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Thesis Summary 

 
Huntington’s disease (HD) is a genetic neurodegenerative disorder leading to 

devastating cognitive, psychiatric and motor symptoms. Currently, this disease cannot be 

cured, and a research priority is to increase the understanding of its pathogenesis and to provide 

biomarkers for evaluating the efficacy of targeted therapies. 

Subtle and progressive white matter (WM) alterations have been observed early in HD 

progression, before clinical onset of the disease. However the aetiology of WM degeneration 

and its role in disease pathogenesis remain unclear. The assessment of early WM 

microstructural changes in the HD brain is therefore of fundamental importance, as this might 

prove useful for the identification of disease-related biomarkers and for measuring 

responsiveness to pharmaceutical and other therapeutic approaches.  

The primary aim of this work was to exploit both ultra-strong gradients (300 mT/m) 

and ultra-high field (7 Tesla, 9.4 Tesla) to assess WM microstructure in HD, using a variety of 

MRI techniques in premanifest and manifest patients, as well as in a mouse model of the 

disease. Specifically, this Thesis moved beyond the diffusion tensor framework, with the 

application of advanced WM microstructural imaging.  

Using these advanced MR techniques I was able to provide a comprehensive and 

detailed characterisation of WM microstructural alterations in the HD brain, and to better tease 

apart changes in apparent myelin from alterations in axon microstructure. Assessing both 

human patients and a mouse model of HD allowed for direct cross-species comparisons and 

bi-directional translation of results.  

Additionally, I was able to exploit the improved compartmental specificity obtained by 

complementing standard DTI metrics with advanced MRI measurements, to study the effects 

of two months of a novel drumming training on WM plasticity in patients with manifest HD. 
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This in turn allowed to assess whether tailored cognitive-motor stimulation may lead to neural 

benefits in early HD, that could be exploited for delaying disease progression.  
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Chapter 1 

General Introduction 

 

1.1. Huntington’s disease (HD) 

A distinct clinical profile, onset in midlife and an autosomal dominant inheritance 

pattern: these were the characteristics reported in the first ever description of HD (Huntington, 

1967), or “hereditary chorea”, as it was originally termed. From the Latin “choreus”, meaning 

“dance”, chorea identifies hyperkinetic movements, characterized by involuntary brief, 

random, and irregular contractions, which make up the motor phenotype of HD (Lanska, 2000). 

HD has an estimated prevalence of 3.6 to 5.7 cases per 100,000 in the Caucasian population 

(Pringsheim et al., 2012). 

The modern history of HD began on March 26th, 1993, with the identification of the 

single-gene mutation responsible for the disease (MacDonald et al. 1993): a cytosine, adenine 

and guanine (CAG) trinucleotide expansion within the Huntingtin (HTT) gene, located on the 

short arm of chromosome 4 (4p16.3), leading to an alteration in the form of the coded protein 

(Nance et al., 1999). Specifically, while repeat lengths of less than 27 and in the range of 27–

35 are not associated with HD pathology, lengths between 36 and 39 cause HD at incomplete 

penetrance, leading to variable symptoms; the threshold for complete penetrance, and HD 

phenotype, is around 37-39 CAG repeats (Nopoulos, 2016; Roos, 2010). Additionally, the 

expanded CAG repeat is somatically unstable, and therefore “intermediate” CAG repeats 

ranging from 27-35 are at increased risk of expanding into the pathological range when 

transmitted to subsequent generations, especially in male intergenerational transmissions 

(Wheeler et al., 2007).  
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The discovery of the genetic mutation accountable for HD made this disease amenable 

to predictive genetic testing with estimation of years to the onset of symptoms (Pflanz et al., 

2019). The number of CAG repeats is inversely related to the age of symptom onset, so that 

longer expansions cause earlier onset and more rapid progression (Rosenblatt et al., 2006, 

2012; Tabrizi et al., 2013). Nevertheless, although CAG mutation length accounts for 

approximately 50% of variability in age of onset (Paulson & Albin, 2011), it is uncertain 

whether the rate of disease progression is linked to CAG size (Kieburtz et al., 1994; Marder et 

al., 2002). Specifically, knowledge of the CAG mutation size does not necessarily associate 

with the kind of HD-related symptoms the carrier is going to develop, their severity or how 

rapidly they’re going to progress (Paulsen, 2011). The pathogenesis that results in the 

phenotype still remains to be fully understood, with disease progression clearly being 

influenced by factors, both genetic and environmental, other than mutation length (Paulson & 

Albin, 2011). In turn, the prognosis once symptoms begin is, unfortunately, predictable (Wild 

& Tabrizi, 2019), and though there is a strong potential for “gene silencing” (Kay et al., 2014) 

and mutant huntingtin concentration reduction (Tabrizi et al., 2019) as a possible therapeutic 

strategy, HD is currently incurable. 

 

1.2. Symptoms of HD 

Clinical diagnosis of “symptomatic” HD onset requires the beginning of motor 

abnormalities such as chorea, motor impersistence (i.e. the inability to sustain simple voluntary 

movements), along with the presence of a family history of the disease (Paulsen et al. 2008). 

The mean age for HD onset ranges between 30 and 50 years of age, but the range of age of 

onset varies between 2 and 85 years of age (Roos, 2010).  

Importantly, HD symptomatology is more widespread than purely motor. This indeed 

includes behavioural and psychiatric problems and a progressive decline in cognitive function 
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(Wild & Tabrizi, 2019). Additionally, although less well-known, unintended weight loss, sleep 

and circadian rhythm alterations, and autonomic nervous system dysfunction are also prevalent 

and debilitating features of HD (Roos, 2010). Crucially, cognitive and behavioural 

abnormalities are frequently present in HD carriers at least 15 years prior to motor diagnosis 

(Paulsen et al., 2006, 2008), and have been shown to both represent the greatest burden on 

families, and to be highly associated with functional decline (Hamilton et al., 2003; Nehl et al., 

2004; Williams et al., 2010).  

The characterisation of HD is constantly evolving, and cognitive and behavioural factors 

are increasingly being taken into account (Bates et al., 2015). These features imply the 

existence of critical pathogenic events prior to overt clinical evidence of motor impairments in 

HD, and are considered below, in addition to the HD motor phenotype. 

 

1.2.1. Motor profile 

Motor symptoms of HD can be described as having two main elements: rapid 

involuntary movements of the face, trunk, and limbs (or chorea) , and impairment of voluntary 

movements, leading to coordination disturbances and bradykinesia (Bates et al., 2015). Chorea 

is often prominent early in disease course, however this plateaus or even diminishes later on, 

when parkinsonism, dystonia and rigidity supervene. Further, this is not present in juvenile 

patients, that is, in those patients that are diagnosed with the disease before the age of 21 (Bates 

et al., 2015). Finally, although choreiform movements are striking to observers, affected 

individuals report these to be less of a problem than their caregivers do (Simpson et al., 2016), 

and consistently show reduced awareness of their presence (Sitek et al., 2011). Impairments in 

fine motor movements (e.g. incoordination, bradykinesia and rigidity), on the other hand, are 

characteristic of the patients with early disease onset, especially in juvenile HD, and also appear 

in patients with adult onset in late stages of the disease course (Bates et al., 2015; van Dijk et 



 

 4 

al., 1986). Interestingly, this latter component progresses more steadily than chorea (Rosenblatt 

et al., 2006) and better predicts functional disability (Rosenblatt et al., 2012). 

The motor features of HD can be assessed using the unified Huntington’s disease rating 

scale (UHDRS) motor examination (“Unified Huntington’s Disease Rating Scale,” 1996). This 

has ratings for several items, including eye movements, speech, chorea, dystonia, rapid 

alternating movements, bradykinesia, and gait. Though motor findings upon neurological 

exams are quite sensitive, there has been increasing awareness of the fundamental role of 

cognitive and emotional features of HD in leading to functional disability, and therefore the 

importance of including them in diagnosis has been stressed (Bates et al., 2015). 

