxel level, ranging from 0 (isotropic) to 1 (anisotropic). Healthy neurons normally demonstrate anisotropic diffusion whereby water motion is restricted to the orientation of the axon. As the relative density of axonal membranes and myelin sheaths are reduced, diffusion becomes less anisotropic and mean diffusivity increases.(Ross et al. 2006) Thus, neuronal degeneration can be implied by reductions in fractional anisotropy. It should be appreciated that the ADC and fractional anisotropy are generally inversely correlated. 
Functional MR imaging allows the mapping of local physiological or metabolic consequences of altered brain electrical activity.(Matthews et al. 2004) Typically, differences in local brain activation between normal subjects and patients (usually in response to motor or sensory stimulation) are analysed with the presumption that any differences found likely correspond to dysfunctional neuronal circuits in the patient group. 
In this body of research the cerebellum was specifically targeted as the published literature provided evidence for Purkinje cell destruction in patients with gluten-related disorders and neurological dysfunction. As such cerebellar volumetric data and whole brain VBM analysis as well as targeted single voxel spectroscopy centred on the cerebellum seemed appropriate. The Academic Unit of Radiology, University of Sheffield also had prior experience of performing cerebellar spectroscopy with some retrospective data already present. In order to maintain equivalence and to ensure that prospective data could be compared with retrospective data the same imaging techniques were employed. The time the subjects were exposed to the magnet was also of concern and these factors ultimately meant that the addition of DWI, DTI and fMRI was not performed. Future work examining these techniques would be of interest in this cohort.  
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[bookmark: _Toc257903687][bookmark: _Toc215059356]Magnetic resonance spectroscopy of the normal cerebellum: What degree of variability can be expected?
[bookmark: _Toc257903688]Introduction
1H-MR spectroscopy can provide a valuable non-invasive, in-vivo insight into the underlying chemical environment of the brain. Within the cerebellum it may be used as a biomarker of disease in patients with ataxia of varying aetiology(Currie et al. 2013a) and has been shown to be sensitive to cerebellar dysfunction when cerebellar structure is preserved.(Hadjivassiliou et al. 2013b) (Appendix A1.7) The use of two voxel positions (one in the right cerebellar hemispheric white matter and the other in the superior cerebellar vermis) may also increase the sensitivity of cerebellar neurochemical dysfunction in conditions that preferentially affect either region, for example in alcoholic cerebellar degeneration where the superior vermis is the preferential target.(Cavanagh et al. 1997)
The semi-quantitative approach of referencing metabolite signals to creatine (which is assumed to be relatively stable even in the presence of most diseases) is the fastest method to evaluate spectroscopic metabolite data(Guerrini et al. 2009) and as such is the approach typically used in clinical practice. 
Fundamental to the role of 1H-MR spectroscopy as an imaging biomarker is the definition of inter- and intra-subject variability and of normal reference values. Despite this, reports that evaluate these parameters are scarce and fall short of the relatively large number of studies within the literature that have used the technique.(Currie et al. 2013a) Evaluation of reliability through coefficients of variance (CV% - standard deviation over mean %) provides relative numbers that can be used to directly compare results of different metabolites, studies and publications.(Schirmer et al. 2000) Mascalchi et al. evaluated (in 38 healthy volunteers) the variability of relative metabolite concentrations determined with 1H-MR spectroscopy within the dentate and superior vermis at differing echo times.(Mascalchi et al. 2002) CV (%) of NAA/Cr and Cho/Cr ranged from 8 to 12 for the superior vermis and from 14 to 34 for the dentate. The group reported that these measurements were similar to those previously published, however none of the studies referenced by the group contained cerebellar spectroscopy data.(Charles et al. 1996; Tedeschi et al. 1996; Brooks et al. 1999) 
Recently, Guerrini et al. provided relative metabolite concentrations for the superior cerebellar vermis in healthy volunteers (NAA/Cr 1.58 ± 0.17, Cho/Cr 1.09 ± 0.19, NAA/Cho 1.51 ± 0.44). However, the cohort size (n=29) was limited and age range of participants (mean age 37 ± 11) was not specified.(Guerrini et al. 2009) 
The primary aim of this study was to establish the reliability of relative metabolite concentrations determined with 1H-MR spectroscopy of the cerebellum using a method appropriate to the constraints of clinical radiology. A secondary aim was to record normal values for metabolites within the cerebellum and to look for differences in relative metabolite signal area ratios between the cerebellar hemispheric white matter and the superior vermis. 
[bookmark: _Toc215059357][bookmark: _Toc257903689]Methods
Structural MR imaging and 1H MR spectroscopy was obtained using the protocol outlined in Chapter 2.
The study into the reliability of 1H-MR spectroscopy of the cerebellum was adapted from methods previously published in the literature(Schirmer et al. 2000) and consisted of assessment of inter-subject and intra-subject variability. 
[bookmark: _Toc215059358][bookmark: _Toc257903690]Assessment of inter- and intra-subject variability
Fifty-five healthy adults (mean age 41-years, range 20 to 77, M:F = 32:23) were recruited (as outlined in Chapter 2) and examined using the aforementioned MR imaging protocol. All subjects were free from past or present illness, especially neurological and psychological complaints. None of the 55 subjects smoked tobacco, all denied elicit drug use and all subjects reported at worst alcohol consumption within recommended limits(drinkaware.co.uk 2011) (median weekly alcohol intake was 12 units, range 0 to 28). Three subjects had supratentorial white matter hyperintensities on T2-weighted imaging; all were male, ages 53, 64 and 68 years. White matter hyperintensities were subcortical and located in the frontal lobes. One subject (M 68) had early confluent change; the other two subjects had punctate lesions. No subject had evidence of microbleeds or sequelae of previous infarction either above or below the tentorium cerebellae.  
To study of the reliability of intra-individual metabolite ratios, one healthy volunteer (male, age 34-years) was examined in six separate sessions over a period of 3 weeks, always acquiring the data at the same time of day, and keeping the positioning of the volunteer and his nutritional state as constant as possible. On each occasion the subject was examined using the same imaging protocol as specified above. 
[bookmark: _Toc215059359][bookmark: _Toc257903691]Statistics
Statistical evaluation was performed using SPSS software (version 19, IBM SPSS Statistics, US). Intra- and inter-subject reliabilities were determined by evaluating CV (%). The Wilcoxon test was used to assess statistical differences between the metabolite ratios obtained at the cerebellar hemispheric white matter and the superior cerebellar vermis. Independent students t-test was used to assess for differences in metabolite ratios between genders. Lines of regression were calculated using the least squares method, with P values calculated using F-test. Results were considered significant for P<0.05. 
[bookmark: _Toc215059360][bookmark: _Toc257903692]Results
Two (1.8%) of 110 spectra obtained from the 55 healthy volunteers were excluded due to poor quality. Both had been collected from the cerebellar hemispheric white matter. No lactate peaks were observed in any subject. 
[bookmark: _Toc215059361][bookmark: _Toc257903693]Inter- and intra-subject variability
Tables 4-1 and 4-2 chart the inter- and intra-subject variability for the fitted metabolite area ratios respectively. 









[bookmark: _Toc244616567]Table 4‑1 Inter-subject variability of 1H-MR spectroscopy of the cerebellum*
	
	NAA/Cr
	Cho/Cr
	NAA/Cho

	Hemisphere
	Mean ± (SD)
	1.01 ± 0.10
	0.76 ± 0.11
	1.35 ± 0.16

	
	CV (%)
	10.4
	14.3
	11.6

	Vermis
	Mean ± (SD)
	0.98 ± 0.09
	0.83 ± 0.10
	1.19 ± 0.12

	
	CV (%)
	8.0
	11.6
	10.4

	*Relative metabolite concentrations and CVs (%) in healthy volunteers (n=55, M: F = 32:23, mean age = 41-years, range 20 to 77)







[bookmark: _Toc244616568]Table 4‑2 Intra-subject variability of 1H-MR spectroscopy of the cerebellum*
	
	NAA/Cr
	Cho/Cr
	NAA/Cho

	Hemisphere
	Mean ± (SD)
	1.06 ± 0.08
	0.83 ± 0.10
	1.28 ± 0.11

	
	CV (%)
	7.2
	11.8
	8.3

	Vermis
	Mean ± (SD)
	1.02 ± 0.06
	0.92 ± 0.07
	1.11 ± 0.04

	
	CV (%)
	5.8
	7.3
	4.0

	*Relative metabolite concentrations and CVs (%) in a single subject scanned six times in 3 weeks (M, age 34)


[bookmark: _Toc215059362]

Inter- and intra-subject CVs (%) were consistently lower in the superior vermis (4 to 11.6) compared to those of the hemispheric white matter (7.2 to 14.3).

[bookmark: _Toc257903694]Metabolite ratios
Table 4-3 reports the mean, standard deviation and statistical significance of NAA/Cr, Cho/Cr and NAA/Cho in the voxel locations. 









[bookmark: _Toc244616569]Table 4‑3 Comparison of relative metabolite concentrations between the cerebellar hemispheric white matter and the superior cerebellar vermis (n=55, M: F = 32:23, mean age = 41-years, range 20 to 77)
	
	
	NAA/Cr
	Cho/Cr
	NAA/Cho

	Mean ± (SD)
	Hemisphere
Superior Vermis
	1.01 ± 0.10
0.98 ± 0.09
	0.76 ± 0.11
0.83 ± 0.10
	1.35 ± 0.16
1.19 ± 0.12

	95% CI
	
	-0.01 to 0.05
	0.05 to 0.10
	0.17 to 0.19

	P value
	
	> 0.05
	< 0.001
	< 0.001




Cho/Cr was significantly higher in the vermis compared to the hemisphere and NAA/Cho was significantly lower in the vermis compared to the hemisphere. Both of these findings suggest that the superior vermis possibly has a higher concentration of choline than cerebellar hemispheric white matter. Although there was a trend for higher NAA/Cr in the hemispheric white matter compared to measurements within the superior vermis no statistically significant difference was found.

Graphical representation of metabolite ratios (NAA/Cr and Cho/Cr) plotted against age is shown in Figure 4-1. Overall, a trend exists for hemispheric NAA/Cr (R2 = 0.052; P = 0.096) and hemispheric (R2 = 0.049; P = 0.104) and vermian (R2 = 0.073; P = 0.046) Cho/Cr to decrease with age. Such a trend was not found with vermian NAA/Cr (R2 = 1.48e-4; P = 0.93). 
No statistically significant differences were found between male and female data in either voxel position for NAA/Cr (hemisphere M 1.01 ± 0.12 vs. F 1.00 ± 0.09; vermis M 0.99 ± 0.07 vs. F 0.98 ± 0.09), Cho/Cr (hemisphere M 0.75± 0.12 vs. F 0.76 ± 0.01; vermis M 0.84 ± 0.09 vs. F 0.83 ± 0.11) and NAA/Cho (hemisphere M 1.36 ± 0.18 vs. F 1.32 ± 0.12; vermis M 1.18 ± 0.12 vs. F 1.20 ± 0.13). 

[image: ]
[bookmark: _Toc245823922]Figure 4‑1 Changes in cerebellar metabolite ratios with age
Relative area ratios of NAA/Cr and Cho/Cr within the cerebellar hemispheric white matter and superior cerebellar vermis plotted against age in 55 healthy volunteers (M: F = 32:23, mean age = 41-years, range 20 to 77). Regression lines and R2 values are also demonstrated.


[bookmark: _Toc257903695]Key Findings & Interpretation
The overall inter- and intra-subject variability of the data in the present study is satisfactory and represents an improvement on that previously reported in the literature. (Table 4-4) In particular, the inter-subject CV (%) range of 10 to 14 of the cerebellar hemisphere contrasts the range of 17 to 34 obtained by Mascalchi et al. when using similar imaging parameters.(Mascalchi et al. 2002) Inter-subject variability of the data obtained from the superior cerebellar vermis in the present study is virtually identical to those from the Mascalchi group, with the exception of a modest improvement (less variance) in NAA/Cho (CV (%) 10 vs. 12 respectively). The finding that variability of the data was consistently less in the superior cerebellar vermis than in the hemispheric white matter is also in accordance with previous research.(Mascalchi et al. 2002) This has been attributed to the added difficultly in shimming within the hemispheric white matter due to the neighboring skull base and blood flow in the dural venous sinuses.(Guerrini et al. 2009) Intra-subject variability was considerably less than inter-subject variability for both voxel positions (CV (%) 4 to 11.8 vs. 8 to 14.3 respectively). Similar findings of diminished CV (%) between inter- and intra-subject variability have been reported in other studies using 1H-MR spectroscopy, albeit in supratentorial positions.(Brooks et al. 1999; Schirmer et al. 2000) 


[bookmark: _Toc244616570]Table 4‑4 Comparison of cerebellar metabolite ratios and inter-subject variability obtained in healthy volunteers between the present study and published literature.(Mascalchi et al. 2002; Guerrini et al. 2009)
	
	Present Study
(N=55, total spectra 108, mean age 41 years, range 20-77)
	Mascalchi et al.*
(N=38, total spectra 57, mean age 34 years, range 25-78)
	Guerrini et al.**
(N=29, total spectra unknown, mean age 37 ± 11 years)

	
	Mean
	SD
	CV
	Mean
	SD
	CV
	Mean
	SD

	NAA/Cr
	Hemisphere
Vermis
	1.02
0.98
	0.10
0.09
	10
8
	1.6
1.1
	0.5
0.2
	34
8
	
1.58
	
0.17

	Cho/Cr
	Hemisphere
Vermis
	0.76
0.83
	0.11
0.10
	14
12
	1.1
1.0
	0.2
0.2
	24
12
	
1.09
	
0.18

	NAA/Cho
	Hemisphere
Vermis
	1.35
1.19
	0.16
0.12
	12
10
	1.4
1.1
	0.2
0.1
	17
12
	
1.51
	
0.44

	* Data presented was obtained at 1.5 T, PRESS technique, TR 2000 ms, TE 136 ms. Voxels = cube 2 x 2 x 2 cm3 (8 mL) for the hemisphere, including dentate nucleus and a parallelepid of 1.5 x 1.5 x 2 cm3 (4.5 mL) for the superior vermis.
** Data presented was obtained at 1.5 T, PRESS technique, TR 2000 ms, TE 272 ms. Voxel = cube of 1.5 x 1.5 x 1.5 cm3 (3.375 mL) in the superior vermis, including the superior cerebellar peduncles.