 

1.2.2. Cognitive profile 

Cognitive decline in HD progresses gradually and is consistent with that observed in 

disorders associated with striatal-subcortical pathology, such as Parkinson’s disease (Bates et 

al., 2015). More specifically, cognitive impairments in HD relate to psychomotor and executive 

functions (Roos, 2010; Snowden, 2017), along with prominent changes in working memory, 

emotion processing and social cognition (Snowden, 2017). Additionally, learning and 

information retrieval are decreased (Bates et al., 2015). Finally, although language in HD is 

relatively spared, most patients develop dysarthria, and therefore speech is disrupted (Chan et 

al., 2019). 

One of the earliest detectable cognitive impairments in HD relates to emotion 

processing, with a particular difficulty concerning negative emotions, such as disgust, anger 

and fear (Henley et al., 2012; Snowden et al., 2008; Sprengelmeyer et al., 1996). Impairments 

can be detected in HD carriers who are more than 15 years from their predicted motor symptom 

onset (Paulsen, 2011; Stout et al., 2011). Difficulties are cross-modal, affecting both 

recognition of vocal and facial emotions (Calder et al., 2010; Snowden et al., 2008), and 



 

 5 

concern emotional expression and well as recognition (Trinkler et al., 2013). Emotion 

processing impairment contributes to the social breakdown and decline in social cognition, 

sympathy and empathy that are common features of HD, leading to difficulties with 

interpersonal relationships, reduced flexibility and therefore impaired regulation of behaviour 

in accordance with social conventions (Snowden, 2017). Accordantly, families’ anecdotal 

reports describe early difficulties in social relations in HD mutation carriers (Paulsen, 2011).  

Additionally, aspects of social cognition other than emotion processing have also been 

shown to be compromised in HD, even in the premanifest stages (Adjeroud et al., 2016; Eddy 

& Rickards, 2015). Specifically, poor performance in tests of  “Theory of mind”, which require 

the ability to attribute intentions, beliefs and mental states, has been demonstrated (Allain et 

al., 2011; Brüne et al., 2011; Eddy et al., 2012; Snowden et al., 2003). 

Psychomotor slowing is another change already present in the premanifest stage of HD  

(Maroof et al., 2011; Stout et al., 2012; Tabrizi et al., 2012), as demonstrated by performance 

on timed tasks such as Stroop, Digit symbol substitution and Trail making (Snowden et al., 

2002; Stout et al., 2012; Tabrizi et al., 2012), and has been reported to be a significant predictor 

of functional capacity in everyday life (Beglinger et al., 2012; Eddy & Rickards, 2015). This 

highlights the tight relationship between motor and cognitive features of HD, both of which 

rely on cortical-basal ganglia circuits (Bates et al., 2015). 

Moving closer to disease onset, cognitive symptoms appear to manifest as a 

dysexecutive syndrome (Papp et al., 2011). Specifically, impairments in functions known to 

rely on frontal-striatal networks, including multi-tasking (e.g. driving and talking), learning, 

working memory, planning, processing speed and mental flexibility can be identified (Duff et 

al., 2010; Lawrence et al., 1996, 1998a, 1998b; Robins Wahlin et al., 2015; Snowden et al., 

2002; Stout et al., 2011; Williams et al., 2015). For example, patients with HD lose the ability 

to perform goal-directed actions and planned behaviours, or the capability to distinguish what 
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is relevant and what, on the other hand, can be ignored; flexibility of mind and the ability to 

make mental adjustments become impaired (Roos, 2010) 

Memory problems as well are commonly reported in HD patients, and nearly 40% of 

premanifest participants were found to meet criteria for mild cognitive impairment, the 

transitional stage between normal cognition and dementia (Duff et al., 2010). A strong 

executive contribution to memory failures has been suggested (Snowden, 2017). Specifically, 

memory difficulties have been shown more in free recall than in recognition memory and cued 

recall; this suggests that, contrarily to what is observed in patients with Alzheimer’s disease, 

memory impairment in HD patients involves an inefficient search of memory, rather than 

deficient memory per se (Rohrer et al., 1999). Nevertheless, a meta-analysis of studies 

examining episodic memory performance in HD (Montoya et al., 2006) indicated at least some 

degree of encoding impairment is present in HD patients. 

 

1.2.3.  Psychiatric profile 

Although not as consistent as motor and cognitive symptoms, the psychiatric features of 

HD can cause significant disability and be prominent early in the course of the illness (Bates 

et al., 2015). Psychiatric symptoms include a dysexecutive syndrome, leading to problems with 

behaviour initiation and inhibition,  irritability, aggression, agitation, perseveration and lack of 

awareness of deficits (Loi et al., 2018; Papoutsi et al., 2014). Less common, although clinically 

important, are other symptoms such as delusional depression or a schizophrenia-like psychosis 

(Bates et al., 2015; Loi et al., 2018). Importantly, psychiatric deficits have been shown to be 

associated with reduced functional capacity (Sellers et al., 2020), and represent the most 

distressing aspect for HD and their families (Hamilton et al., 2003; Loi et al., 2018). 

Depressive symptoms are the most common psychiatric symptom of HD and are reported 

by up to 50% of patients at some point during disease course (Thompson et al., 2012). 
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Importantly, they may predate the onset of motor symptoms by many years and can manifest 

throughout the disease course (Epping et al. 2016; Julien et al. 2007; van Duijn et al. 2008). 

Furthermore, depression may lead to an exacerbation in apathy and social withdrawal, 

worsened cognitive performance (Smith, Mills, Epping, Westervelt, & Paulsen, 2012), 

contribute to functional decline (Beglinger et al. 2010; Marder et al. 2000; Mayeux et al. 1986) 

and further impair quality of life (Read et al. 2013). Similarly, apathy has been shown to have 

a significant effect on functional disability and quality of life (Banaszkiewicz et al. 

2012; Hamilton et al. 2003; Read et al. 2013). Irritability and poor temper are also the most 

common and problematic neuropsychiatric symptoms in HD (Craufurd & Snowden, 2014), 

and increased frequency of irritability has been observed up to 10 years before the onset of 

motor symptoms  (Berrios et al. 2002; Julien et al. 2007).  

Interestingly, depression, apathy and irritability have been shown to differentially relate 

to disease progression (Thompson et al. 2012). In general, loss of motivation and drive are 

present early in the disease course, and worsen as HD progresses. On the other hand, irritability 

is worse initially but seems to subside in later disease stages, probably because of apathy onset. 

Finally, depression may emerge at any time during the disease course. Importantly, while 

apathy is associated with motor, cognitive and functional markers of disease progression 

(Baudic et al. 2006; Naarding et al. 2009; Thompson, Snowden, Craufurd, & Neary, 2002), 

depression and irritability do not correlate with disease stage (Snowden, 2017). This highlights 

the multifactorial origin of psychiatric symptoms in HD, possibly involving psychological and 

genetic susceptibility factors, as well as the disease itself (Loi et al., 2018). 
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1.3. Neuropathology of HD 

 
 
Figure 1. An overview of HD pathology. 

The dashed lines represent the subset of projection neurons that are particularly vulnerable in HD. 
These are the medium spiny neurons of the striatum (MSNs, pink dashed lines), and the large pyramidal 
projection neurons in layers V, VI, and III of the cortex (grey dashed lines). Early stages of the disease 
affect MSNs in the “indirect pathway” of the basal ganglia, which project to the external segment of 
the globus pallidus (GPe). As HD progresses, pathology can be detected in MSNs projecting to the 
internal segment of the GPi via the “direct pathway” and in cortical pyramidal cells projecting to the 
striatum. On the other hand, interneurons in both the striatum (pink solid lines) and the cerebral cortex 
(grey solid lines) are mostly spared. Abbreviations: STN: subthalamic nucleus; GPe: external globus 
pallidus; GPi: internal globus pallidus; SN: substantia nigra (Figure adapted from Han et al. 2010). 
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1.3.1. Grey matter (GM) pathology 

Normal HTT protein is ubiquitously expressed throughout the body, but its level of 

expression is higher in the brain, where it is found in all neurons, as well as glial cells (Bhide 

et al., 1996; Hebb et al., 1999; Landwehrmeyer et al., 1995; Li et al., 1993; Strong et al., 1993). 

HTT is one of the biggest proteins encoded by the genome, is highly conserved across species 

and is involved in diverse functions, including early development of the nervous system and 

other tissues, the recycling of vesicles and their fast transport along axons, direct and indirect 

control of gene transcription, metabolism, and regulation of cell division (Saudou & Humbert, 

2016).  

Mutant HTT (mHTT) is toxic to cells by affecting transcription, mitochondrial function, 

synaptic transmission and axonal transport (Orr & Zoghbi, 2007). Though mHTT is 

ubiquitously expressed like the normal protein, toxicity of mHTT is region-specific, and it 

especially affects certain neuronal subpopulations in the striatum and cerebral cortex (Figure 

1) (DiFiglia et al., 1997; Gutekunst et al., 1999; Schulte & Littleton, 2011). More precisely, 

HD pathology is principally characterised by the death of the medium-sized spiny neurons of 

the striatum that utilise γ-aminobutyric acid (GABA), and cortical pyramidal neurons 

projecting to the striatum (Albin et al., 1992). 

The striatum has a “direct” and an “indirect” output projection pathways. The former 

projects axons mono-synaptically to the internal segment of the of the globus pallidus (GPi) or 

the substantia nigra; the latter projects axons polysynaptically to the external segment of the 

globus pallidus (GPe). Early stages of HD are characterised by death of medium-sized spiny 

neurons of the striatum (MSN) projecting along the indirect pathway to the external globus 

pallidus; this in turn causes a disinhibition of the external globus pallidus, which in turn leads 

to disinhibition in the subthalamic nucleus (STN). As a consequence, the excitation in the GPi 

and the firing rate of the thalamus are altered. This increase in thalamic firing to neurons in the 
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motor areas of the cortex produces the motor phenotype, which identifies the clinical onset of 

HD. On the other hand, MSNs which project along the direct pathway to the GPi are affected 

later in the course of the disease (Figure 1) (Albin et al., 1990, 1991, 1992). 

At the histological level, neuronal loss, astrocytosis and microgliosis can be observed in 

the HD brain within the basal ganglia, which consists of a set of subcortical brain structures 

(including the striatum), involved in various aspects of motor control and cognition (Graybiel, 

1990; Mitchell et al., 1999). As HD progresses, neuropathology progressively extends along 

the caudal-rostral, and dorsal-ventral direction towards the putamen (Vonsattel & Difiglia, 

1998). Dramatic degeneration within the adjacent caudate nucleus leads to a prominent 

expansion of the lateral ventricles which is typical of advanced HD patients.  

Significant neuronal loss is also observed in the cerebral cortex, including frontal, parietal, 

and temporal regions (Heinsen et al., 1994; Mann et al., 1993), and volumetric loss of up to 

29% has been found post-mortem (de la Monte et al., 1988). Specifically, pyramidal neurons 

in layers III and V have been shown to be particularly vulnerable (Vonsattel et al., 1985), while 

overall neuronal loss appears most prominent in layers V and VI, and is associated with 

decreased thickness of the dorsolateral prefrontal cortex and a decrease in glial cell density in 

layer VI (Selemon et al., 2004). Importantly, as layer VI neurons do not project to the striatum, 

neuronal loss within this layer suggests that cortical pathology is not a secondary effect of 

Wallerian degeneration of axons projecting from the striatum, but it is instead an independent 

process (Ramaswamy & Kordower, 2012).  

Another prominent pathological feature of HD is accumulation of mHTT aggregates in 

the nucleus, cytoplasm, and neuronal processes (DiFiglia et al., 1997; Gutekunst et al., 1999), 

in greater concentrations in the cortex than in the striatum (Gutekunst et al., 1999). Whether 

aggregates are pathogenic, incidental or a beneficial coping response in HD is yet to be clarified 

(Arrasate et al., 2004; Arrasate & Finkbeiner, 2012; Wanker, 2000).  
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Evidence has shown that protein aggregates in intra- and perinuclear inclusions have, 

in whole or in part, a fibrillar morphology (DiFiglia et al., 1997), leading to the suggestion that 

HD could be the result of a toxic amyloid fibrillogenesis (Wanker, 2000), as Alzheimer’s 

disease, Parkinson’s disease and prion diseases are (Lansbury, 1997). Consistent with this 

proposal, several studies have shown that protein aggregation plays a role in disease 

pathogenesis. For example, inclusions containing aggregates of huntingtin are detected in the 

HD brain but not in healthy individuals. Furthermore, inclusions are primarily found in neurons 

and regions most susceptible to degeneration and there is a clear association between 

aggregations and symptom severity (Wanker, 2000). Accordingly, it has been suggested that a 

possible therapeutic approach to treat HD may be to inhibit mHTT aggregation, to alleviate its 

downstream harmful effects (Kim & Kim, 2014; Wanker, 2000). There is indeed evidence that 

inhibition of aggregates alleviates the symptoms of disease in mouse models of HD and exerts 

protective effects on survival, striatal atrophy, weight loss and motor function (Sánchez et al., 

2003; Tanaka et al., 2004). 

However, the idea that protein aggregation plays a primary role in HD pathogenesis and 

induces neuronal degeneration has been challenged (Kim & Kim, 2014). Studies have shown 

that the formation of aggregates does not always correlate with the pattern of 

neurodegeneration, and that inclusion body formation predicts improved neuronal survival and 

leads to decreased levels of mHTT elsewhere in a neuron. Therefore, formation of aggregates 

may be beneficial to neuronal cells by protecting against huntingtin-induced cell death 

(Arrasate et al., 2004; Filimonenko et al., 2010; Klement et al., 1998; Saudou et al., 1998). It 

has to be noted that protein aggregation is a slow, progressive process, and therefore aggregate 

formation at any given time might not be an accurate indicator of disease progression. 

Furthermore, it might be that it is the formation of intermediate structures, such as transient 
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microaggregates, not easily detected by histochemical analyses, that initiate the 

neurodegenerative changes (Wanker, 2000).  

 

1.3.2. Macroscopic changes in GM as detected with neuroimaging 

Imaging biomarkers play a fundamental role in aiding diagnosis, monitoring disease 

progression and assessing the effectiveness of disease-modifying therapies, providing support 

to clinical outcomes that may either show limited sensitivity, or need longer evaluation times 

(Fazio et al., 2018). Structural magnetic resonance imaging (MRI) has been the most widely 

studied imaging modality in HD to date (McColgan & Tabrizi, 2018). As with cognitive and 

motor abnormalities, differences in brain structure can already be detected in HD mutation 

carriers up to a decade prior to clinical diagnosis (Aylward et al. 2013; Harrington et al. 2014; 

Paulsen et al. 2014).  

Consistent with the progressive neuronal death and gliosis, especially of MSN, observed at 

the histological level, striatal atrophy has been the most sensitive and robust finding in MRI 

studies, and has been proposed as a biomarker for future clinical trials (Georgiou-Karistianis 

et al., 2013b). Imaging evidence from PREDICT-HD, TRACK-HD and other studies, has 

shown that striatal atrophy is present in HD carriers as early as 15 years before disease onset, 

and that this progresses into the manifest disease phase (Aylward et al., 2012; Paulsen et al., 

2014a, 2014b; Tabrizi et al., 2012, 2013). Furthermore, striatal volume correlates with CAG 

repeat size (Rosas et al., 2001) and adds predictive power for motor onset beyond age and CAG 

size (Aylward et al., 2012, 2013; Paulsen et al., 2014a, 2014b). 

Nevertheless, brain neurodegeneration in HD is far more widespread than previously 

thought, even at the earliest disease stage, and includes extensive GM concentration reductions 

and significant annual changes in putamen, caudate and nucleus accumbens (Ciarochi et al., 

2016; Harrington et al., 2016; Paulsen et al., 2008). Further, evidence shows that premanifest 
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subjects exhibit cortical thinning in frontal, parietal and temporal areas, suggesting that cortical 

atrophy occurs prior to clinical diagnosis, and possibly before basal ganglia pathology (Brundin 

et al., 2010; Rosas et al., 2005). This latter suggestion is consistent with histological evidence 

of degeneration of neurons in cortical layer VI, which do not project to the striatum, therefore 

indicating that neurodegeneration in this area may constitute an independent pathological 

process (Ramaswamy & Kordower, 2012). Additionally, premanifest individuals show 

decreased cortical folding in the left superior parietal and the right superior temporal regions, 

and increased cortical thinning at the bilateral pre-central and the superior frontal gyri, the left 

caudal middle frontal gyrus and the superior parietal region (Shishegar et al., 2019). Cortical 

thinning increases with disease progression, from premanifest to symptomatic stages (Tabrizi 

et al., 2009).  