The present study appears to represent the largest cohort of subjects from which normal cerebellar metabolite data has been reported in the published literature (at the time of writing). Mascalchi et al. and Guerrini et al. have provided normative semi-quantitative metabolite values for both the cerebellar hemisphere and superior vermis and the superior vermis respectively. (Table 4-4) The present finding that NAA/Cr is higher than Cho/Cr within both voxel positions concurs with these reports.(Mascalchi et al. 2002; Guerrini et al. 2009) Compared to the aforementioned data NAA/Cr and Cho/Cr ratios for both voxel positions are lower in the present study (albeit some overlap between the data does exist). As well as variation in imaging parameters (such as magnetic field strength and echo time) the difference in metabolite ratios between the studies is likely attributable to voxel size and position, especially in the cerebellar hemisphere, which was inclusive of the dentate nucleus in the study by Mascalchi et al. Indeed, similar NAA/Cr and Cho/Cr values have been found previously in The Academic Unit of Radiology, Sheffield when the dentate nucleus has been included in the voxel.(Wilkinson et al. 2005) This may also explain why the Mascalchi group found a statistically significant difference between NAA/Cr in the hemisphere compared to the vermis – a difference that failed to reach significance here. The present finding that the vermis has a higher mean value of Cho/Cr than the hemisphere is shared by the aforementioned study and values for NAA/Cho in the hemisphere and vermis for both the Mascalchi group and our study are virtually identical. The higher NAA/Cr found in the superior cerebellar vermis by Guerrini et al. is likely attributable to their correction for cerebrospinal fluid within the voxel. Indeed, uncorrected values presented by the group were lower and more comparable with the data presented here.(Guerrini et al. 2009) The reason for the higher mean metabolite ratio for Cho/Cr in the superior vermis over that found in the hemispheric white matter is unclear. Speculatively, this difference may be explained by the tissue composition within the two voxels. Choline is considered a marker of cell density, which is relatively high in the superior vermis (tightly packed grey and white matter) compared to the connecting white matter tracts found in the hemisphere. It is appreciated however, that subtle differences in creatine between the two voxel positions may have an affect. It is known that the concentration of creatine is higher in the cerebellum than in other brain regions(Hennig et al. 1992; Michaelis et al. 1993; Jacobs et al. 2001) and that Mascalchi et al. found a lower absolute concentration of creatine in the vermis compared to the dentate.
With the exception of vermian NAA/Cr, the data provided by the present study suggests a general trend for cerebellar NAA and Cho levels to decrease with age. This finding is met with an equivocal response in the literature. Haga et al. performed a systematic review of metabolite changes with age and reported an overall trend for reduction in NAA but increase in Cho with age.(Haga et al. 2009) However, the study failed to include any cerebellar data, likely reflecting the dearth of published studies. 
[bookmark: _Toc257903696]Limitations 
The study is limited by its relatively small cohort size and by its lack of evaluation of metabolites with short T2 relaxation time such as myoinositol. However, long echo times offer advantages over short echo times particularly in the clinical setting including reductions in artifacts caused by incomplete water suppression, reduction in the resonances of macromolecules, which may distort the baseline(Guerrini et al. 2009) and it allows judgment of the true area of the main NAA resonance at 2.02 ppm. 
No additional data for determination of relaxation times or tissue composition within the voxels were acquired, as this would have taken the study beyond the primary aim of using 1H-MR spectroscopy of the cerebellum within the time constraints of clinical radiology. However, if time permitted, assessment of metabolite relaxation time may provide a further useful biomarker of neurophysiology.(Wilkinson et al. 1994) It is also appreciated that not all clinical centers have access to 3T MR scanners and analysis on 1.5T would perhaps have been more inclusive.
[bookmark: _Toc257903697]Summary
The results indicate that low inter- and intra-subject variability can be achieved when using a semiquantitative 1H-MR spectroscopy technique that is appropriate to the time constraints of clinical radiology. The regional variations of Cho/Cr and NAA/Cho within the cerebellar hemisphere and superior vermis should be considered when performing studies of diseases, which may preferentially target a particular cerebellar location.


[bookmark: _Toc257903698]
[bookmark: _Toc257903699]Brain abnormalities in patients with established coeliac disease referred for neurological opinion
[bookmark: _Toc215059365][bookmark: _Toc257903700]Introduction
In 1966, Cooke and Smith published the first comprehensive report of neurological manifestations in the context of histologically confirmed CD.(Cooke et al. 1966) Detailed post-mortem data showed an inflammatory process that primarily, but not exclusively, affected the cerebellum. Since then, numerous publications (mainly single and multiple case studies) have reported patients with established CD who then developed neurological dysfunction.
The key findings from these reports were that ataxia (with and without myoclonus) and neuropathy were the most common manifestations.(Hadjivassiliou et al. 2010b)
Current evidence suggests a range of 10% to 22·5% for the prevalence of neurological dysfunction in patients with established CD.(Holmes 1997; Briani et al. 2008) Given that CD has a prevalence of 1% of the population,(Sanders et al. 2003) the health and economic burden arising as a consequence of neurological dysfunction is potentially substantial. Characterization of brain abnormality in these patients is fundamental to understanding the pattern and extent of disease. There is the additional need for reproducible biomarkers as there is currently no readily available specific serological indicator for neurological dysfunction in this cohort. 
Single voxel proton MR spectroscopy provides an insight into the underlying chemical environment of a particular brain region. T2-weighted imaging allows assessment of WMAs and 3-dimentional T1-weighted data sets can be used to evaluate atrophy. 
The present study has evaluated retrospectively the MR features of a consecutive cohort of patients with biopsy proven CD that was referred for neurological opinion. 
[bookmark: _Toc215059366][bookmark: _Toc257903701]Methods
[bookmark: _Toc215059367][bookmark: _Toc257903702]Subjects and controls
A retrospective examination of a consecutive cohort of patients with biopsy proven CD, which were referred for a neurological opinion, neurology outpatient’s clinic, Royal Hallamshire Hospital, Sheffield, UK and had undergone subsequent MR imaging of the brain as part of their routine clinical care was undertaken (as outlined in Chapter 3). 
Age- and sex-matched control data were acquired from a group of 55 healthy volunteers as detailed in Chapter 4.(Currie et al. 2013c)(Appendix A1.5) All controls and subjects underwent the exact same imaging protocol. 
[bookmark: _Toc215059368][bookmark: _Toc257903703]Outcome measures
Outcome measures comprised: (1) cerebellar volume expressed as a percentage of total intracranial volume (%CV:TIV); (2) NAA/Cr and Cho/Cr ratios in the cerebellar vermis and hemisphere and; (3) the presence of cerebral T2-weighted WMAs. In each case subjects’ were compared to control data. VBM was also conducted to look for differences in grey matter density between subject and control groups. 
[bookmark: _Toc215059369][bookmark: _Toc257903704]Imaging protocol and analysis
Details of structural MR imaging and 1H MR spectroscopy, as well as imaging analysis can be found in Chapter 3.  %CV:TIV was estimated using the standard approach. 
[bookmark: _Toc215059377][bookmark: _Toc257903705]Results
Forty consecutive patients with CD were referred for a neurological opinion from their gastroenterologist between January 2009 and March 2011. Three patients were excluded, as small bowel biopsy diagnosis of CD could not be confirmed. Four patients were excluded due to poor MR spectroscopy data, leaving 33 eligible patients (mean age at time of MR imaging 44 ± 13 years (range 19 to 64), M:F = 10:23).
All 33 subjects had duodenal biopsy proven CD ranging from Marsh 3a to Marsh 3c. All subjects were reviewed by the same experienced consultant neurologist (MH). None of the subjects took medication known to affect cerebellar structure or function. Three (9%) subjects had type I diabetes mellitus. Six (18%) subjects smoked cigarettes; the remaining 27 (82%) were non-smokers. No subject was an ex-smoker. 19 (58%) subjects reported alcohol abstinence; the rest were documented as drinking within recommended daily limits.(drinkaware.co.uk 2011) Median time from diagnosis of CD to MR imaging was 2.1 years (range 0.1 to 13.2 years). Median time from onset of neurology symptomatology to MR imaging was 1.6 years (range 0.4 to 19.0 years). 
Patients with CD had three main types of neurological complaint: (1) balance disturbance; (2) headache and (3) sensory loss. Balance disturbance comprised gait ataxia with patients having difficulty tandem walking and standing on one leg in turn during clinical examination. Five (25%) patients with balance disturbance also demonstrated gazed-evoked nystagmus. No patient in this category had myoclonus, palatal tremor, opsoclonus, chorea or symptoms suggestive of vestibular disturbance. Headaches were episodic and occasionally resembled migraine and sensory loss constituted mainly lower limb peripheral sensory neuropathy. Subject demographics for the subgroups are shown in Table 5-1.

[bookmark: _Toc244616571]Table 5‑1 Demographics of patients with established coeliac disease referred for neurological opinion according to main neurological complaint* 
	Patient Subgroup
	M:F
	Mean age at time of MRI (years)
	Median time (years) from diagnosis of CD to MRI (range)
	Median time (years) from start of neurology symptoms to MRI (range)
	No. of subjects adherent to GFD (%) **

	BD 
(N=20)
	7:13
	42 ± 13
	2.2 (0.1 to 10.5)
	1.3 (0.6 to 19.0)
	12 (60)

	HA 
(N=6)
	1:5
	53 ± 7
	9.3 (0.3 to 11.3)
	9.0 (0.6 to 15.1)
	4 (66.6)

	SL 
(N=4)
	2:2
	44 ± 18
	1.5 (1.2 to 2.7)
	1.0 (0.5 to 1.8)
	3 (75)

	* Three patients had primary neurological complaints, which were outside of the subgroup categories. These included a 23-year-old female with benign positional vertigo, a 38-year-old female with chronic fatigue and a 62-year-old female with unexplained loss of consciousness. All 3 of these patients were GFD compliant.
** GFD = gluten-free diet. Adherence based on negative serological test before MR imaging (see main text)
BD = balance disturbance, HA = headache, SL = sensory loss, MRI = magnetic resonance imaging.






Controls comprised 33 age- and sex-matched individuals (mean age 44 ± 13 years (range 19 to 64), M:F = 10:23). None of the controls smoked cigarettes. All controls reported either abstinence of alcohol (n= 10) or drinking alcohol within recommended daily limits (n= 23).(drinkaware.co.uk 2011)  
[bookmark: _Toc215059378][bookmark: _Toc257903706]Cerebellar volume and grey matter VBM
Patients had significantly smaller cerebellar volume compared with age- and sex-matched controls (6.9 ± 0.7 vs. 7.4 ± 0.9 respectively, CI 95% 0.1 to 0.9; p<0.05). When divided into presentation group, only patients in the balance disturbance subgroup had statistically significant smaller cerebellar volume compared with age- and sex-matched controls (6.9 ± 0.7 vs. 7.4 ± 0.8 respectively, CI 95% 0.1 to 1.0; p<0.05, (%CV:TIV headache p>0.1; sensory loss p>0.05).
VBM revealed that the patient group had statistically significant reduction in the volume of grey matter in both superior cerebellar hemispheres and multiple supratentorial cortical and subcortical regions compared to age- and sex-matched controls. (Figures 5-1 & 5-2)

[image: ]
[bookmark: _Toc245823923]Figure 5‑1 Voxel-based morphometric analysis showing areas of significant cerebellar grey matter loss in patients with established coeliac disease
Right (sagittal), middle (coronal) and left (axial) images. Highlighted areas depict statistically significant lower grey matter concentrations predominantly affecting the superior cerebellar hemispheres in patients with CD compared with age- and sex-matched controls, (p<0·05).

[image: ]
[bookmark: _Toc245823924]Figure 5‑2 Voxel-based morphometric analysis showing areas of significant supratentorial grey matter loss in patients with established coeliac disease
Highlighted areas depict cortical and subcortical brain regions that show statistically significant lower grey matter concentrations in patients with CD compared with age- and sex-matched controls, (p<0·05). Right sagittal image: 1. Rectus gyrus and genu of the anterior cingulate gyrus; 2. Dorsal frontal lobe and medial peri-Rolandic regions; 3. (including left axial image) Grey matter surrounding the parieto-occipital fissure and including (anterior to the fissure) the doral precuneus and (posterior to the fissure) ventral cuneus. Left axial image: bilateral corpus striatum and dorsal thalamus (arrow).
[bookmark: _Toc215059379]
[bookmark: _Toc257903707]White matter abnormalities
None of the controls had WMAs. Conversely, 12 of 33 (36%) subjects had WMAs. The prevalence of WMAs was greatest in the headache subgroup. This category also demonstrated the greatest number of WMAs per scan. Table 5-2











[bookmark: _Toc244616572]Table 5‑2 Characteristics of WMAs among patients with established coeliac disease referred for neurological opinion
	Patient Subgroup
	Number of patients with WMA (%)
	Mean age
	Mean number of WMA per scan (± SD)
	Character
	Predominant Location

	BD
(N=20)
	6 (30)
	52 ± 11
	10 ± 6
	Punctate
	Subcortical frontoparietal

	HA
(N=6)
	4 (67)
	54 ± 6
	19 ± 14
	Punctate
	Mixture of periventricular & subcortical frontoparietal

	SL
(N=4)
	1 (25)
	56
	3
	Punctate
	Subcortical frontoparietal

	


Outside of the 3 subgroups the 62-year-old female with unexplained loss of consciousness also had WMAs. These were punctate (n=7) and were distributed predominantly in the subcortical regions of frontoparietal lobes.


Only one subject with WMAs was a smoker. This was a 60-year-old female in the headache subgroup who had 14 WMAs and who also suffered from type 1 diabetes mellitus and hypertension. No other subject with WMAs had diabetes. Two subjects in the balance disturbance subgroup with WMAs were recorded as having hypertension (both females aged 64 and 51 who had 10 and 18 WMAs respectively). 50% of patients with WMAs in the balance disturbance and headache subgroups and 100% of the sensory loss subgroup reported abstinence of alcohol. Overall, seven  (58%) subjects with WMAs had no history of smoking, diabetes or hypertension (mean age 51 ± 9·0, mean WMAs per scan 9 ± 8). The remaining five subjects had at least one of the three aforementioned vascular risk factors (mean age 57 ± 7, mean number of WMAs per scan 17 ± 11). 
[bookmark: _Toc215059380][bookmark: _Toc257903708]MR spectroscopy
[bookmark: _Toc257903709]Group comparison
No statistically significant differences were found between subjects and controls with respect to NAA/Cr ratio of the cerebellar vermis (0.97 ± 0.09 vs. 0.97± 0.08 respectively; 95% CI -0.05 ± 0.06, p>0.05) or right cerebellar hemisphere (1.05 ± 0.14 vs. 1.00 ± 0.09 respectively; 95% CI -0.13 ± 0.01, p>0.1). Similarly, no statistically significant differences were found between subjects and controls with respect to Cho/Cr ratio of the cerebellar vermis (0.79 ± 0.07 vs. 0.83 ± 0.10 respectively; 95% CI -0.02 ± 0.10, p>0.1) or right cerebellar hemisphere (0.83 ± 0.17 vs. 0.76 ± 0.08 respectively; 95% CI -0.07 ± 0.04, p>0.05). Even when subjects were divided into clinical subgroups and compared to age- and sex-matched controls no statistical significance could be found. Furthermore, no statistically significant difference was demonstrated when adherence to a gluten-free diet was taken into account. 
[bookmark: _Toc257903710]Individual patient data
[bookmark: _Toc215059381]Three (9%) patients (compared to 2 (6%) healthy volunteers) were classed as having abnormal cerebellar metabolite ratios on MR spectroscopy when abnormal was defined as having any one of four possible metabolite ratios (hemispheric or vermian NAA/Cr or Cho/Cr) ≤ 2 standard deviations below the group mean ratio for 33 age- and sex-matched healthy volunteers (i.e. hemispheric NAA/Cr and Cho/Cr ≤0.82 and ≤0.60 respectively; vermian NAA/Cr and Cho/Cr ≤0.81 and ≤0.63 respectively). 
[bookmark: _Toc257903711]Adherence to a gluten-free diet
Twenty two subjects (67%) were adherent to a gluten-free diet at the time of MR imaging according to negative serology for antigliadin antibodies, EMA and TG2. Median time from serological antibody testing to MR imaging was 40 days (range 6 to 671 days). There was a tendency (at least in those patients presenting with cerebral manifestations (i.e. balance disturbance and headaches)) for an increase in the incidence of WMAs in patients that did not adhere to a gluten-free diet compared to those patients that did. Table 5-3

[bookmark: _Toc244616573]Table 5‑3 Incidence of WMA in respect to adherence to a gluten-free diet in patients with established coeliac disease referred for neurological opinion
	Subgroup
	Number of patients
	Incidence of WMA
	Mean number of WMA per MRI scan

	BD (N=20)
	Adherent
Not adherent
	12 (60%)
8 (40%)
	3 (25%)
3 (38%)
	12
8

	HA (N=6)
	Adherent
Not adherent
	4 (67%)
2 (33%)
	2 (50%)
2 (100%)
	19
19

	SL (N=4)
	Adherent
Not adherent
	3 (75%)
1 (25%)
	1 (33%)
0 (0%)
	3
0

	*Adherence based on negative serological test before MR imaging (see main text)
BD = balance disturbance, HA = headache, SL = sensory loss.




Comparing those patients that adhered to a gluten-free diet to those that did not revealed no statistically significant differences in %CV:TIV in any of the three subgroups.
[bookmark: _Toc257903712]Key Findings
This study demonstrates that patients with CD and neurological complaints have significant cerebral and cerebellar abnormalities when compared to age- and sex-matched healthy volunteers. Especially, when compared to the control cohort this group of patients with CD and neurological complaints has significantly smaller cerebellar volume and has significantly reduced grey matter volume in multiple brain regions including the cerebellum. Patients also demonstrated a high proportion of cerebral WMAs that was not present in the control group. Whilst MR spectroscopy was only abnormal in a very small number of patients from this group, this may have been the result of the patients being on a gluten free diet, which has been shown to improve MR spectroscopy.(Hadjivassiliou et al. 2003a)
[bookmark: _Toc257903713]Limitations
This study is mainly descriptive and has limitations including relatively small cohort size and the acquisition of data retrospectively. Patients were taken from a tertiary specialty clinic introducing the possibility of referral bias. Besides alcohol and smoking status, vascular risk factors were not analysed in both the control and subject groups. Parameters such as body mass index, blood pressure, exercise tolerance and serum lipid levels would be of particular relevance to further qualify the nature of WMAs in patients with CD. Although a thorough screening questionnaire was performed for each control, individual clinical examinations were not carried out. 
[bookmark: _Toc257903714]Summary
Patients with CD referred to neurology appear to have significant abnormalities on MR imaging of the brain and especially the cerebellum. The extent and pattern of grey matter loss in patients with CD on a gluten-free diet compared to controls raises valuable questions over possible subclinical neurological disease in these patients and the need for early diagnosis and treatment with a strict gluten-free diet. Future prospective studies on patients with newly diagnosed CD may add further information on any neuroprotective affects conferred by a gluten-free diet.



[bookmark: _Toc257903715]
[bookmark: _Toc257903716]Alcohol induces sensitization to gluten in genetically susceptible individuals
[bookmark: _Toc257903717]Introduction
Previous studies have shown that patients with chronic alcohol abuse often have elevated serological levels of antibodies directed towards self-antigens as well as elevated IgA immunoglobulins and T-cells.(Bradunaite et al. 2002) High levels of immunoglobulins can be seen in immune mediated diseases.(Waszkiewicz et al. 2010) Recently, excessive alcohol consumption has been shown to mediate an IgA immune response, which is not only directed towards alcohol-derived neo-antigens but also against TG2.(Koivisto et al. 2008) Transglutaminases constitute a family of enzymes with cross-linking capability.(Lorand et al. 2003) TG2 and TG3 have been implicated as the autoantigens in CD(Lindfors et al. 2010) and dermatitis herpetiformis respectively(Stamnaes et al. 2010). Recently, antibodies against TG6 were found in patients with GA. Individuals with GA (and other gluten-related disorders) show genetic susceptibility, with almost all patients demonstrating the HLA-DQ2/DQ8 genotype.(Hadjivassiliou et al. 2006c; Green et al. 2007) 
The presence of TG2 antibodies in patients with chronic alcoholism raises the possibility of alcohol-induced sensitivity to gluten. One potential mechanism recently proposed is that alcohol-induced intestinal mucosal lesions and increased gut permeability may lead to the exposure of new antigens, (such as gliadin peptides), which are considered foreign by the mucosal system.(Koivisto et al. 2008) A compromise to the blood brain barrier (such as is thought to occur in GA(Hadjivassiliou et al. 2010b) and alcohol abuse(Alikunju et al. 2011)) could theoretically, expose the brain to antibodies or immune complexes and lead to/potentiate neurological damage. Given that gluten exposure (in cases with GA) and alcohol are known to cause cerebellar degeneration, it may be difficult to establish the primary cause of the cerebellar insult in any patient that demonstrates co-existence of the two conditions. 
The primary aim of this study was to investigate the prevalence of serological evidence of sensitivity to gluten and HLA-status in patients with ataxia presumed to be due to chronic alcohol abuse (ACAA). The secondary aim was to compare the pattern of cerebellar involvement using magnetic resonance (MR) imaging between patients with GA and patients with ACAA (with and without serological evidence of sensitivity to gluten). 
[bookmark: _Toc257903718]Methods
[bookmark: _Toc257903719]Subjects and Controls
A retrospective review of all patients attending the ataxia clinic, Royal Hallamshire Hospital, Sheffield, UK was performed. Patients with a diagnosis of GA and ACAA were sought (see Chapter 3 for details). All patients from the two groups that had undergone the exact same MR imaging protocol of the brain were selected for MR imaging analysis. The clinical notes of these patients were assessed to obtain the duration and severity of ataxia symptoms at the time of MR imaging (as outlined in Chapter 3). Evidence of CD (in the form of positive duodenal biopsies) was also sought in both patient groups. 
Age- and sex-matched control data were acquired from a group of 55 healthy volunteers as detailed in Chapter 4.(Currie et al. 2013c) All controls and subjects underwent the exact same imaging protocol. 
[bookmark: _Toc257903720]MR imaging outcome measures
Outcome measures comprised of: (a) CV:TIV; (b) NAA/Cr and Cho/Cr ratios in the cerebellar vermis and hemisphere and (c) grey matter ‘density’ as indicated by VBM. In each case, subjects’ data were compared to control data matched for age and sex.
[bookmark: _Toc257903721]Imaging protocol and analysis
Details of structural MR imaging and 1H MR spectroscopy, as well as imaging analysis can be found in Chapter 3.  %CV:TIV was estimated using the modified method.
[bookmark: _Toc257903722]Results
Over a 15-year period, 904 patients with progressive cerebellar ataxia attended the specialist ataxia clinic at the Royal Hallamshire Hospital, Sheffield, UK. Of these, 104 patients were diagnosed with ACAA and 159 patients with GA.
61% of the ACAA group and 70% of the GA group had the HLA DQ2/DQ8 genotype, compared to 30% in healthy local blood donors.(Dewar et al. 2004) 44% of patients with ACAA had antibodies to gliadin (IgG and/or IgA) compared to 12% in the healthy local population and 10% in patients with genetically confirmed ataxias.(Hadjivassiliou et al. 1996; Hadjivassiliou et al. 2003b) None of the patients with ACAA and antigliadin antibodies had CD on duodenal biopsy compared to 40% of patients with GA. None of the patients with GA had raised MCV or gamma GT. 
[bookmark: _Toc257903723]MR imaging
Twenty-nine patients with ACAA and 17 patients with GA underwent the previously detailed, same MR imaging protocol. The presence of antigliadin antibodies allowed subdivision of the ACAA group in to those with (ACAA+) and those without (ACAA-) serological evidence of gluten sensitivity. Table 6-1















[bookmark: _Toc244616574]Table 6‑1 Demographics of patients with gluten ataxia and patients with alcoholic ataxia*
	Subject Group
	No. Subjects
	Mean Age (SD & range) at MRI (yrs.)
	M:F
	Median Duration of Symptoms at MRI (yrs.)
	Mean Ataxia Severity Score 
(1 = mild, 2 = moderate, 3 = severe)

	GA
	17
	52±10 (33 to 67)
	5:12
	10 (range 3 to 16)
	1.9

	ACAA
ACAA+
ACAA-
	29
10
19
	54±8 (39 to 69)
49±8 (39 to 62)
56±8 (41 to 69)
	17:12
5:5
12:7
	6 (range 1 to 10)
5 (range 1 to 10)
8 (range 2 to 10)
	1.7
1.7
1.7

	* Controls underwent the exact same MR imaging protocol as the patient groups.  Controls were matched to patients within each group according to age and gender from a pool of 55 healthy volunteers. Control demographics matched to the GA group: n = 17, M:F = 5:12, mean age at MRI = 52±10 (33 to 68) and; for the ACAA group: n = 29, M:F = 17:12, mean age at MRI = 55±8 (41 to 68). No statistically significant differences in age were found across the ACAA, GA and control groups (p = 0.74, Kruskal-Wallis test). 
GA = Gluten Ataxia, ACAA = Ataxia due to Chronic Alcohol Abuse, ACAA+ = Ataxia due to Chronic Alcohol Abuse with antigliadin antibodies, ACAA- = Ataxia due to Chronic Alcohol Abuse without antigliadin antibodies, SD = standard deviation.



[bookmark: _Toc257903724]MR spectroscopy
[bookmark: _Toc257903725]Patients with ACAA vs. controls
Vermian NAA/Cr was significantly reduced in patients with ACAA (0.86 ± 0.11) compared to age- and sex-matched controls (0.97 ± 0.05), CI 95% 0.05 to 0.16; p <0.001. No statistically significant difference was found between patients with ACAA and controls for vermian Cho/Cr (p=0.73) and cerebellar hemispheric NAA/Cr (p=0.19) and Cho/Cr (p=0.37).  
[bookmark: _Toc257903726]Patients with GA vs. controls
Vermian NAA/Cr was significantly reduced in patients with GA (0.77 ± 0.11) compared to age- and sex-matched controls (0.96 ± 0·07), CI 95% 0.12 to 0.25; p <0.001. No statistically significant difference was found between patients with GA and controls for vermian Cho/Cr (p=0.13) and cerebellar hemispheric NAA/Cr (p=0.63) and Cho/Cr (p=0.39).  
[bookmark: _Toc257903727]Patients with GA vs. patients with ACAA
Using group data as depicted in the Table 6-1 (i.e. unmatched for symptom duration), vermian NAA/Cr was significantly reduced in patients with GA (0.77 ± 0.11) compared to patients with ACAA (0.86 ± 0.11), CI 95% 0.02 to 0.16; p <0.05. When patients were matched for symptom duration (GA n=11, ACAA n=17; median 8 years from symptom onset to MR; mean age 52±7 years for both groups; mean ataxia severity GA=1.6, AA=1.5) there was an overall trend for reduced vermian NAA/Cr in the GA group compared to ACAA but this failed to reach statistical significance (0.79 vs. 0.87 respectively, CI 95% -0.19 to 0.03, p>0.05). 
No statistically significant differences were found in vermian Cho/Cr (p=0.10/p=0.20) or cerebellar hemispheric NAA/Cr (p=0.30/p=0.23) and Cho/Cr (p=0.64/p=0.78) between patients with GA and patients with ACAA irrespective if the data were unmatched or matched for symptom duration (p values shown = unmatched/matched data).