 In general, in accord with histological evidence, recent studies have described a central-

to-peripheral and posterior-to-anterior pattern of atrophy (Faria et al., 2016); furthermore, they 

have shown that estimates of atrophy of different areas correlate with functional, motor, and 

cognitive decline (Tabrizi et al., 2009). Later stages of the disease present severe cerebral and 

neo-striatal atrophy, enlarged frontal ventricles and multisystem degeneration (Ross et al., 

2014; Rüb et al., 2015), affecting the cerebral cortex, pallidum, thalamus, brainstem and 

cerebellum (Rüb et al., 2016). Further research is needed to understand the additional 

involvement of other subcortical regions anatomically linked with these established targets of 

the disease, such as the amygdala, hypothalamus, subthalamic nucleus and claustrum (Rüb et 

al., 2015, 2016; Vonsattel & Difiglia, 1998). 
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1.3.3. White matter (WM) changes in HD 

Over the past years HD research has identified WM changes as relevant 

pathophysiological feature of HD (Bardile et al. 2018; Bartzokis et al. 2007; Beglinger et al. 

2007; Ciarmiello et al. 2006; Gregory et al. 2018; Paulsen et al. 2008; Reading et al. 2005; 

Rosas et al. 2018; Wang & Yang, 2019). WM abnormalities have been shown both in animal 

models and in human HD carriers by histopathological post-mortem studies (de la Monte et al. 

1988; Halliday et al. 1998; Huang et al. 2015; Jin et al. 2015), and MRI studies (Bartzokis et 

al. 2007; Jin et al. 2015; Meng et al. 2017; Rosas et al. 2018; Rosas et al. 2006; Tabrizi et al. 

2009, 2011). Specifically, these have shown widespread WM volume loss (Aylward et al. 

2011; Beglinger et al. 2007; Ciarmiello et al. 2006; Paulsen et al. 2008; Rosas et al. 2006; 

Tabrizi et al. 2009, 2011, 2012) and WM alterations at the microstructural and molecular level 

(Bartzokis et al. 2007; Dumas et al. 2012; Huang et al. 2015, 2015; Jin et al. 2015; Mascalchi 

et al. 2004; Matsui et al. 2014; Reading et al. 2005; Rosas et al. 2006; Stoffers et al. 2010; 

Wang & Yang, 2019).  

The earliest WM alterations are seen in HD human carriers years before the onset of 

signs and symptoms of manifest HD. Prominent areas of damage include the striatum, corpus 

callosum (CC) and posterior WM tracts (Di Paola et al. 2014; Dumas et al. 2012; Faria et al. 

2016; McColgan et al. 2018; Tabrizi et al. 2011). Furthermore, the severity of WM changes 

has been shown to correlate with predicted time to symptom onset in pre-manifest patients 

(Ciarmiello et al. 2006; Paulsen et al. 2008; Stoffers et al. 2010), with measures of motor 

dysfunction (Rosas et al. 2006), and with cognitive deficits (Bohanna et al. 2008; Rosas et al. 

2006).  

However, despite a subcortical WM volume loss of 29-34% already having been 

reported in post-mortem HD brains over 20 years ago (de la Monte et al. 1988), the aetiology 

of WM degeneration, and its role in disease pathogenesis and progression remain unclear. 
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While some work suggests that WM damage in HD is secondary to the loss of GM volume in 

the form of Wallerian degeneration (Di Paola et al. 2014; Gauthier et al. 2004; Rosas et al. 

2018; Weaver et al. 2009), there is evidence suggesting that WM aberrations are a feature of 

HD that occurs independent of neuronal cell loss (Beglinger et al. 2007; Mascalchi et al. 2004; 

Myers et al. 1991; Paulsen et al. 2008; Reading et al. 2005; Rosas et al. 2008; Tabrizi et al. 

2009). Accordingly, WM changes are present very early in the disease course, even in children 

at risk for HD (Lee, 2016), and in premanifest individuals who are several years away from 

symptom onset (Aylward et al. 2011; Bartzokis et al. 2007; Tabrizi et al. 2009). Notably, WM 

is composed of axons as well as myelin-producing oligodendrocytes (Figure 2), and it is 

unclear whether axons, myelin, or both are predominantly responsible for the WM loss 

(Gregory et al. 2018).  

An increasing body of research suggests that WM in HD is subject to alterations in 

myelin-associated biological processes at the cellular and molecular level (Gómez-Tortosa et 

al. 2001; Huang et al. 2015; Jin et al. 2015; Myers et al. 1991; Teo et al. 2016). Myelin is an 

axon wrapping multi-layered sheath and is produced by oligodendrocytes (Figure 2). Axon 

myelination is vital during brain development and critical for healthy brain function, as it plays 

a fundamental role in the regulation of efficiency and speed of action potential propagation 

during synaptic transmission (Grydeland et al. 2013; Martenson, 1992). Dysfunction of 

oligodendrocytes and of myelin can slow down or stop otherwise fast axonal transport, which 

in turn can result in synaptic loss and eventually axonal degeneration (Han et al. 2010). 

Furthermore, as myelination patterns across the brain enable the temporal synchronisation of 

information processing, local demyelination can disrupt the performance of functional 

networks (Nickel & Gu, 2018). 
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Figure 2. Scheme of the neuron-glia cytoarchitectural relationship. 

Glial cells (i.e. astrocytes, neuroglia and oligodendrocytes) interact with neurons in many different 
ways to maintain neural tissue’s health, for which a peculiar cytoarchitecture is required, as shown 
here. Myelin is an insulating layer, or sheath, that wraps around axons, and is produced by 
oligodendrocytes; it allows electrical impulses to transmit quickly and efficiently along nerve cells, is 
vital during brain development and critical for healthy brain function. 
 

 

In clear opposition to the long-held conceptualisation of HD as a disorder of striatal 

GM (Figure 3), the “Demyelination Hypothesis” of HD (Bartzokis et al. 2007) suggests that 

mHTT leads to premature myelin breakdown in HD. More precisely, the gene mutation may 

interfere with the nourishment-delivery system by which brain-derived neurotrophic factor 

(BDNF) travels down axons and nourishes myelin sheaths. This interference results in a 

breakdown of myelin, leading to a disruption in cell signalling and neuronal death. A 

dysfunction of oligodendrocytes, in turn, might impair repair of de-myelinated axons, leading 

to chronic demyelination. Alternatively, as oligodendrocytes are the major iron-containing 
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cells of the CNS, it might be that homeostatic increases in these cells, related to their role in 

re-myelinating axons, cause significant increases in ferritin iron content (an iron storage 

protein). High ferritin iron is proposed to have toxic effects and could further contribute to 

impairments in WM and myelination (Bartzokis et al., 1999, 2007; Bartzokis & Tishler, 2000).  

 

 

 

 

Figure 3. Two hypotheses of HD pathogenesis. 

(a) Mutant huntingtin (mHTT) protein misfolding leads to protein aggregates, which in turn cause 
dysfunction of striatal medium spiny neurons, eventually leading to neuronal death. White matter 
abnormalities are a secondary effect of Wallerian degeneration of axon terminals from the striatum. 
(b) The Demyelination Hypothesis: HD pathogenesis originates from a toxic effect of mHTT on brain-
derived neurotrophic factor (BDNF) which results in a breakdown of myelin, in turn leading to a 
disruption of cell signalling and neuronal death.  
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1.4. WM impairment in HD: secondary to, or independent 

of, neuronal degeneration? 

 

1.4.1. Evidence from neurochemical studies 

This section reviews evidence for molecular and neurochemical changes in 

oligodendrocyte lineage cells and myelin sheaths in HD. These changes have been reported in 

some human subjects and also in studies of animal models of HD.  