Comparing MR spectroscopy data from GA with ACAA- and GA with ACAA+ revealed no statistical significant differences in neurometabolite ratios at either voxel position irrespective of matching for symptom duration. Similarly, no statistically significant differences were found in the neurometabolite ratios when ACAA- and ACAA+ groups were compared directly irrespective of voxel position and matching for symptom duration. 
[bookmark: _Toc257903728]Cerebellar volume
[bookmark: _Toc257903729]Patients with ACAA vs. controls
%CV:TIV was significantly smaller in patients with ACAA (5.95 ± 0.79) compared to age- and sex-matched controls (8.85 ± 1.11); CI 95% 2.26 to 3.53, p<0.001.
[bookmark: _Toc257903730]Patients with GA vs. controls
%CV:TIV was significantly smaller in patients with GA (4.71 ± 1.20) compared to age- and sex-matched controls (8.46 ± 1.06); CI 95% 2.96 to 4.54, p<0.001.
[bookmark: _Toc257903731]Patients with GA vs. patients with ACAA
%CV:TIV was significantly smaller in patients with GA (4.71 ± 1.20) compared to patients with ACAA (5.95 ± 0.79); CI 95% 0.57 to 1.93, p<0.001. Statistical significance was maintained when patients were matched for duration of symptoms (GA n=11; ACAA n=17; %CV:TIV = 4.90 ± 1.28 vs. 5.83 ± 0.78 respectively; CI 95% 0.13 to 1.72, p<0.05 – median duration of symptoms 8 years; mean ataxia severity score GA 1.6, ACAA 1.5, mean age both 52 ± 7 years). 
%CV:TIV was significantly smaller in patients with GA compared to patients with ACAA- (4.71 ± 1.20 vs. 5.60 ± 1.64; CI 95% 0.49 to 1.90, p<0.05). Although the trend for smaller cerebellar volume in the GA group (compared to ACAA-) continued when patients were matched for duration of symptoms, data failed to reach statistical significance (p=0.07). Similarly, when cerebellar volume in patients with GA was compared with that of ACAA+ no statistical significance was demonstrated irrespective of matching for symptom duration (p = 0.19/0.62; unmatched/matched for symptom duration). 
No statistically significant difference in cerebellar volume was found between ACAA+ and ACAA- irrespective of matching for symptom duration (p = 0.11/0.39; unmatched/matched for symptom duration). 
[bookmark: _Toc257903732]Grey matter VBM
VBM demonstrated reduced grey matter density in both patient groups compared with controls. This constituted pure cerebellar atrophy in the GA group but cerebellar atrophy in combination with supratentorial involvement in the ACAA group. Analysis of just the ACAA+ group compared with controls showed a similar pattern of atrophy to that of the ACAA group. Figure 6-1

[image: ]
[bookmark: _Toc245823925]Figure 6‑1 Voxel-based morphometry on patients with gluten ataxia and patients with alcohol-related ataxia compared with controls
Highlighted areas depict regions of reduced grey matter density (corrected, p<0.05).
a) Patients with GA show pancerebellar grey matter reduction. b) Patients with ACAA show cerebellar hemispheric grey matter reduction as well as cingulate gyrus and inferior frontal lobe involvement. c) Patients with ataxia due to chronic alcohol abuse and sensitivity to gluten. Note this is the same pattern of disease as shown in patients with ACAA (b) and differs to that of GA (a).

[bookmark: _Toc257903733]Key Findings
This study demonstrates that the prevalence of antigliadin antibodies in patients with ACAA is significantly higher than in control groups (44% vs. 12% in the healthy population(Hadjivassiliou et al. 1996) and 10% in hereditary ataxias(Hadjivassiliou et al. 2003b)). Furthermore, the prevalence of the HLA-DQ2/DQ8 genotype in patients with ACAA is more than double that of the healthy population (61% vs. 30%(Dewar et al. 2004)). This study also demonstrates that compared to age- and sex-matched controls, patients with ACAA and GA have significant structural and functional cerebellar deficits. 
Voxel-based morphometry analysis reveals that GA and ACAA have different radiological phenotype with respect to grey matter loss. Patients with GA show considerable grey matter loss, which appears to be confined to and involves most of the cerebellum. Conversely, patients with ACAA have more modest cerebellar involvement but the disease extends into the supratentorial compartment. 
[bookmark: _Toc257903734]Limitations
The study was retrospective and as such has inherent limitations. Antigliadin antibodies were used as evidence for sensitivity to gluten simply because currently there are no sensitive serological markers for the whole spectrum of gluten-related disorders. The study has not examined whether patients had co-existing alcoholic liver disease and also has not compared the data with a cohort of patients with alcoholic liver disease without ataxia. As such the possibility that liver disease per se may be a risk factor for serological positivity for gluten-related antibodies rather than being mediated through a prolonged cerebellar insult has not been discounted. In addition, this study was not inclusive of those patients dependent on alcohol with ataxia that have not been referred to a neurologist. 
[bookmark: _Toc257903735]Summary
Patients with alcoholic ataxia have a high prevalence of antigliadin antibodies in combination with a high prevalence of the HLA-DQ2/DQ8 genotype, strongly associated with gluten-related disorders. The pattern of cerebellar involvement in alcoholic ataxia differs from that observed in patients with GA. This raises the possibility that alcohol excess in genetically susceptible individuals may induce sensitization to gluten. The cause of the ataxia however appears to be related to the toxic effect of alcohol rather than being secondary to sensitivity to gluten.

[bookmark: _Toc257903736]
[bookmark: _Toc257903737]Patients newly diagnosed with coeliac disease show subclinical neurological dysfunction
[bookmark: _Toc257903738]Introduction
To date, the literature is devoid of a longitudinal study that first prospectively examines patients with newly diagnosed CD for potential neurological dysfunction and then follows their outcome overtime in relation to adherence to a gluten free diet.  Additionally, no known study has analysed possible brain dysfunction using MR imaging biomarkers in such a group. 
The aims of this study were three fold: (1) to prospectively determine the prevalence and type of neurological dysfunction in patients with newly diagnosed CD, (2) to analyse MR imaging biomarkers of the brain in this patient group, and (3) to examine any changes in clinical status and/or MR imaging biomarkers at 1-year follow-up with particular reference to single voxel MR spectroscopy as a biomarker of cerebellar dysfunction. 
[bookmark: _Toc257903739]Methods
[bookmark: _Toc257903740]Subjects and controls
Patients with biopsy confirmed newly diagnosed CD were recruited from the CD clinic, Royal Hallamshire Hospital, Sheffield and underwent neurological review, including examination followed by subsequent MR imaging of the brain. Neurological assessment and MR imaging were repeated after one year. Serology was acquired at baseline and at follow-up for assessment of adherence to a gluten free diet (as outlined in Chapter 3).  
Age- and sex-matched control data were acquired from a group of 55 healthy volunteers as detailed in Chapter 4.(Currie et al. 2013c) Group mean age (n=30) = 47±13 years (range 24 to 77). All volunteers were free from present and past medical illness, were not taking medication, were non-smokers and denied illicit drug use. Five (17%) were abstinent of alcohol. Group mean alcohol consumption for the remaining 13 volunteers = 11±7 units/week, range 0 to 25. All controls and subjects underwent the exact same imaging protocol. 
[bookmark: _Toc257903741]MR imaging outcome measures
Outcome measures comprised of: (a) CV:TIV; (b) NAA/Cr and Cho/Cr ratios in the cerebellar vermis and hemisphere (c) grade of WMA and (d) grey matter ‘density’ as indicated by VBM. 
[bookmark: _Toc257903742]Imaging protocol and analysis
Details of structural MR imaging and 1H MR spectroscopy, as well as imaging analysis can be found in Chapter 3.  %CV:TIV was estimated using the modified method.
[bookmark: _Toc257903743]Results
[bookmark: _Toc257903744]Clinical data
At the time of writing, 30 patients diagnosed with biopsy-confirmed CD (Marsh 3a to 3c) at the gastroenterology clinic, Royal Hallamshire Hospital, Sheffield had agreed to participate in the study. All 30 patients had undergone baseline gastroenterological, neurological and neuroradiological work up. Demographics of the group are shown in Table 7-1.













[bookmark: _Toc244616575]Table 7‑1 Demographics of 30 consecutive patients with newly diagnosed coeliac disease
	Group mean age (years ± SD)
M:F
Median time from diagnosis of CD to initial MR imaging (days)
Other autoimmune condition (N/%)
1st-degree relative with CD (N/%)
Alcohol consumers (N/%)
Tobacco smokers (N/%)
	47 ± 16 (range 23 to 77)
12:18
89 (range 11 to 374)
7/23 *
6/20
17/57 **
5/17 ***

	* Hypothyroidism (N=5), Hyperthyroidism (N=1), Type 1 diabetes mellitus (N=2), One patient had diabetes and hypothyroidism.
** Mean alcohol consumption = 10 ± 12 units/week (range 1 to 50).
*** Mean cigarette consumption = 8 ± 6/day (range 2 to 15). 3 patients were ex-smokers (mean 9±4 pack years, range 5 to 12). 22 patients never smoked.




All patients were on a normal (i.e. gluten containing) diet at the time of initial MR imaging (i.e. all patients tested positive for TG2 ± endomysial antibodies prior to imaging, median time from blood test to baseline MR imaging = 47 days, range 0 to 199). 
No patient was under or had previously been under neurological investigation prior to inclusion in the study. All patients denied visiting their general practitioner with respect to neurological disturbance. Table 7-2 charts the neurological symptoms, signs and category of diagnosis (from ataxia, headache and peripheral neuropathy) for all 30 patients. 













[bookmark: _Toc244616576]Table 7‑2 Neurological symptoms and signs in 30 consecutive patients with newly diagnosed coeliac disease
	Sex, Age
	Symptoms, duration
	Neurological examination
	Diagnosis*

	F 35
F 63
F 28
M 71
F 41

F 33
M 67
F 69

F 54


M 52
M 77

M 30
M 59


F 42

M 67

M 41
F 23


F 70


M 32
F 39
F 69



M 35
F 47

F 27
M 46
F 29
F 43
M 33

F 57

F 36
	Nil
Off balance, 1 year
Nil
Off balance, 1 year
Off balance when spinning around, 1 year 
Nil
Nil
Off balance on rough terrain, has to concentrate on the floor, 2 years
Weekly, dull ache, frontal headaches, occasional visual auras, 1 year
Once yearly migraine, 5 years
Frontal headaches, 2-3 times/week, occasional dizziness, 1 year
Migraine, 3 years
Daily frontal headaches, off balance on uneven ground, pins and needles in hands and feet, 2 years
Frequent migraines – throbbing around eyes, 1 year
Loss of sensation in feet**, 2 years

Frontal headache, 2 years
Migraines for 9 years associated with visual disturbance, 9 months feeling off balance
Tending to veer to one side, 4 months

Nil
Nil
Frequent frontal headaches with occasional phonophobia and photophobia, off balance, needs stick to walk, 4 years
Nil
Frontal headaches for 3 years, always felt clumsy
Nil
Nil
Nil
Nil
Dull frontal headaches, occasionally throbbing, 2 years
Occasional unilateral frontal headaches for 3 months
Nil
	Normal
Difficulty tandem walking, nystagmus on lateral gaze bilaterally
Normal
Difficulty standing on one leg in turn and tandem walking
Difficulty standing on one leg in turn and tandem walking, unsustained nystagmus on lateral gaze
Normal
Unable to tandem walk
Difficulty tandem walking

Normal


Normal
Normal

Normal
Difficulty tandem walking and completing heel to shin test


Normal

Reduced vibration sense in both legs and absent reflexes from knees distally
Normal
Unable to stand on each leg in turn


Difficulty completing heel to shin test, standing on one leg in turn and tandem walking. Loss of vibration sense in both feet

Normal
Normal
Difficulty tandem walking



Normal
Difficulty standing on one leg in turn and tandem walking. Global areflexia, loss of vibration sense in the left great toe
Normal
Normal
Normal
Normal
Normal

Normal

Normal
	Normal
Ataxia
Normal
Ataxia
Ataxia

Normal
Ataxia
Ataxia

Headache


Headache
Headache

Headache
Ataxia, headache


Headache

Peripheral neuropathy
Headache
Ataxia, headache


Ataxia, peripheral neuropathy
Normal
Normal
Ataxia, headache



Normal
Ataxia, headache

Normal
Normal
Normal
Normal
Headache

Headache

Normal

	* Diagnostic category is a summary based on initial clinical evaluation (i.e. history and examination) ** Patient was not diabetic.




Of the 30 patients, 11 (37%) had abnormal neurological examination, particularly gait ataxia. (Figure 7-1) All patients with ataxia were measured clinically as grade 1. 

[image: ]
[bookmark: _Toc245823926]Figure 7‑1 Findings on neurological examination in 30 patients newly diagnosed with coeliac disease
One patient in the ataxia group also had lower limb peripheral sensory neuropathy.


[bookmark: _Toc257903745]What proportion of patients with abnormal neurological examination admitted to having symptoms relating to the examination findings?
Ten of the 11 patients with abnormal neurological examination complained of neurological disturbance on further questioning. Of the 10 patients with ataxia, 9 (90%) said that they had experienced problems with their balance but had attributed such difficulties to general clumsiness. The other patient with ataxia on clinical examination denied any history of balance disturbance or ambulatory trouble. One patient with lower limb peripheral sensory neuropathy complained of reduced sensation in both feet on further questioning. This patient tested negative for diabetes mellitus. One patient with gait ataxia and lower limb peripheral sensory neuropathy only complained of balance disturbance on further questioning.  Eight (27%) of the 30 patients complained solely of headaches and all of these had normal neurological examinations. 
[bookmark: _Toc257903746]1-year follow-up
Fourteen (47%) of the 30 patients completed 1-year follow-up imaging (at the time of writing). Of those 14 patients only five (36%) attended follow-up neurology clinic. 10 (71%) patients were adherent to gluten free diet at follow-up (serology was typically ordered by their gastroenterologist not neurologist). 
[bookmark: _Toc257903747]Cerebellar 1H MR spectroscopy
[bookmark: _Toc257903748]Baseline imaging
Group comparison
No statistically significant difference was found in group mean cerebellar metabolite ratios between patients with newly diagnosed CD and age- and sex-matched healthy volunteers. Table 7-3

[bookmark: _Toc244616577]Table 7‑3 Comparison of cerebellar metabolite ratios between patients newly diagnosed with CD and age- and sex-matched healthy volunteers
	
	NAA/Cr
Mean ± (SD)
	Cho/Cr
Mean ± (SD)
	NAA/Cho
Mean ± (SD)

	Hemisphere
	Coeliac Disease
Healthy Volunteers
	1.01 ± 0.11
1.00 ± 0.09
	0.76 ± 0.14
0.76 ± 0.09
	1.20 ± 0.14
1.18 ± 0.12

	Vermis
	Coeliac Disease
Healthy Volunteers
	0.95 ± 0.07
0.99 ± 0.08
	0.80 ± 0.10
0.84 ± 0.08
	1.20 ± 0.13
1.19 ± 0.13




Individual patient data
Three (10%) patients (compared to 1 (3%) healthy volunteer) were classed as having abnormal cerebellar metabolite ratios on initial MR spectroscopy when abnormal was defined as having any one of four possible metabolite ratios (hemispheric or vermian NAA/Cr or Cho/Cr) ≤ 2 standard deviations below the group mean ratio for 30 age- and sex-matched healthy volunteers (i.e. hemispheric NAA/Cr and Cho/Cr ≤0.82 and ≤0.58 respectively; vermian NAA/Cr and Cho/Cr ≤0.83 and ≤0.68 respectively, calculated from Table 7-3). 
Table 7-4 depicts the metabolite abnormalities in the three patients.

[bookmark: _Toc244616578]Table 7‑4 Metabolite ratios of patients newly diagnosed with CD that have abnormal cerebellar 1H MR spectroscopy*
	
	Hemisphere
	Vermis

	Neurological Complaint/Examination
	Age
	Sex
	NAA/Cr
	Cho/Cr
	NAA/Cr
	Cho/Cr

	Balance disturbance/gait ataxia
Balance disturbance/ gait ataxia
Nil/gait ataxia
	63
41
67
	F
F
M
	1.20
0.81
0.94
	0.96
0.63
1.09
	0.85
0.84
0.83
	0.67
0.71
0.63

	*Metabolite ratios were assumed to be abnormal (red) when ≤ 2 standard deviations below the group mean for 30 age- and sex-matched controls.
The single healthy volunteer (M 64) that was defined as having abnormal cerebellar 1H MR spectroscopy (i.e. ≤ 2 SD below the mean) had a single abnormal metabolite ratio (hemispheric Cho/Cr 0.57). Hemispheric NAA/Cr and vermian NAA/Cr and Cho/Cr = 1.00, 1.10 and 0.82 respectively. 





[bookmark: _Toc257903749]1-year follow-up imaging
Cerebellar metabolite ratios at baseline and 1-year follow-up in 14 patients are shown in Table 7-5.












[bookmark: _Toc244616579]Table 7‑5 Cerebellar 1H MR spectroscopy metabolite ratios at baseline and 1-year follow-up in patients newly diagnosed with coeliac disease
	
	
	
	
	Hemisphere
	Superior Vermis

	Sex/Age (years)
	Baseline neurological complaint/examination
	Adherent to GFD*
	MR
	NAA/
Cr
	Cho/Cr
	NAA/Cho
	NAA/
Cr
	Cho/
Cr
	NAA/Cho

	F 35**


F 63**


F 28


M 71**


F 41**


F 33**


M 67


F 69


M 52


M 30


M 59


M 67


M 41


F 70

	Nil/normal


Off balance/gait ataxia


Nil/normal


Off balance/gait ataxia


Off balance/gait ataxia


Nil/normal


Nil/gait ataxia


Off balance/gait ataxia


Migraine/normal


Migraine/normal


Headache & off balance/gait ataxia

Loss of sensation feet/peripheral neuropathy

Headache/normal


Veers to side/gait ataxia & peripheral neuropathy
	Yes


Yes


Yes


No


Yes


Yes


No


Yes


No


No


Yes


Yes


Yes


Yes
	Baseline
1-year

Baseline
1-year

Baseline
1-year

Baseline
1-year

Baseline
1-year

Baseline
1-year

Baseline
1-year

Baseline
1-year

Baseline
1-year

Baseline
1-year

Baseline
1-year

Baseline
1-year

Baseline
1-year

Baseline
1-year
	1.13
1.05

1.2
0.82 Ψ

0.87
0.94

1.02
0.94

0.81Ψ
0.95

0.95
0.95

0.94
1.00

0.99
0.95

0.93
1.03

0.97
1.06

1.10
1.13

1.09
0.91

1.06
0.95

0.90
0.92
	0.88
0.80

0.96
0.63

0.75
0.84

0.82
0.79

0.63
0.71

0.69
0.69

1.09
0.70

0.88
0.78

0.67
0.68

0.65
0.69

0.74
0.95

0.81
0.67

0.75
0.67

0.74
0.64
	1.36
1.22

1.26
1.32

1.17
1.12

1.25
1.20

1.29
1.33

1.37
1.38

0.86
1.43

1.13
1.22

1.37
1.52

1.50
1.53

1.49
1.18

1.34
1.36

1.41
1.42

1.22
1.44
	1.14
1.08

0.85
0.95

1.00
0.93

1.02
0.96

0.84
0.94

0.95
0.95

0.83Ψ
1.01

0.90
1.01

1.00
0.94

0.93
0.98

0.99
0.87 

0.97
1.01

1.01
1.03

0.90
1.00
	0.84
0.88

0.67Ψ
0.81

0.91
0.89

0.92
0.82

0.71
0.73

0.76
0.78

0.63Ψ
0.69

0.86
0.60 Ψ

0.80
0.76

0.74
0.83

0.85
0.69

0.90
0.79

0.77
0.87

0.83
0.63 Ψ
	1.29
1.31

1.27
1.19

1.10
1.05

1.10
1.17

1.19
1.28

1.25
1.22

1.31
1.46

1.04
1.68

1.24
1.25

1.26
1.19

1.16
1.27

1.08
1.20

1.32
1.17

1.07
1.53

	* Adherent to GFD refers to at the time of follow-up imaging as assessed with negative serological markers (EMA, TG2 and AGA antibodies IgA/IgG). Median time from serological test to follow-up MR imaging = 36 days (range 0 to 429).
** Indicates that the patient attended neurology clinic at 1-year. 
Ψ Indicates data considered abnormal (i.e. ≤ 2 SD below the mean metabolite ratio for 30 age- and sex-matched healthy volunteers (i.e. hemispheric NAA/Cr and Cho/Cr ≤0.82 and ≤0.58 respectively; vermian NAA/Cr and Cho/Cr ≤0.83 and ≤0.68 respectively).
Median time interval from baseline MR imaging to follow-up = 353 days (range 266 to 574)




[bookmark: _Toc257903750]MR spectroscopy and gluten free diet
Ten of the 14 patients that had follow-up imaging were adherent to a gluten free diet. Of those ten, 6 (60%) patients showed no change in MR spectroscopy, one (10%) showed improvement (from abnormal to normal metabolite ratios), two (20%) got worse (from normal to abnormal metabolite ratios) and one (10%) was equivocal, demonstrating improvement in vermian but worsening in hemispheric data. Of the four patients that were not adherent to a gluten free diet, one (25%) showed improvement (from abnormal to normal metabolite ratios); the other three demonstrated no change.
[bookmark: _Toc257903751]Clinical correlation
Of the five patients that attended 1-year neurological review, four (80%) stated they felt better and were adherent to a gluten free diet. Of these, two (F 35, F 33) had no initial or follow-up neurological signs or symptoms and always demonstrated normal cerebellar metabolite ratios. One patient (F 41) felt her walking had improved. Examination still showed mild tandem walking difficulties but there had been no progression of her gait ataxia. All her metabolite ratios had improved, especially hemispheric NAA/Cr, which had returned to normality (Table 7-5). The remaining patient (F 63) that felt improvement on gluten free diet showed no worsening of her grade 1 ataxia. Cerebellar vermis metabolite ratios had improved and Cho/Cr had returned to normal. However, hemispheric data had worsened to the point that NAA/Cr at one year fell below (the 2 standard deviation) cut-off for normality.
One (20%) patient (M 71) complained of worsening balance problems and continued to demonstrate grade 1 gait ataxia. He was not adherent to a gluten free diet and all his metabolite ratios had declined from baseline imaging, although none had fallen below the threshold set for abnormality (Table 7-5). 
[bookmark: _Toc257903752]Baseline imaging
Seven (23%) patients with newly diagnosed CD had WMAs on initial T2-weighted MR imaging compared with three (10%) healthy volunteers. Table 7-6


[bookmark: _Toc244616580]Table 7‑6 Demographics of patients newly diagnosed with coeliac disease showing white matter abnormalities on initial MR imaging
	Sex, Age (years)
	Diagnostic category
	Smoker
	Diabetes
	 BP
	 cholesterol
	Units alcohol/week
	Deep/
subcortical lesions scale*
	Location

	F 63
M 71
F 69
M 41
F 70
F 43
F 57
	Ataxia
Ataxia
Ataxia, HA
HA
Ataxia/PSL
Normal
HA
	non
non
non
non
non
non
non
	no
no
no
no
no
no
no
	no
yes
no
no
yes
no
no
	no
no
no
no
no
no
no
	nil
nil
2
4
4
4
nil
	2
3
1
1
3
1
2
	Frontoparietal
Frontoparietal
Frontal
Frontal
Frontoparietal
Frontal
Frontal

	HA = Headache, PSL = peripheral sensory loss
* 0 = no lesions, 1 = punctate, 2 = early confluent and 3 = confluent
Of the 3 healthy volunteers with WMAs all were male, mean age 62 ± 8 years (range 53 to 68), none had periventricular disease; white matter lesions were subcortical and located in the frontal lobes. One had early confluent change (M 68); the other two subjects had punctate lesions. 




Of the seven patients with WMAs (mean age 59 ± 13 years), 2 complained solely of headaches (M 41 - grade 1 WMA, F 57 - grade 2 WMA), one had no neurological complaint and normal examination (F 43 - grade 1 WMA) and the remaining 4 had gait ataxia predominance. The two patients with grade 3 WMAs both had gait ataxia. They also had hypertension, and were the oldest in the group. 
[bookmark: _Toc257903753]1-year follow-up imaging
Five patients from the seven with WMAs on baseline MR imaging (F 63, M 71, F69, M41, F70) have undergone 1-year follow-up with no change demonstrated in WMAs. The other nine patients that have undergone follow-up imaging remain free from WMAs.
[bookmark: _Toc257903754]Cerebellar volume
No statistically significant difference in group mean %CV:TIV was found between patients with newly diagnosed CD and healthy volunteers (p = 0.25). Table 7-7



[bookmark: _Toc244616581]Table 7‑7 Group mean cerebellar volume in patients newly diagnosed with coeliac disease and healthy volunteers*
	
	%CV: TIV

	Newly Diagnosed Coeliac Disease
Healthy Volunteers
	8.5 ± 0.8
8.2 ± 1.1

	* Data taken from baseline imaging
Newly diagnosed CD n = 30, M: F = 12:18, mean age ± (SD) = 47 ± 16 years (range 23 to 77 years)
Healthy volunteers n= 30, M: F = 12:18, mean age 47 ± 13 years (range 24 to 77)




[bookmark: _Toc257903755]Grey matter VBM
Figure 7-2 demonstrates regions of the brain that have lower grey matter density in patients with newly diagnosed CD compared with age- and sex-matched healthy volunteers. Note that no statistically significant differences in grey matter concentration were found in the cerebellum between the two groups for corrected data when p<0.05.  

[image: ]
[bookmark: _Toc245823927]Figure 7‑2 Voxel-based morphometric analysis showing areas of significant grey matter loss in patients newly diagnosed with coeliac disease. 
Highlighted areas depict brain regions (predominantly, cingulate gyrus) that show statistically significant lower grey matter concentrations in patients with newly diagnosed coeliac disease compared with age- and sex-matched healthy volunteers (corrected p<0.05).


[bookmark: _Toc257903756]Key findings
The key findings of this study are that patients newly diagnosed with CD have (1) a high prevalence of subclinical neurological dysfunction; (2) more than double the incidence of WMAs compared with healthy volunteers (3) areas of supratentorial grey matter density loss compared with healthy volunteers; (4) normal group cerebellar volume and MR spectroscopy when compared with healthy volunteers despite nearly a third of patients having clinical signs of ataxia. 
[bookmark: _Toc257903757]Limitations
Although prospective, the study may still have been confounded by recruitment bias i.e. although the patients initially stated that they had never sought medical advice for neurological complaint, they may have had undisclosed motivation for the MR scan. Similarly, the study is subject to recall bias as questions pertinent to cerebellar dysfunction and peripheral sensory neuropathy were commonly asked. Additionally, as patients were recruited from a clinic at a tertiary referral centre the data are open to referral bias. The poor response rate for neurological follow-up is also acknowledged. Although every attempt was made to perform a follow-up scan at 1-year from baseline this was not always possible largely due to time constraints from both the subjects and the MR unit. Especially, one patient fell pregnant halfway through her year interval, which delayed her follow-up scan by an additional 209 days (i.e. 574 days from baseline). Furthermore, some patients had follow-up MR imaging prior to the full 1-year interval in order to maintain consistency throughout the MR protocol – a new 3T MR scanner replaced the machine that was used to carry out all imaging used throughout this thesis mid-December 2012. 
[bookmark: _Toc257903758]Summary
Patients newly diagnosed with CD appear to demonstrate a high prevalence of subclinical neurological dysfunction, especially gait ataxia. The prevalence of WMAs in this patient cohort may be more than double that seen in a general healthy population. However, group mean cerebellar volume, cerebellar grey matter density and cerebellar biochemistry are apparently unaffected. The majority of patients that adhere to a gluten free diet report clinical improvement and their neurological signs had not worsened at 1-year follow-up. 