Abnormalities of oligodendrocyte lineage cells in HD 

An increase in oligodendroglia differentiation in neural progenitor cells was observed 

during postnatal development in transgenic HD rats (Siebzehnrübl et al. 2018). Similarly, 

enhanced proliferation of  oligodendrocyte precursor cells (OPCs) was found in adult HdhQ250 

mice (Jin et al. 2015). Additionally, Simmons and colleagues (Simmons et al., 2007) reported 

increased immunostaining for ferritin, which is mostly found in oligodendrocytes, in the 

striatum, cortex and hippocampus of the R6/2 transgenic mouse model of HD, detectable 

before any behavioural abnormalities could be observed.Human post-mortem histopathological 

studies have also demonstrated an increase in the density of oligodendrocytes in the striatum 

of HD patients compared to healthy controls, years before striatal atrophy or loss of neurons 

occurs (Gómez-Tortosa et al. 2001; Myers et al. 1991). The increased number of 

oligodendrocytes observed suggests the presence of a homeostatic myelin repair mechanism, 

aiming to compensate deficits in myelination that seem to occur in HD.  

In contrast, evidence suggests that oligodendrocyte lineage cells are the most depleted 

cell types amongst all non-neuronal cells in the symptomatic HD brain (Ernst et al. 2014). 

Furthermore, a dramatically lower number of mature oligodendrocytes during the postnatal 

myelination period has been shown in the HdhQ250 knock-in mouse model of HD (Jin et al. 

2015). This evidence suggests that HD might be associated with a lack of oligodendrocytes, 
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which cannot repair demyelinated axons. Accordingly, silencing oligodendroglia-specific 

mHTT expression in BACHD mice rescues deficits in thickness and compactness of myelin 

sheaths that otherwise occur in these mice (Bardile et al. 2018), and expressing mHTT 

selectively in oligodendrocytes of transgenic mice induces impairments in myelination (Huang 

et al. 2015). Overall, the present findings suggest that there is a relationship between the HD 

mutation and oligodendrocyte dysfunction.  

To summarize, while increased numbers of oligodendrocytes have been observed in the 

HD brain, their dysfunctionality may lead to unsuccessful myelination. It is also possible that 

the observed increased levels of oligodendrocytes are helpful at first but eventually lead to 

toxicity because of increased iron levels. Both explanations fit within the Demyelination 

Hypothesis (Bartzokis et al. 2007), as they implicate an increasingly unsuccessful 

compensation for the disease-related myelin loss.  

Myelin changes in HD 

Reports from human post-mortem studies have demonstrated a striking breakdown of 

myelin in the HD brain (Bruyn & von Wolferen, 1973). Additionally, some studies on animal 

models have indirectly demonstrated impairments in developmental myelination in HD. These 

have shown that the expression of a mutant huntingtin transgene in cells and in R6/2 transgenic 

mice leads to reduced activity in the cholesterol biosynthesis pathway; this in turn results in 

lower levels of newly synthesized cholesterol and its intermediates (Valenza et al. 2005, 2007), 

which are essential for the synthesis of myelin  (Dietschy & Turley, 2004).  

Electron microscopy investigations have reported thinner myelin sheaths, as reflected 

by higher g-ratios (the ratio of the inner axonal diameter to the outer diameter), in transgenic 

BACHD rats and in the HdhQ250 knock-in mouse model (Jin et al., 2015; Teo et al., 2016). 

HD myelin changes might either represent a breakdown of myelin into fragments because of 

toxicity, or thinner myelin sheaths because of a developmental dysfunction in myelination 
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mechanisms. Consistent with the latter, alterations in myelin sheaths are paralleled by reduced 

expression of myelin-related genes such as myelin basic protein (MBP) and myelin 

oligodendrocyte glycoprotein (MOG) in transgenic R6/2 and HdhQ250 knock-in mice (Blockx 

et al. 2012; Jin et al. 2015; Xiang et al. 2011). Reduced levels of MBP and MOG in brain 

regions known to be affected by HD throughout the critical postnatal myelination stage, and 

significantly fewer myelinated axons, have been reported in knock-in HdhQ250 mice (Jin et 

al. 2015). The reduction in myelin proteins may be due to a decreased expression of myelin 

regulatory factor (MRF), a transcription factor which controls expression of myelin-related 

proteins (Jin et al. 2015). Moreover, abnormalities in myelin sheaths and myelin-related gene 

transcripts in YAC128 transgenic mice are evident well before any striatal neuronal loss can 

be detected (Teo et al. 2016). These findings imply that a dysregulation of the temporal profile 

of myelination might underlie WM abnormalities and that disordered myelination during the 

post-natal period might constitute an important early pathogenic event in HD (Jin et al. 2015). 

 

1.4.2. Evidence from imaging studies 

Structural neuroimaging studies in animal models of HD (Table 1) and in HD carriers 

have shown that WM atrophy can be found across several WM areas, including the CC, the 

anterior commissure (AC), internal and external capsules (IC, EC), and the cingulum (CG). 

Furthermore they suggest that these WM changes happen very early in the disease course 

(Aylward et al. 2011; Ciarmiello et al. 2006; Di Paola et al. 2014; Ruocco et al. 2008; Tabrizi 

et al. 2009). Importantly, deficits in brain growth and WM changes are already found in 

children at risk for HD (Lee et al., 2012; Lee, 2016), further pointing to a neurodevelopmental 

effect of mHTT.  

Some studies have suggested that WM is more affected than GM in the HD brain. For 

example, Tabrizi and colleagues (Tabrizi et al. 2012) showed that the rate of change of WM 
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volume over 24 months was greater than that of GM in premanifest and early HD patients 

(Tabrizi et al. 2012). Specifically, individuals carrying the mHTT gene who were far away from 

clinical diagnosis showed WM loss only around the striatum and within the CC and posterior 

WM tracts, while those close to clinical diagnosis and symptomatic HD patients showed 

extensive WM loss across the whole brain. Loss of WM volume over this time period ranged 

between 2% in HD carriers over 10 years away from disease onset and 4% in early HD patients. 

Effect sizes for atrophy rates between early HD participants and healthy controls were larger 

in WM (1.70, 1.40 to 2.08) than in GM. Additionally, a 2-year longitudinal study found that, 

when controlling for normal age-related variations, brain atrophy of premanifest patients was 

more pronounced in WM than in striatal GM (Aylward et al. 2011). Similarly, in another 

patient cohort WM volume was drastically reduced in premanifest participants as compared to 

controls (35.3 ± 2.5 mL vs 37.7 ± 2.2 mL), whereas no significant differences were observed 

for GM volumes (Ciarmiello et al. 2006). These findings suggest that there might be a 

dissociation between neurodegenerative processes that happen in GM and WM aberrations in 

HD. Further, the temporal pattern of reported WM changes suggests that WM impairment in 

HD unlikely reflects solely a secondary result of neuronal cell death in GM, and may instead 

represent an independent factor of HD pathology. 

 Evidence for a link between GM and WM changes comes from studies that show 

significant atrophy of the cortical mantle of HD patients both cross-sectionally (Douaud et al., 

2006; Kassubek et al., 2004; Rosas et al., 2002, 2005) and longitudinally (Ruocco et al. 2008), 

suggesting that WM volume loss may be a consequence of the withdrawal of axons projecting 

from cortical neurons. These studies have relied on measures of WM volumes. However, WM 

volume loss as quantified using structural MRI is a rather un-specific marker of disease stage 

and progression, as it is not sensitive to changes in microstructure. This makes it hard to capture 

differential effects across the various stages of the disease (Pflanz et al., 2019). As such, 
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reductions in WM volume observed in structural neuroimaging studies can be the consequence 

of several factors, including a decrease in the number of axons because of Wallerian 

degeneration (Douaud et al., 2006; Kassubek et al., 2004; Rosas et al., 2002, 2005; Ruocco et 

al., 2008), a decrease in axon myelination (Ciarmiello et al. 2006; Squitieri et al. 2009), or a 

combination of both.  

New MRI methods allow us to move beyond traditional macrostructural volumetric 

methods, and provide more in-depth information about tissue integrity and organization at the 

microstructural and biochemical levels. To date, most neuroimaging studies of WM 

microstructure have used diffusion tensor MRI (DT-MRI) (Pierpaoli & Basser, 1996) to 

quantify tissue properties. This technique allows to characterize the three-dimensional 

diffusion of water as a function of spatial location and it is based on differential diffusion of 

water molecules depending on tissue type and architecture (Beaulieu, 2002). For example, the 

molecular diffusion rate [mean diffusivity (MD)], the extent to which diffusion is restricted 

[fractional anisotropy (FA)], the diffusion rate along the main axis of diffusion [axial 

diffusivity (AD)], and the rate of diffusion in the transverse direction [radial diffusivity (RD)] 

can be inferred. 

Some evidence from DT-MRI studies suggests that WM aberrations in HD are a 

consequence of Wallerian axonal degeneration. For example, it has been shown that WM 

changes correlate with reductions in cerebral GM density (Di Paola et al. 2014; Rosas et al. 

2018). Similarly, a DT-MRI study suggested that WM changes in HD are a consequence of 

axonal injury rather than demyelinating mechanisms, based on the observation of greater 

changes in AD, as compared to RD changes, in the brain of HD patients (Weaver et al. 2009).  

On the other hand, there are several DT-MRI studies which have suggested a role for 

myelin in HD pathology (Bartzokis et al. 2007; Bourbon-Teles et al. 2017; Di Paola et al. 2012, 

2014; Mascalchi et al. 2004; Rosas et al. 2018). These studies parallel findings from post-
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mortem, histopathological studies in HD patients (Bruyn & von Wolferen, 1973). Firstly, 

insufficient myelination was suggested to be present in children at risk of HD, as they showed 

increased RD in the external capsule. Specifically, the authors hypothesized that this increase 

may reflect an impairment in myelin integrity due to a dysfunction in the trophic support 

mechanisms usually carried out by normal HTT. This, in turn, is suggested to affect myelin 

integrity by hindering the production and maintenance of large lipid membranes (Lee, 2016). 

Additionally, Di Paola and colleagues (Di Paola et al. 2012) suggested that demyelination is 

present in the premanifest HD brain, while both myelin breakdown and axonal damage are 

present in manifest HD. This proposal was based on the observation of decreased FA and 

increased RD in the isthmus of the CC of premanifest patients compared to age- and sex-

matched controls, in the absence of any changes in AD (Di Paola et al. 2012). On the other 

hand, they reported both increased RD and decreased AD in the CC of manifest HD patients, 

compared to matched controls. Similarly, Rosas and colleagues showed increased RD in the 

WM of premanifest HD patients, which correlated with impaired performance on 

neuropsychological tests, and was proposed to reflect early deficits in myelin. Moreover, they 

suggested that axonal pathology, as shown by changes in AD, is present only later in the disease 

course (Rosas et al. 2018).  

All of the above interpretations are built on the assumption of a direct correspondence 

between a specific microstructural property of WM and variations in DT-MRI metrics. 

However, although DT-MRI metrics are often regarded as probes of WM microstructure, these 

indices do not tap specifically onto biological subcomponents of WM microstructure 

(Alexander et al. 2007) in that the tensor measured in the DT-MRI model is an average of all 

the cellular compartments within a specific voxel (Assaf & Basser, 2005). It is therefore very 

hard to interpret changes in DT-MRI metrics in terms of changes in specific microstructural 

properties (Jones et al. 2013). Very different configurations of, for example, axonal packing, 
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axonal size and myelination may generate very similar outcome measures. Furthermore, the 

radial and axial diffusivities become hard to interpret when multiple fibre orientations are 

present within a voxel, such as at fibre bundle crossings (Wheeler‐Kingshott & Cercignani, 

2009), and this situation affects between one and two thirds of the voxels in the human brain 

(Behrens et al. 2007; Descoteaux, 2008).  

Specifically, these interpretations are built on the assumption that AD and RD are 

uniquely sensitive to axonal degeneration and demyelination, respectively (Budde et al. 2007; 

Mac Donald et al. 2007; Song et al. 2002, 2005; Sun et al. 2006, 2007; Wu et al. 2007). Such 

inferences are based on one study on Shiverer mice, where changes in myelin content were 

linked to increased RD, but unchanged AD (Song et al. 2002). However, an increase in RD 

might not necessarily correspond to myelin loss; rather, it can have multiple meanings, 

including axonal loss (Jones et al. 2013). Furthermore, in regions of crossing fibres, increased 

RD within a specific tract could be due to a less coherent alignment of fibres, more crossing 

fibres from other bundles, lower density or less myelination of the fibres, or a combination of 

any or all these factors (Jones et al. 2013; Wheeler‐Kingshott & Cercignani, 2009). 
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Table 1. Summary of MRI studies of HD animal models.  

 
WM disturbance appears to be an early pathogenic event. An altered developmental trajectory of WM is suggested by asymmetric age-related changes of MRI 
metrics between HD models and wild-types. 
  
  

Species/Model 

  

MRI Technique 

(In vivo/ex vivo) 

  

Findings 

  

Neurochemical 

validation  

  

References 

  
R6/2 mice 

  

DT-MRI 

(Ex vivo) 

  

FA reductions in genu and splenium of the corpus callosum. 

  

  

Yes 

  

(Xiang et al., 

2011) 

  
YAC128 mice 

  

  

Structural MRI 

(Ex vivo) 

  

Progressive loss of WM volume.  

Corpus callosum, anterior commissure and fimbria are amongst the most 

discriminatory areas in genotype separation. 

  

  

No 

  

(Carroll et al., 

2011) 

  
YAC128 mice 

  

DT-MRI 

(In vivo) 

  

FA reductions in the anterior commissure, corpus callosum, internal capsule, 

external capsule, from 1.5 months of age; in the cingulum and cerebral peduncle 

from 3 months of age.  

  

  

Yes 

  

(Teo et al., 

2016) 
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BACHD rats DT-MRI 

(In vivo) 

FA reductions in the anterior corpus callosum, the cingulum and the external 

capsule at 12 months of age. 

  

Yes (Teo et al., 

2016) 

  
TgHD rats 

  

DT-MRI and PET  

(In vivo) 

  

Increased MD in HD rats at 12 months of age, compared to earlier time points; 

this parameter remained constant in WT animals.  

  

Age-related RD decreases at 6 months of age in HD animals but only at 12 months 

in WT animals. 

  

  

Yes 

  

(Blockx et al., 

2011) 

TgHD rats Diffusion 

Kurtosis Imaging 

(In vivo)  

Neuronal development in HD rat pups occurs differently compared to controls: 

higher MD values at P15 but lower MD and AD values at P30 in external capsule. 

  

Yes (Blockx et al., 

2012) 

  
rHD1 rhesus 
monkeys 

  

DT-MRI  

(In vivo) 

  

Widespread WM changes in FA, MD, and RD.  

  

HD monkeys reached the maximal FA value earlier (22.7 ± 4.8 months) compared 

to controls (47.8 ± 11.7), revealing an arrest of WM maturation in the HD group; 

across ages, HD monkeys had significantly lower maximal FA values in all areas 

investigated. 

  

Significantly higher minimum RD values of HD monkeys in the striatal bundle. 

  

No 

  

(Meng et al., 

2017) 
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1.4.3. Moving beyond volumetric and DT-MRI to assess WM 
microstructure changes in HD 

Biophysical models of diffusion MRI, such as neurite orientation and dispersion density 

imaging (NODDI) (Zhang et al., 2012) and the composite hindered and restricted model of 

diffusion (CHARMED) (Assaf & Basser, 2005), model compartment-specific water diffusion 

to dissociate hindered extra-cellular and restricted intra-cellular diffusion properties of WM, 

and should therefore provide a more biologically specific characterization of WM 

microstructural organization within the neural system (Alexander et al. 2010).   

Zhang and colleagues (Zhang et al., 2018) used NODDI to examine WM pathology in 

premanifest HD patients. They reported widespread reductions in the neurite density index 

(NDI) - a proxy of axonal density - in tracts including the CC and in WM surrounding the basal 

ganglia of pre‐symptomatic HD patients. Importantly, axonal density reductions in callosal 

regions predicted clinical markers of disease progression. Finally, increased coherence of 

axonal organization, as suggested by a smaller orientation dispersion index (OD), was shown 

in HD patients in tracts surrounding the basal ganglia and in the IC and EC, suggesting the 

presence of possible compensatory pruning of axons in WM regions. Nevertheless, estimation 

of specific tissue quantities from these models requires simplifying assumptions whose 

accuracy and generality, in the HD brain especially, are unknown. These techniques indeed 

still represent a relatively simple approach to modelling neural tissue and therefore cannot fully 

characterize pathological changes in WM microstructure (Lampinen et al. 2019).  