[bookmark: _Toc257903759]
[bookmark: _Toc257903760]Coeliac disease and neurological dysfunction: common and severe if not diagnosed early
[bookmark: _Toc257903761]Introduction
Findings from Chapter 5 suggested that patients with established CD referred for neurological opinion have significant structural brain abnormalities on MR imaging.(Currie et al. 2012)(Appendix A1.6) That group showed a high prevalence of gait ataxia (along with headaches and sensory symptoms) and demonstrated considerable cerebellar volume loss on MR imaging when compared with age- and sex-matched controls. Thirty six percent of patients had WMAs that were unexpected for the patient’s age. Grey matter VBM revealed multiple supratentorial regions of grey matter atrophy in the patient group when compared to healthy controls. 
A limitation of the above study was that it only examined patients with established CD, whereas the neurological manifestations of CD, akin to the abdominal presentation of the condition represent a phenotypic spectrum. At one end are patients with newly diagnosed CD that have subclinical neurological dysfunction (Chapter 7) whilst at the other, neurological disturbance may dominate and patients are unaware of symptoms relating to enteropathy. 
The main aim of this study was to compare the clinical and brain MR imaging features of three distinct groups of patients with biopsy confirmed CD. The first group comprised patients newly diagnosed with CD, the second group consisted of patients with established CD that were referred for neurological opinion by a gastroenterologist, and the third group included patients presenting with a neurological complaint as a result of which they were subsequently diagnosed with CD. It was hypothesized that those patients diagnosed with enteropathy after presenting with neurological disturbance would be diagnosed later and have more extensive clinical and brain MR imaging abnormalities than the other two groups.
[bookmark: _Toc257903762]Methods
[bookmark: _Toc257903763]Subjects and controls
[bookmark: _Toc257903764]1. Patients with newly diagnosed CD
Details can be found in Chapter 7.

[bookmark: _Toc257903765]2. Patients with established CD
Details can be found in Chapter 5.

[bookmark: _Toc257903766]3. Patients diagnosed with CD after neurological presentation
Patients were identified from the database of the gluten/neurology clinic based at the department of Neurology, Royal Hallamshire Hospital, Sheffield, UK as outlined in Chapter 3. 
Thirty-seven patients were diagnosed with biopsy confirmed CD after initially presenting with neurological dysfunction. Of these, 17 patients were excluded; eight patients had MR imaging of the brain using old software (update performed November 2009) and nine patients had poor quality 1H MR spectroscopy. The remaining 20 patients all underwent the exact same MR imaging protocol. 
[bookmark: _Toc257903767]Control group
Healthy volunteers were selected for age- and sex-matching from a database of 55 subjects that had undergone the same MR imaging protocol.(Currie et al. 2013c) 
[bookmark: _Toc257903768]MR imaging outcome measures
Outcome measures comprised of: (a) %CV:TIV; (b) NAA/Cr and Cho/Cr ratios in the cerebellar vermis and hemisphere; (c) grey matter ‘density’ as indicated by VBM and (d) WMAs. In each case, subject’s data were compared amongst the three groups of patients with CD and were compared to age- and sex-matched control data. 
[bookmark: _Toc257903769]Imaging protocol and analysis
Details of structural MR imaging and 1H MR spectroscopy, as well as imaging analysis can be found in Chapter 3.  %CV:TIV was estimated using the modified method.
[bookmark: _Toc257903770]Results
[bookmark: _Toc257903771]Clinical findings
Demographics of patients within the three subgroups are shown in Table 8-1.

























[bookmark: _Toc244616582]Table 8‑1 Demographics of subgroups of patients with coeliac disease
	
	Newly Diagnosed
(N=30)
	Established
(N=33)
	Neurological Presentation
(N=20)

	Group mean age (years ± SD (range))
Male: Female
Median time from diagnosis of CD* to MR imaging (days, range)
Median time from onset of neurological symptoms to MR imaging (years, range)
Other autoimmune condition (%)+
1st-degree relative with CD (%)
Adherent to GFD** at MR imaging (%)
Alcohol Abstinent (%)
Alcohol consumption in drinkers (mean units/week, range)
Tobacco smoking
Active (%)
Never  (%)
Ex-smoker (%)
Hypertension (%)***
Hypercholesterolaemia (%)***
Diabetes (%)***
	47 ± 16 (23 to 77)
12:18
89 (11 to 374)

NAθ


23
20
0
43
10 ± 12 (1 to 50)


17
73
10
17
7
7
	44 ± 13 (19 to 64)
10:23
766 (37 to 4818)

1.6 (0.9 to 19)


27
18
67
58
9 ± 5 (4 to 20)


18
82
0
15
12
9
	61 ± 10 (42 to 74)
9:11
NA$

6  (2 to 15)


35
10
25
50
8 ± 5 (2 to 20)


0
85
15
30
30
20

	+ Type I diabetes mellitus and thyroid disease predominated. One patient in the neurology-presenting group had autoimmune hepatitis. One patient in the established group had pernicious anaemia.
* Diagnosis of CD based on histology from duodenal biopsies. Patients in the new and established groups had Marsh 3a to 3c histological grade. Four (20%) patients in the neurology-presenting group showed intraepithelial lymphocytes; the rest had Marsh 3a to 3c.(Bao et al. 2012)
** Adherence to gluten-free diet (GFD) based on negative serology for TG2 ± endomysial antibodies prior to MR imaging. Median time from serology to MR imaging = 47 days (range 0 to 199), 40 (6 to 671) and 41 (0 to 313) for new, established and neurological presenting groups respectively.
*** Some patients had more than one condition.
$ MR imaging formed part of the neurological investigation and occurred prior to biopsy confirmation of CD.
θ Patients did not present with neurological symptoms. On further questioning most patients gave a rough estimate to duration of symptoms. These are described in Table 7-2.



[bookmark: _Toc257903772]Patients diagnosed with coeliac disease following neurological presentation
Sixteen (80%) patients complained of balance disturbance; four (20%) complained of headaches (typically episodic, frontal headaches that occasionally resembled migraines). All 16 patients with balance disturbance had gait ataxia on examination. Nine (56%) patients also demonstrated gaze-evoked nystagmus, eight (50%) had heel to shin ataxia, one (6%) had right arm myoclonus and this patient also demonstrated finger to nose ataxia. Some patients had more than one neurological sign. 
Four (25%) patients in the ataxia group also showed signs suggestive of lower limb peripheral sensory neuropathy by way of reduced vibration sense in the feet and reduced ankle reflexes (median duration of symptoms 5 years, range 2 to 14). None of these patients had diabetes mellitus.
Only three (14%) patients admitted to having a gastrointestinal complaint by way of bloating and occasional diarrhea. Four (20%) patients had a history of osteoporosis, two (10%) had iron-deficiency anaemia and seven (35%) had vitamin B12 and/or folate deficiency. One patient had dermatitis herpetiformis on clinical examination. Table 8-2 summarizes the neurological deficits across the three subgroups of patients.















[bookmark: _Toc244616583]Table 8‑2 Prevalence of neurological disorders amongst three subgroups of patients with coeliac disease
	
	New
(N=30)
	Established
(N=33)
	Neurological Presentation
(N=20)

	Ataxia (%)
Grade 1 (%)
Grade 2 (%)
Grade 3 (%)
Peripheral sensory neuropathy (%)
Headaches (%)
	33
100


7
40
	61
100


12
18
	80
56
38
6
20
20

	Some patients in new and neurological presentation groups had more than one neurological disorder.
Three patients in the established group had neurological manifestations that were outside of ataxia, sensory neuropathy and headaches. These included a 23-year-old female with benign positional vertigo, a 38-year-old female with chronic fatigue and a 62-year-old female with unexplained loss of consciousness. 
Median time from onset of neurology symptomatology to MR imaging for the established group = 1.6 years, range 0.4 to 19 (ataxia only 1.3 years (0.6 to 19); headache only 9.0 years (0.6 to 15); peripheral sensory neuropathy only 1 year (0.5 to 1.8). 
Median time from onset of neurology symptomatology to MR imaging for the neurology presenting group = 6 years, range 2 to 15 (ataxia only 5.5 years (range 2 to 14); headache only 9 years (range 3 to 15)). For this group, the median duration of symptoms were similar across the ataxia grades – grade 1: 7 years (range 2 to 14), grade 2: 4.5 years (range 4 to 14) and grade 3: 5 years. 



[bookmark: _Toc257903773]MR imaging findings
[bookmark: _Toc257903774]1H MR spectroscopy
Group comparison
Group mean cerebellar metabolite ratios for the three subgroups are shown in Table 8-3. 






[bookmark: _Toc244616584]Table 8‑3 1H MR spectroscopic metabolite ratios of three subgroups of patients with coeliac disease that have undergone neurological opinion
	Voxel Position
	Patient Subgroup
	NAA/Cr
	Cho/Cr
	NAA/Cho

	Hemispheric White Matter
	Newly diagnosed CD
Established CD
CD diagnosed after neurological presentation
	1.01 ± 0.11
1.05 ± 0.14
0.95 ± 0.12
	0.76 ± 0.14
0.83 ± 0.16
0.77 ± 0.16
	1.37 ± 0.25
1.30 ± 0.21
1.26 ± 0.20

	Superior Vermis
	Newly diagnosed CD
Established CD
CD diagnosed after neurological presentation
	0.95 ± 0.07
0.97 ± 0.09
0.85 ± 0.13
	0.80 ± 0.19
0.79 ± 0.07
0.78 ± 0.16
	1.20 ± 0.14
1.23 ± 0.08
1.12 ± 0.23



Vermian and hemispheric NAA/Cr and vermian NAA/Cho were significantly lower in patients diagnosed with CD following neurological presentation compared to those with newly diagnosed CD and compared to those with established CD (p<0.05). No statistically significant differences were found in any metabolite ratio from either voxel position between patients with newly diagnosed CD and patients with established CD.

When group mean metabolite ratios from the three subgroups were compared with age- and sex-matched controls the only statistically significant difference was a reduction in vermian NAA/Cr within the group diagnosed with CD following neurological presentation (0.85 ± 0.13 vs. 0.98 ± 0.09, 95% CI 0.05 to 0.20, p<0.01 (healthy volunteers M: F = 9:11, mean age 57 ± 8, range 41 to 77 years)).

Individual patient data – diagnosed CD following neurological presentation group only
Eight (40%) of the 20 patients diagnosed with CD following neurological presentation (compared to 3 (15%) healthy volunteer) were classed as having abnormal cerebellar metabolite ratios on MR spectroscopy when abnormal was defined as having any one of four possible metabolite ratios (hemispheric or vermian NAA/Cr or Cho/Cr) ≤ 2 standard deviations below the group mean ratio for 20 age- and sex-matched healthy volunteers (i.e. hemispheric NAA/Cr and Cho/Cr ≤0.81 and ≤0.57 respectively; vermian NAA/Cr and Cho/Cr ≤0.80 and ≤0.67 respectively – MR spectroscopy data for the 20 age-and sex-matched = hemispheric NAA/Cr & Cho/Cr 0.99 ± 0.09 & 0.75 ± 0.09 respectively, vermian NAA/Cr & Cho/Cr 0.98 ± 0.09 & 0.81 ± 0.07 respectively). 
[bookmark: _Toc257903775]Cerebellar volume
There was a trend for %CV: TIV to diminish from patients with newly diagnosed CD to patients with established CD to patients diagnosed with CD following neurological presentation. Table 8-4


[bookmark: _Toc244616585]Table 8‑4 Group mean cerebellar volumes (%CV:TIV) of three subgroups of patients with coeliac disease
	
	%CV:TIV (range)

	Newly diagnosed CD
Established CD
CD diagnosed after neurological presentation
	8.5 ± 0.8 (7.1 to 10.3)
7.9 ± 0.6 (6.5 to 9.0)
7.5 ± 1.5 (3.7 to 9.3)




Compared with patients with newly diagnosed CD %CV:TIV was significantly smaller in patients with established CD (p<0.01) and patients diagnosed with CD following neurological presentation (p<0.05). No statistically significant difference in %CV:TIV was found between patients with established CD and patients diagnosed with CD following neurological presentation (7.9 vs. 7.5, 95% CI -0.18 to 1.04, p>0.05).

Compared with age- and sex-matched controls %CV:TIV was significantly less in patients with established CD (7.9 ± 0.6 vs. 8.5 ± 1.1, p<0.05 (controls M:F = 10:23, mean age 45 ± 14, range 22 to 77 years)) and in patients diagnosed with CD following neurological presentation (7.5 ± 1.5 vs. 8.4 ± 1.2, p<0.05 (controls M:F = 9:11, mean age 57 ± 8, range 41 to 77 years)) but not in patients newly diagnosed with CD (p>0.05).
[bookmark: _Toc257903776]White matter abnormalities
White matter abnormalities were present in seven (23%) patients with newly diagnosed CD, 12 (36%) patients with established CD, 14 (70%) patients with CD diagnosed following neurological presentation and three (5%) healthy volunteers (from the database of 55 imaged at our institution). Table 8-5 

[bookmark: _Toc244616586]Table 8‑5 Demographics of patients with white matter abnormalities divided according to subgroup
	
	Mean Age (± SD, years)
	Number of patients with corresponding WMA grade
1/2/3 (%)
	Number of patients with headache (%)
	Diabetes Mellitus (%)
	Hyper-tension (%)
	Hyper-
Cholesterol-aemia (%)
	Active smoker tobacco (%)
	Active consumer alcohol (%)

	New 
(N=7)
Established (N=12)
Neurology Presenting (N=14)
	59 ± 13

54 ± 8

62 ± 10
	3(43)/2(28.5)/2(28.5)*

12(100)/0/0

5(36)/8(57)/1(7)**
	2 (29)

4 (33)

4 (29)
	0 (0)

1 (8)

2 (14)
	2 (29)

3 (25)

3 (21)
	0 (0)

3 (25)

3 (21)
	0 (0)

1 (8)

0 (0)
	4 (57)

6 (50)

5 (36)

	* Patients with grade 3-disease (both ataxia) also had hypertension and were the oldest in the subgroup (M 71, F 70).
** Patient with grade 3-disease (F 49) had neurological deficit (balance disturbance) for nine years but had no history of diabetes, hypertension or hypercholesterolaemia and had negative genetic testing for CADASIL (cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy).
One patient in the established group was an active smoker of tobacco, had type I diabetes, hypertension and hypercholesterolaemia.
Two patients in the neurology-presenting group had type II diabetes, hypertension and hypercholesterolaemia.
In the neurology-presenting group, all four patients with headaches and WMAs had early confluent change (grade 2) in a frontal/frontoparietal distribution. None of these patients actively smoked tobacco (one was an ex-smoker of 10-pack years), none had diabetes mellitus, three drank alcohol (mean 6 units/week) and one had a history of hypertension and hypercholesterolaemia.
3 (5%) healthy volunteers had WMAs; all male, mean age 62 ± 8 years, range 53 to 68. Lesions were subcortical and located in the frontal lobes. One had early confluent change (M 68); the other two subjects had punctate lesions.