Quantitative magnetization transfer (qMT) imaging has enabled greater sensitivity to 

myelin content in WM (Ou et al. 2009). This method models the exchange rate between 

macromolecular protons and protons in surrounding tissue water, when macromolecular 

protons are subjected to a radiofrequency pulse with a frequency that is off-resonance for 

protons in free water (Henkelman et al. 1993). One of the outcome measures of qMT, the 
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macromolecular proton fraction (MPF), has been shown to reflect demyelination in Shiverer 

mice and puppies (Ou et al. 2009; Samsonov et al. 2012), to be sensitive to dysmyelination 

processes in multiple sclerosis patients (Levesque et al. 2010) and to reflect myelin content of 

WM in post-mortem studies of multiple sclerosis brains (Schmierer et al. 2007). A study by 

Bourbon-Teles and colleagues (Bourbon-Teles et al. 2017) used DTI and qMT to investigate 

HD-related effects on WM pathways of the basal ganglia and motor systems. Specifically, the 

study compared HD patients (twenty-four manifest and one premanifest), to age- and sex-

matched healthy controls. While HD patients relative to controls exhibited significant 

reductions in an MPF component with high loadings of MPF in all WM regions, no differences 

were observed for components with loadings of axial and radial diffusivity or fractional 

anisotropy respectively. The authors concluded that this pattern of results was consistent with 

a myelin impairment in HD. Interestingly, the MPF component score of the one premanifest 

individual in the study differed more than three times the standard deviation from the control 

mean. This observation suggests that MPF might already be reduced prior to disease onset and 

that MPF may be assessed as an early disease biomarker in a group of premanifest gene carriers 

(Bourbon-Teles et al. 2017). 

Though MPF is sensitive to WM myelin, this metric can also be affected by changes in 

cells and water content due to inflammation (Henkelman et al., 2001). Odrobina and colleagues 

(Odrobina et al., 2005) for example, measured MPF ex vivo in a demyelinated rat sciatic nerve 

and confirmed its correlation with myelin content, but also noted the difficulty of separating 

demyelination from inflammation by qMT alone. Nevertheless, while in manifest HD it is 

likely that inflammation goes hand in hand with myelin breakdown (Rocha et al. 2016), a recent 

cerebrospinal fluid biomarker study found no evidence of neuro-inflammation in early-

manifest HD (Vinther‐Jensen et al., 2015). It is therefore plausible that changes in the MPF 

observed in this study were a reflection of aberrant myelination in these patients. 
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Human MRI studies have also shown that HD is associated with changes in iron levels 

across several brain areas (Bartzokis et al., 1999, 2007; Bartzokis & Tishler, 2000; Phillips et 

al., 2014; Simmons et al., 2007). Tissue iron can be measured by MRI in vivo through its effect 

on transverse relaxation times (T2). Ferritin has been shown to strongly affect the MRI signal 

and markedly shorten T2 both in vitro and in vivo (Bartzokis, 1997; Malisch et al. 1991).  

Increased ferritin levels are already present in the premanifest stage of HD (Jurgens et 

al. 2010; Phillips et al. 2014). As oligodendrocytes are the major iron-containing cells in the 

adult CNS (Connor & Menzies, 1995), the increased density of oligodendrocytes in HD that 

was demonstrated in mice models (Jin et al. 2015; Simmons et al. 2007) should result in 

significant increases in iron and ferritin content in the HD brain. Evidence for increases in 

MRI-based iron measures in HD further supports the suggestion for a homeostatic increase in 

oligodendrocytes as an active repair mechanism in premanifest HD subjects.  

Early and heavily myelinated fibres are the most susceptible to myelin breakdown in 

HD (Bartzokis et al., 2007), with WM degeneration starting in the caudate and putamen 

striatum structures and then spreading in a predictable, bilateral and symmetric pattern to 

involve other earlier-myelinating regions. In turn, later-myelinating regions like the medial 

temporal lobe, are left much less affected (Bartzokis et al., 1999; DiFiglia et al., 1997). This is 

consistent with neuroimaging evidence that the earliest WM changes in HD are seen before 

disease onset, in early myelinating regions, such as around the striatum, within the CC, and in 

posterior WM tracts (Di Paola et al., 2014; Dumas et al., 2012; Faria et al., 2016; Tabrizi et al., 

2011). The spatial pattern of pathology is in contrast with the “last-in-first-out hypothesis” that 

was proposed for degenerative processes of normal brain aging (Raz, 2000), which postulates 

that later-myelinating fibres are more vulnerable to insult in later life, as compared to earlier-

myelinating ones. 
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Consistent with the suggestion of a dissociation between early and late myelinating 

regions in WM impairment in HD, Bartzokis ( Bartzokis et al. 2007) showed decreased ferritin 

iron levels in HD in the genu of the CC and frontal WM (late-myelinating regions), and 

increased ferritin iron levels in the basal ganglia (an early-myelinating region). Decreased iron 

levels in late myelinating regions are proposed to be due to suboptimal iron availability, due to 

a redistribution of iron towards earlier-myelinating regions. Furthermore, although re-

myelination processes may successfully compensate for myelin loss during the premanifest 

HD stage, these may start failing in later years, likely explaining evidence of decreases in iron 

content found between the premanifest and symptomatic HD subjects (Di Paola et al. 2014; 

Phillips et al. 2014). 

To summarise, an accumulating body of evidence suggests that alterations in WM 

microstructure are present early in HD progression (Aylward et al. 2011; Ciarmiello et al. 2006; 

Paulsen et al. 2008; Ruocco et al. 2008; Tabrizi et al. 2009), even in children at risk for HD 

(Lee et al., 2012; Lee, 2016), and possibly even before any changes can be detected within the 

striatum (Aylward et al. 2011). This implies that WM disturbances might independently 

contribute to HD pathogenesis (Aylward et al. 2011; Bartzokis et al. 2007; Tabrizi et al. 2009) 

and that, rather than being secondary to axonal insult in the form of Wallerian degeneration 

(Weaver et al., 2009; Zhang et al., 2018), they might be a direct result of myelin and 

oligodendrocytes disturbance (Bartzokis et al. 2007; Gómez-Tortosa et al. 2001; Mascalchi et 

al. 2004; Myers et al. 1991; Radulescu et al. 2018). Demyelination has been associated with 

severe disabilities in many developmental, psychiatric and neurodegenerative diseases 

(Martenson, 1992). Therefore, it is possible that also in HD, myelin loss, which leads to altered 

axonal conduction and axonal damage, may be directly responsible for some of the clinical 

symptoms. Furthermore, oligodendrocyte dysfunction early in the disease course may impair 

processes of remyelination and myelin repair (Bartzokis et al. 2007).  
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1.5. Why study WM microstructure in HD? 
Abnormalities in WM caused by myelin and oligodendrocytes changes can slow or 

even stop fast axon transport. This, in turn, might result in synaptic loss and axonal 

degeneration in a retrograde, “dying back”, fashion (Han et al., 2010). Therefore, from the 

perspective of the remarkably myelinated human brain, the development and 

maintenance/repair of myelin function may be the single most significant and susceptible 

element, or the “weakest link”, in brain development and age-related degeneration. Further, 

this is fundamental for both acquiring and maintaining optimal cognitive and behavioral 

function (Bartzokis, 2012). 

The assessment of changes in glia and myelin in the HD brain is therefore of 

fundamental importance, as it will allow insight into disease pathogenesis and progression. 

Importantly, as no disease-modifying treatment currently exists for HD, understanding WM 

changes might prove useful for the identification of disease-related biomarkers and in 

measuring responsiveness to pharmaceutical and other therapeutic approaches, such as 

environmental stimulation and behavioural interventions. In many neurodegenerative diseases 

such as Alzheimer’s and Parkinson’s disease, myelin disturbance starts before other 

pathological changes are evident (Bartzokis et al., 2007, 2010). Similarly, in HD, critical 

pathogenic events might be present prior to neuronal death, and there might therefore be a 

decades-long period in which therapeutic intervention could change the course of the disease, 

before clinical evidence such as behavioral, cognitive and motor decrements, appears.  