[bookmark: _Toc257903777]Grey matter VBM
Patients diagnosed with CD following neurological presentation demonstrated multiple regions of reduced grey matter density when compared with age- and sex-matched controls. The pattern of change showed a similar distribution to that previously demonstrated in the established CD group, particularly with loss of grey matter over the cingulate gyrus and around the parietoocciptal fissure. A greater proportion of the cerebellum showed grey matter density loss in the patients with neurological presentation than seen in the established CD group. Patients with newly diagnosed CD showed only modest changes in the supratentorial region with no grey matter change detected in the cerebellum when compared to age- and sex-match controls. Figure 8-1 







[image: ]
[bookmark: _Toc245823928]Figure 8‑1 Voxel-based morphometric analysis showing areas of significant grey matter loss in three subgroups of patients with coeliac disease
Highlighted areas depict cortical and subcortical brain regions that show statistically significant lower grey matter concentrations in (a) patients with newly diagnosed CD, (b) patients with established CD and neurological complaints and (c) patients diagnosed with CD following neurological review compared with age- and sex-matched controls, p<0·05. Note the extensive cerebellar grey matter density loss in patients diagnosed with CD following neurological presentation in addition to supratentorial involvement in the cingulate gyrus, around the parieto-occipital fissure and orbital frontal regions. 


[bookmark: _Toc257903778]Key Findings
The key findings of this study are: (1) extensive structural and functional brain abnormalities, particularly affecting the cerebellum in patients diagnosed with CD following neurological presentation; (2) an apparent correlation between worsening cerebellar atrophy/supratentorial grey matter reduction with duration of exposure to gluten and (3) a delay in the diagnosis of CD in those patients presenting with neurological dysfunction.
[bookmark: _Toc257903779]Limitations
Data for this study were obtained from a tertiary referral centre that specializes in gluten-related disorders and as such the results may be an overrepresentation of the general population. The study is further limited by the retrospective analysis of two of the subgroups and the relatively small subject numbers. 
[bookmark: _Toc257903780]Summary
This study suggests that a spectrum of neurological presentation exists within the context of CD with those patients that primarily present with a neurological complaint demonstrating a more severe phenotype. 


[bookmark: _Toc257903781] 
[bookmark: _Toc257903782]Discussion
This research was primarily designed to examine the neuroradiological features of patients with gluten-related disorders and try to correlate those with clinical parameters. It also intended to evaluate MR imaging sequences as biomarkers for neurological dysfunction in this patient group. The need for a safe in vivo technique for examining brain dysfunction was especially driven by the current lack of a specific serological indicator of neurology in patients with gluten-related disorders. Future work into the role TG6 plays in neurological disease may prove fruitful but currently MR imaging was examined as an alternative biomarker. Patients with CD were particularly targeted as although a growing body of evidence links the enteropathy with neurological disease, the literature still lacks original research that evaluates the extent of structural and function brain deficit in these patients. The literature is further devoid of studies that prospectively characterize neurological disorders in patients with CD, especially in relation to length of gluten exposure. It was hypothesized that a spectrum of neurological presentation exists within the context of CD with those patients that primarily present with a neurological complaint demonstrating a more severe phenotype.  This research also initially speculated that some patients with CD would harbor subclinical deficit. 
A further aim of this research was to examine the possibility of gluten-related disease in patients with a diagnosis of alcohol-related ataxia. Recent evidence had suggested the presence of TG2 antibodies in patients with chronic alcoholism raising the possibility of alcohol-induced sensitivity to gluten. It was hypothesized that patients with alcohol-related ataxia that also have evidence of gluten-related serological antibodies would have the same pattern of brain abnormality on MR imaging as those patients with GA.
Regarding neurological dysfunction and CD the key findings of this thesis are: (1) a high prevalence of clinical evidence of neurological dysfunction as well as radiological abnormalities on brain imaging in patients with newly diagnosed CD; (2) extensive structural and functional brain abnormalities, particularly affecting the cerebellum in patients diagnosed with CD following neurological presentation; and (3) a delay in the diagnosis of CD in those patients presenting with neurological dysfunction. An additional finding is an apparent correlation between worsening cerebellar atrophy/supratentorial grey matter reduction with duration of exposure to gluten.
The association between CD and neurological deficit is not new. However, the finding that 37% of patients with newly diagnosed CD had an abnormal neurological examination highlights the scale of the problem. The majority of patients had gait ataxia but none of these patients were under or had ever been under neurological review. Still, most (91%) inferred a problem with their balance on direct questioning. Thus, it would seem pertinent to recommend the inclusion of questions that particularly target symptoms of balance disturbance/incoordination within the clinical history of patients with suspected or confirmed CD. Equally, CD should be thought of in those patients presenting with balance difficulties. It should be borne in mind that history alone may not identify all possible cases of neurological disturbance given the fact that one patient in the prospective cohort was oblivious to his ataxia. Patients may also have peripheral sensory neuropathy and a large proportion suffer headaches. 
Akin to the prospective group, patients with established CD and neurological complaints and patient’s diagnosed with CD following neurological presentation had a high prevalence of ataxia (65% and 80% respectively). This reflects results from previous pathological studies in patients with CD and neurological manifestations that have demonstrated cerebellar atrophy through loss of Purkinje cells.(Cooke et al. 1966) Current evidence supports the theory of an immune mediated pathogenesis particularly involving the cerebellum. This may involve a vascular-centred inflammatory response that compromises the blood-brain barrier and exposes the central nervous system to pathogenic antibodies, which subsequently trigger cell damage. Such antibodies may include antigliadin and/or transglutaminase.(Grenard et al. 2001; Boscolo et al. 2010)
Information regarding the effect gluten free diet has on neurological dysfunction in patients newly diagnosed with CD is limited due to poor attendance (35%) at neurological follow-up. However, the data appears favourable towards dietary adherence - 80% (4/5) stated that they felt generally better at 1-year, all were adherent to a gluten free diet and no patient had worsening of their baseline neurological deficit (albeit only half had ataxia at baseline; the other two were normal). 20% (1/5) admitted to feeling worse, had marginal progression of grade 1 gait ataxia, and was not adherent to the diet. 

The findings that patients diagnosed with CD following neurological presentation are (1) significantly older (2) have the worst severity grades of ataxia and (3) have a greater degree of functional and structural brain abnormality on imaging compared to the other two subgroups is of interest. Longer exposure to gluten due to delay in diagnosis maybe responsible for this observation. This appears to be supported by data obtained from MR imaging biomarkers including: (a) these patients had significantly smaller cerebellar volumes (%CV:TIV) compared to the other two subgroups and controls; (b) they had multifocal areas of the cerebrum and cerebellum that demonstrated grey matter density loss beyond that of other subgroups and; (c) they were the only subgroup to have abnormal cerebellar neurochemistry, particularly of the superior vermis, a site known to affect gait. NAA is considered a marker of neuronal health and integrity, thus a reduced level of this protein is thought to indicate underlying neuronal deficit.(Currie et al. 2013b) 
There was a significant delay in the diagnosis of CD in those patients presenting with neurological dysfunction in comparison to those presenting with gastrointestinal symptoms. Given the irreversible neural damage (loss of Purkinje cells(Hadjivassiliou et al. 2010b)) that occurs in these patients there is an urgent need to increase awareness of the neurological presentation of CD to improve diagnosis and instigate early treatment. Although these patients have a paucity of gastrointestinal symptoms (only 14% admitted bloating/occasional diarrhoea) some clues may be obtained from the clinical history. 65% of these patients had a history of osteoporosis, iron-deficiency anaemia and/or folate/vitamin B12 deficiency. These are conditions commonly found in patients with CD (Hopper et al. 2007) and were present in 37% of the prospective group. The presence of another autoimmune condition was also common in patients with CD diagnosed after neurological presentation and was comparable to the other two subgroups. Furthermore, the prevalence of a 1st-degree relative with CD was similar to that published in the literature(Hopper et al. 2007) and amongst the three subgroups. 
All patients within the neurology-presenting group had serology (raised TG2/EMA in addition to positive antigliadin antibodies) suggestive of CD following initial consultation at the neurology clinic. These blood tests are routinely available and their addition to the investigation of patients with unexplained neurology would seem prudent. All patients also tested positive for the Human Leucocyte Antigen genotype HLA-DQ2 or DQ8 – the genetic susceptibility in patients with CD.

The results of this research are in agreement with previous published literature and suggests that WMAs are common amongst patients with CD and neurological dysfunction and especially in those that complain of headaches.(Hadjivassiliou et al. 2001b) All three patient subgroups showed considerably more WMAs than the 5% that was found in the control group. Patients diagnosed with CD after neurological presentation demonstrated the highest prevalence of WMAs and had a higher prevalence of early confluent and confluent white matter change. However, they were also the oldest of the three subgroups and age is thought to influence white matter load. Interestingly, none of the three subgroups had a particularly high prevalence of modifiable vascular risk factors such as hypertension, hypercholesterolaemia or smoking – factors that may also affect white matter disease.
The aetiology of WMAs in the general population, not to mention patients with CD remains unclear. Previous autopsy reports have suggested the possibility of an immune-mediated vasculitis in patients with CD.(Mumford et al. 1996; Pratesi et al. 1998) The relatively limited white matter disease in the control group and the presence of WMAs in subjects that appeared to have no known vascular risk factors imply a possible causal link between gluten and WMAs rather than the two being an epiphenomenon. It is appreciated however that an exhaustive evaluation of vascular risk factors for the subjects was not performed. Nevertheless, the presence of at least one factor (from smoking, diabetes and hypertension) appeared to double the load of WMAs (9 ± 8 to 17 ± 11) within at least the group with established CD and as such, it may be of clinical benefit to ensure regular review of modifiable vascular risk factors in patients with CD.
Why patients in the established CD group showed only grade 1 WMAs compared to the mixed grade seen in the other two subgroups is unclear. Speculatively, it may reflect protection attained by a gluten-free diet (patients in the established group had been on the diet for a median of two years but some as long as 13 years). Alternatively, age may have influenced WMA load, as patients in the established group were (on average) five years younger than the newly diagnosed group and eight years younger than the neurology-presenting group. Finally this finding may have something to do with the type of neurological symptomatology, in that patients in the established CD group may have been primarily referred for their balance or sensory symptoms and less likely for headaches that often resolve on a gluten free diet but are more commonly associated with WMA.
Concern over the high prevalence of grade 2/3 WMAs in patients with CD stems from the results of the LADIS trial showing that rapid decline in independence for activities of daily living in an elderly population are two or three fold higher for those with severe WMAs.(Inzitari et al. 2009) A recent meta-analysis study has also reported WMAs to be associated with an increased risk of stroke, dementia and death.(Debette et al. 2010) Given the relatively high prevalence of CD and that the mean age of all patients with CD and WMAs was only 58 years any association with increased risk of WMAs may have considerable social and economic impact as those patients age, particularly as current evidence suggests that a gluten-free diet does not reverse the white matter changes.(Hadjivassiliou et al. 2001b) From the limited data available from the follow-up of patients newly diagnosed with CD it was encouraging to see that no patient had worsened their WMAs in the year interval and that no patient had developed new disease. Unfortunately, the modest number of patients re-imaged restricts any meaningful conclusions that can be drawn from a potential affect of a gluten free diet. 

To date, there has been only one other (known) published report of cerebellar MR spectroscopy in relation to CD.(Ghezzi et al. 1997) This comprised a single case report of a 38-year-old male with biopsy proven CD that developed ataxia, with MR imaging showing several enhancing cerebellar lesions, thought to be due to an unconfirmed inflammatory process. MR spectroscopy of the right hemispheric white matter revealed abnormally low NAA/Cr ratio, which was attributed to neuronal impairment. 
The present study found significantly reduced group mean NAA/Cr levels only in patients diagnosed with CD following neurological presentation. This finding was restricted to the superior cerebellar vermis. Although this site is believed preferentially affected in these subjects,(Hadjivassiliou et al. 2003b) the possibility of cerebrospinal fluid contaminating the voxel over the vermis and leading to an apparently abnormal low NAA/Cr cannot be totally discounted, especially as considerable cerebellar and grey matter denisty loss was found in this patient subgroup. Measurement of absolute metabolite concentration may have confirmed/refuted these findings but this would have taken the study beyond the confines of what is plausible in a clinical neuroradiological setting. Superfically, findings of reduced NAA/Cr ratios as a group marker of cerebellar disease in patients with CD look encouraging, with data appearing to correlate with worsening cerebellar atrophy, clinical symptoms and exposure to gluten (i.e. becoming abnormal the futher along the neurological spectrum). However, the true power of MR spectroscopy is believed to be its ability to follow temporal changes in metabolite ratios and correlate them with clinical findings at the individual level. Data from this research is limited in this regard. Especially, data pertaining to individual cerebellar chemical normality were generated by the application of a threshold, which in turn was derived from a limited number of healthy volunteers. MR spectroscopy has proved a useful biomarker in other conditions affecting the cerebellum(Wilkinson et al. 2005; Hadjivassiliou et al. 2013b) and futher longitudinal studies may prove benifial in eliciting a role in patients with CD. 
Data pertaining to the influence gluten free diet has on cerebellar metabolite ratios should be also interpreted with caution. Superficially, results appear favourable towards maintenance of normal cerebellar biochemistry with strict dietary adherence - 70% of patients newly diagnosed with CD showed improvement or persistently normal cerebellar MR spectroscopic metabolite ratios at 1-year follow-up when adherent. However, only 29% (2/7) of these patients had ataxia at baseline. The remaining patients were either normal or had headache or peripheral sensory loss; conditions that are not thought to principally affect the cerebellum, unlike ataxia. Moreover, 20% of patients showed worsening in cerebellar biochemistry despite strict dietary adherence. 10% had equivocal results with improvement in vermian but worsening in hemispheric data. Theoretically, gluten-free diet may have normalized any pre-existing cerebellar neurochemistry (as has been previously reported(Hadjivassiliou et al. 2011a)) in patients with established CD and neurological complaints. However, confirmation of such an assumption cannot be made due to a lack of longitudinal data. 

One of the most important results of this research is that of grey matter VBM demonstrating that it is not just the cerebellum that is affected in patients with CD that have neurological deficit. Other areas of the brain including the gyrus rectus and anterior cingulate gyrus also showed significant grey matter loss especially in the established and neurology presenting groups. Abnormalities in these regions have been shown to be associated with executive and psychomotor symptoms(Devinsky et al. 1995) and recently grey matter loss in these areas were found in patients with depression.(Ballmaier et al. 2004) Although the present study did not evaluate depression in the patient group previous studies have revealed increased risk of depression in patients with CD albeit, without assessing grey matter volume loss.(Ludvigsson et al. 2007b; Burk et al. 2009) Depression has often been attributed to difficulties adjusting to the chronic nature of the disease rather than any structural abnormality.(Fera et al. 2003) Speculatively, gluten-mediated atrophy of the rectus gyrus and anterior cingulate gyrus (akin to cerebellar injury) seems an attractive explanation for depression in patients with CD, particularly as current evidence suggests that patients are only affected if they are non-compliant with the gluten-free diet.(Hauser et al. 2010) Future research evaluating a possible causal link between atrophy of these areas and depression in patients with CD would seem appropriate. Similarly, future neuropsychiatric studies analyzing the modulation of conscious processes, internally guided attention, manipulation of mental images and internal self-representation (roles linked to the precuneus and its connections(Cavanna et al. 2006)) may provide important insight into possible subclinical dysfunction in patients with CD. These studies may also benefit from the additional analysis of diffusion tensor imaging as a method for examining potential damage to white matter tracts and relating them to cognitive changes over time.

The presence of significant brain abnormalities on grey matter VBM in patients with established coeliac disease and neurological complaints, of which the majority were adherent to a gluten free diet suggests that permanent neurological dysfunction may be seen even when the diet is followed. A similar finding has been observed with regards to the peripheral nervous system in that 23% of patients with established CD had evidence of peripheral neuropathy.(Luostarinen et al. 2003) Future prospective coeliac studies may shed further light on the importance of strict dietary adherence and neurological disease. 

Until now, a measurement of the prevalence of gluten sensitivity in patients with ataxia presumed to be due to chronic alcohol abuse (ACAA) was unavailable in the medical literature.(Currie et al. 2013d)(Appendix A1.8) Additionally, no previous reports in the literature are known that have quantified in vivo cerebellar volume and that have performed VBM to characterize grey matter loss in both patients with GA and ACAA.  The present research demonstrates that the prevalence of antigliadin antibodies in patients with ACAA is significantly higher than in control groups (44% vs. 12% in the healthy population(Hadjivassiliou et al. 1996) and 10% in hereditary ataxias(Hadjivassiliou et al. 2003b)). Furthermore, the prevalence of the HLA-DQ2/DQ8 genotype in patients with ACAA is more than double that of the healthy population (61% vs. 30%(Dewar et al. 2004)). Findings also reveal that compared to age- and sex-matched controls, patients with ACAA and GA have significant structural and functional cerebellar deficits. Both patient groups demonstrated abnormally low cerebellar NAA/Cr levels, implying underlying neuronal dysfunction. These MR spectroscopy findings are in agreement with the published literature.(Meyerhoff et al. 2004; Wilkinson et al. 2005; Bartsch et al. 2007) 
VBM analysis revealed that GA and ACAA have different radiological phenotype with respect to grey matter loss. Patients with GA showed considerable grey matter loss, which appeared to be confined to and involves most of the cerebellum. Conversely, patients with ACAA have more modest cerebellar involvement but the disease extends into the supratentorial compartment.  The present findings of reduced grey matter density in the anterior cingulate gyrus in patients with ACAA is in agreement with reports of regional volume loss in alcohol dependents and has been linked to dysfunction in the brain reward system in those individuals.(Durazzo et al. 2011) 
One particular question arising from the ACAA/GA study concerns the origin of antigliadin antibodies in patients with ACAA. The high prevalence of antigliadin antibodies together with the high prevalence of HLA-DQ2/DQ8 suggests that this is more than just an epiphenomenon. The differing pattern of brain abnormality between patients with GA and ACAA on VBM suggests that in the case of ACAA, antigliadin antibodies may arise after a cerebellar insult rather than being the cause of it per se. It also implies that there is a genetic susceptibility (HLA DQ2) for patients with ACAA, something that has not previously been reported. 
The lack of histological evidence of CD in patients with ACAA despite positive antigliadin antibodies as compared to the 40% prevalence of CD in patients with GA (all positive for antigliadin antibodies) appears to provide an argument against the gastrointestinal tract being the primary source of the immunological response. A possible explanation may be that antigliadin antibodies arise in patients with genetic susceptibility (HLADQ2/DQ8 genotype) following a chronic immunological insult (alcohol) centered on the cerebellum. Alcohol has previously been associated with antibodies to transglutaminase and is known to evoke an immunogenic reaction.(Koivisto et al. 2008) 
The role of tissue specific transglutaminases (i.e. TG2 in CD, TG3 in dermatitis herpetiformis and TG6 in GA) in ACAA remains to be explored. TG6 is a primarily brain expressed TG and antibodies to TG6 have been found in the serum and in the cerebellum of patients with GA.(Hadjivassiliou et al. 2008a) 
The research did not examine whether patients had co-existing alcoholic liver disease and also did not compare the data with a cohort of patients with alcoholic liver disease without ataxia. As such we have not discounted the possibility that liver disease per se may be a risk factor for serological positivity for gluten-related antibodies rather than being mediated through a prolonged cerebellar insult. Kril and Butterworth looked at formalin-fixed sections of the anterior superior aspect of the cerebellar vermis in 36 patients (30 alcoholic and six nonalcoholic) with autopsy-proven cirrhosis and found cerebellar degeneration in 20 cases (17 alcoholic and three nonalcoholic patients). The degree of Purkinje cell loss and gliosis was graded as mild in all three nonalcoholic patients (compared to eight mild, six moderate and three severe for the alcoholic group). The authors raised the possibility that liver disease-related mechanisms may contribute to cerebellar pathology but this is still to be confirmed.(Kril et al. 1997) Floreani et al. examined the prevalence of antigliadin antibodies in 67 patients with chronic liver disease of different aetiology, including 29 with primary biliary cirrhosis, 31 with chronic non-A non-B hepatitis, and seven with autoimmune chronic active hepatitis. Overall, low prevalence of IgA antigliadin antibodies was observed in the three patient groups (3.4% primary biliary cirrhosis, 3.2% non-A, non-B hepatitis compared to 1.3% of patients with inflammatory bowel disease).  One patient with autoimmune chronic active hepatitis had raised IgA and IgG antigliadin antibodies and subsequent jejunal biopsy confirmed CD. Not all patients had small bowel biopsy and no neurological correlation was investigated.(Floreani et al. 1992) Germenis and colleagues retrospectively assessed the prevalence of tissue transglutaminase (IgA tTGAbs) in 738 patients with chronic liver diseases and compared data to that from 1,350 healthy controls. The overall prevalence of tTGAb in the patient group was 6.4% - significantly higher compared to 0.3% of healthy controls. Aetiology of liver disease was proven not to be a significant risk factor for the detection of tTGAbs (prevalence of tTGAb in patients with alcoholic liver disease 7.8%, nonalcoholic fatty liver disease 8.2%, chronic viral hepatitis 4.3% and autoimmune hepatitis 12%). Only two patients were diagnosed with CD compared to four in the healthy controls. The authors concluded that IgA anti-tTG reactivity in patients with chronic liver diseases is not associated with CD but appears to be associated with the presence of an autoimmune phenomena and cirrhosis. However, only 29 patients (of the 46 that tested positive for tTGAbs) underwent small bowel biopsy and CD was confirmed in two (all four healthy controls with raised tTGAbs had biopsy confirmed CD). HLA typing was also limited. Additionally, the presence of neurological dysfunction was not examined.(Germenis et al. 2005)
Future prospective studies examining the prevalence of serological evidence (including TG6) of gluten-related disorders in a cohort of patients with alcoholic liver disease would be of interest as abnormal liver function tests and autoimmune hepatitis are over-represented in patients with CD. Research examining cerebrospinal fluid for any evidence of intrathecal antibodies to transglutaminases as well as evidence of oligoclonal bands and compromise to the blood brain barrier in these patients would also be of interest. 

Limitations to this research were initially discussed at the end of each chapter and included small study size and study inhomogeneity (i.e. a mixture of retrospective and prospective studies were conducted). A further limitation to the body of research includes the lack of serological assessment for gluten-related disorders in the healthy volunteer control group. Referral bias amongst the healthy volunteers also cannot be discounted. Although all subjects denied previous and present neurological symptoms including headache, motivation for having MR imaging of the brain may not have been declared.  This is further confounded by a lack of neurological examination amongst the controls.
Although the grading scale for ataxia applied in the studies had been previously used in the literature, a more robust and inclusive approach would have been to use an internationally recognised scale such as SARA (Scale for the assessment and rating of ataxia).(Schmitz-Hubsch et al. 2006) Plans are now afoot to introduce the use of SARA scale in the ataxia clinic, Royal Hallamshire Hospital, Sheffield.
Additional limitations were met when measuring cerebellar volume. Although, vast improvements in accuracy were made through the application of the modified approach (Chapter 3), volume loss between the cerebellar folia could not be quantitatively assessed. Rather, volumetric data reflected that of a cerebellar shell devoid of inner grooves.  
Whilst the visual rating scale for the evaluation of WMAs used in this thesis has been extensively utilized and validated in the literature some authors advocate the use of a volumetric measurement as a more reliable, sensitive, and objective alternative to visual rating scales in studying longitudinal white matter changes.(van den Heuvel et al. 2006)
The use of an intermediate echo time (TE) during cerebellar MR spectroscopy precluded the evaluation of metabolites only detected at short TE, such as myoinositol and glutamate. Thus, any potential alteration in these chemicals that may have occurred in patients with CD has not been analysed. Furthermore, greater accuracy may have been gained through the absolute measurement of metabolite ratios. However, a major factor in this research was to evaluate MR imaging biomarkers for clinical practice, thus advocating the use of metabolite ratios. 
Time constraints limited the follow-up of patients newly diagnosed with CD and the repeated imaging of healthy volunteers. However, even allowing for time, further follow-up imaging would have been confounded by the introduction of a new departmental 3T MR scanner (operational from mid-December 2012). All subjects included within this thesis were scanned on the same MR machine using the same imaging protocols. 

In conclusion, this body of research has added further support for the presence of neurological disease in patients with CD and suggests that a spectrum of neurological deficit akin to that of the enteropathy exists. This research has also raised questions over the presence of gluten-related serological and genetic markers in patients thought to have pure alcohol induced ataxia, adding to the complex array of conditions that are associated with gluten disease. 
The long-term effect gluten-free diet has on neurological manifestations of CD and on patients with GA or ACAA+ needs further assessment. Subjective reports of clinical benefit in those patients followed for 1-year offers encouragement but further temporal analysis is ultimately required. 
MR imaging tools such as cerebellar volumetry and grey matter VBM appear to correlate with cerebellar dysfunction in patients with gluten-related disorders. MR spectroscopy has also elicited underlying neurological dysfunction in those subgroups of patients with more profound structural cerebellar damage. 
A causal link between WMAs and gluten-related disorders, especially CD is still to be confirmed but a higher than normal prevalence of WMAs and a general paucity of positive modifiable risk factors in these patients suggest that they are more than just an epiphenomenon. That said, whether MR imaging can provide biomarkers of gluten-related disorders remains equivocal. Grey matter VBM may prove an indicator through its pattern of disease distribution. Indeed, it seemed to differentiate GA from alcohol-related ataxia.  In addition, it appeared to demonstrate greater extent of cingulate gyral and cerebellar involvement when moving from patients newly diagnosed with CD by the gastroenterologist to those patients diagnosed with CD after presenting to the neurologist and by doing so it suggests its potential as an indicator of a pathogenic process. 
WMAs succumb to poor sensitivity and specificity and whilst their presence is associated with gluten-related diseases they are not pathognomonic and the limited prospective data available means that they cannot currently be used as an objective indicator of disease or response to gluten-free diet. 
Likewise, whilst cerebellar volumetry and MR spectroscopy may form objective measurements of pathogenic processes they too provide data that are not specific for a particular condition, evidenced by both markers being abnormal in patients with GA and alcohol-related ataxia. MR spectroscopy and volumetry also seemed to lack sensitivity with positive findings only becoming apparent late in the disease when an irreversible amount of cerebellar tissue had been destroyed. An earlier indicator of disease is required if patients are to receive maximal benefit. This may come about through TG6. 
Currently there remains reliance on robust and targeted clinical assessment of patients with CD and patients with unexplained neurology. This needs to occur through the close collaboration of gastroenterologists and neurologists in the hope that this will lead to earlier diagnosis and prevent further delay in the commencement of a gluten-free diet.
[bookmark: _Toc257903783]Future direction
Prospective recruitment and one year follow-up of patients newly diagnosed with CD is ongoing and will hopefully provide details as to whether strict gluten-free diet can alleviate patient’s symptoms and potentially reverse or stabilize any imaging abnormalities. It may prove beneficial to scrutinize individual patient data rather than considering data as a group, particularly with MR spectroscopy where subtle changes in neurochemistry may become apparent. Similarly, future evaluation of WMAs using volumetric assessment rather than visual rating scales may offer perception of subtle longitudinal changes.
Future work evaluating TG6 as a marker of neuronal disease in patients with gluten-related disorders and also within varying cerebellar and neuronal pathologies will be of interest, particularly regarding TG6 in patients with GA and those with alcohol-related ataxia. Such experiments will hopefully provide further information regarding specificity and sensitivity of this transglutaminase with respect to gluten-related neurology. 
Whilst this body of work has concentrated on particular MR imaging tools other advanced techniques such as diffusion tensor imaging and functional MR may provide additional indicators of underlying neuronal impairment in patients with gluten-related disorders. Research linking such imaging modalities to clinical severity scales (e.g. SARA scale) and to cognition, through collaboration with neuropsychologists, may also provide new insight. 
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WHAT 1S THE EXTENT OF NEUROLOGICAL
DYSFUNCTION IN PATIENTS WITH GLUTEN-

RELATED DISORDERS?
A MAGNETIC RESONANCE IMAGING-BASED STUDY