Nonetheless, in vivo investigation of demyelination in premanifest and symptomatic 

HD patients with neuroimaging remains relatively unexplored when compared to other 

neurodegenerative diseases such as multiple sclerosis, and very little research has been carried 

out on the HD brain using these approaches. Notably, though much of our understanding of 

HD pathology will increasingly rely on advanced neuroimaging techniques, this reliance 
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stresses the importance to remember and address the shortcomings of these approaches. Table 

2 provides a summary of MRI changes observed in HD patients. Interpretations proposed by 

the respective authors and alternative explanations found in the literature for such changes are 

reported. 
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Table 2. MRI changes observed in the reviewed in vivo studies in HD patients. 

Interpretations proposed by the respective authors and alternative explanations found in the literature for such changes.  
  
Reported change 

  
Proposed interpretation 
  

  
Possible alternative interpretation 

  
Reduced WM volume 

  
Decreased number of axons due to Wallerian 
degeneration (Douaud et al., 2006; Kassubek et 
al., 2004; Rosas et al., 2002, 2005; Ruocco et 
al., 2008). 

  
Decrease in axon myelination (Ciarmiello et al., 2006; 
Squitieri et al., 2009). 

  
Reduced axial diffusivity 

  
Axonal degeneration (Weaver et al., 2009). 

  
Inflammation, non-uniform axonal oedema, beads, 
varicosities parallel to the axon segments, 
microglia/macrophage activation (Xie et al., 2010).  

  
Increased radial diffusivity 

  
Demyelination (Di Paola et al., 2012; Rosas et 
al., 2018; Song et al., 2002, 2005; Weaver et al., 
2009). 

  
Less coherent alignment of fibres, more crossing fibres 
from other bundles, lower density or less myelination of 
the fibres, or a combination of any or all these factors 
(Neema et al., 2009).  

  
Reductions in the neurite 
density index 

  
Decrease in axonal density (Zhang et al., 2018).  

  
Reduced MRI signal because of demyelination(Grussu et 
al., 2017). 

  
Reductions in MPF 

  
De-myelination (Bourbon-Teles et al., 2017). 

  
Changes in cells and water content due to inflammation 
(Henkelman et al., 1993; Odrobina et al., 2005).  

  
Shortened T2  

 Increased ferritin levels (Jurgens et al., 2010; 
Phillips et al., 2014). 

  
Re-myelination (Stanisz et al., 2004). 
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1.6. Animal models of HD 
Findings from animal models of HD need to be considered while keeping in mind the 

inherent differences between these animals and human patients. Firstly, the equivalent and 

divergent features of the brain for different species need to be understood. For example, when 

looking at rodent brains, the most obvious difference is that these are tiny (~0.4g in mice, ~2.0g 

in rats), lissencephalic (do not have sulci or gyri), and have little WM. On the other hand, the 

human brain is much larger (approximately 1300g), has a readily evident lobular organization, 

prominent sulci and gyri, and extensive WM (about 40% of the brain) (Snyder et al., 2018). 

Most importantly, the phenotype exhibited by each animal model of HD needs to be considered 

in the context of the different approaches used to generate the respective model (Pouladi et al., 

2013). In the broadest terms, animal models of HD can be classified as non-genetic or genetic 

models. 

Prior to the discovery of the HD gene in 1993 and the establishment of more specific 

genetic manipulation, HD models were mostly generated following chemical administration 

both directly into the striatum and systemically (Kosior & Leavitt, 2018). Specifically, in these 

models cell death is induced by the delivery of either excitotoxins or metabolic toxins, in the 

attempt to model HD neuropathology. Neuropathological validity is higher for models in which 

cell death is induced with metabolic toxins, as these selectively affect MSN in a progressive 

manner (Borlongan et al., 1997; Brouillet et al., 1993); however, these models are also 

associated with higher inter-animal variability and higher incidence of gross non-specific 

striatal damage (Dunnett & Rosser, 2004). Amongst the most commonly used excitotoxic 

agents, quinolinic acid is currently the most widely used, as this leads to preferential 

degeneration of GABA-ergic neurons, which are affected in HD (Schwarcz et al., 1983). 

However, a general drawback of excitotoxic models is the absence of association with the 
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genetic cause of HD. Lesions indeed do not lead to mutant HTT production and formation of 

neuronal inclusions; also, cell death is sudden rather than progressive (Steventon, 2014). 

Knock-out models were the first genetic models to be developed (Duyao et al., 1995; 

Nasir et al., 1995; Zeitlin et al., 1995). In these models, the HTT gene was removed from the 

genome completely. These models, therefore, were fundamental in determining the function of 

the HTT gene; for example, they showed that knock-out animals do not survive embryonic 

development, therefore demonstrating the crucial role that HTT plays in embryogenesis (Duyao 

et al., 1995; Nasir et al., 1995; Zeitlin et al., 1995). More recently, conditional knock-out 

models have been developed, where the HTT gene is eliminated from a specific organ being 

studied. Importantly, inducible knock-out models allow the gene to be knocked out at a specific 

time, such as after development.  

Contrarily to non-genetic models and knockout models, other genetic models of HD 

aim to reproduce the genetic defect seen in patients; this, in turn, enables the study of early 

pathological, cellular and molecular alterations caused by the HD mutation (Steventon, 2014). 

Different genetic models recapitulate specific aspects of the cognitive and motor dysfunction, 

and the striatal neurodegeneration seen in HD patients (Kosior & Leavitt, 2018). Most genetic 

models of HD are in mice; however, rat (von Hörsten et al., 2003), primate (Yang et al., 2008), 

C. elegans (Faber et al., 2002), drosophila melanogaster (Warrick et al., 1998), zebrafish 

(Schiffer et al., 2007), sheep (Jacobsen et al., 2010) and minipig (Baxa et al., 2013) models 

have also been created.  

Amongst genetic models, key distinguishing factors are the genetic approach and 

transgene construct used to create them. For example, the use of full-length or only a fragment 

of mutant huntingtin (HTT); the length of the CAG repeat incorporated into the genome; the 

expression of the HD mutation from a transgene versus knock-in of the mutation into the 

endogenous HTT locus. The several genetic manipulations underlying these models all aim to 
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recapitulate the human disease, with various degrees of success (Kosior & Leavitt, 2018). 

Overall, current HD models differ from the human condition in the duration of pathology, 

symptom severity, striatal specificity of neuropathology. This ultimately poses questions in 

terms of the effectiveness of animal models in mimicking human disease (Kosior & Leavitt, 

2018). 

N-terminal fragment models, which express N-terminal human HTT fragments along 

with an expanded CAG repeat within exon 1, show the most robust and rapid disease 

progression, but fail to demonstrate the striatal specific atrophy and cell loss typical of HD 

patients (Carter et al., 1999; Davies et al., 1997). Furthermore, early phenotype onset and 

rapid death make these models unsuitable for the study of early disease pathogenesis and 

preventative therapies (Kosior & Leavitt, 2018).  Full-length models, which contain the entire 

expanded human HTT gene, represent an improvement upon the limitations of fragment 

models, and exhibit a slower disease progression and relatively normal lifespans (Kosior & 

Leavitt, 2018). Furthermore, they present robust and striatum-specific neuropathological 

abnormalities (Slow et al., 2003), mimicking changes seen in human patients, therefore 

providing possibly more valid outcome measures for preclinical trials. Importantly, the full-

length protein and slower onset/progression of symptoms allows for the study of pathological 

changes early in the disease course and of drug targets (Kosior & Leavitt, 2018). Finally, in 

knock-in models, the CAG repeat mutation is inserted into the endogenous animal HTT gene 

(Lin et al., 2001), or the animal exon 1 is replaced with the pathologically expanded human 

exon 1 (Ishiguro et al., 2001). These models are considered as more accurate genetic models 

of the human condition, as compared to transgenic models (Menalled, 2005), because they 

carry the mutation in its appropriate genomic and protein context. However, knock-in models 

also display the weakest and most variable phenotypes, therefore they are generally considered 

to be more useful for the investigation of early disease stages (Kosior & Leavitt, 2018). 
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This Thesis includes work on a the R6/1 fragment model of HD (Chapter 5), which 

expresses exon 1 of the human HD gene, with around 115 CAG repeats (Mangiarini et al., 

1996). This line was amongst the first to be developed (Mangiarini et al., 1996) and presents a 

severe phenotype and neuropathology, which occur early in life, with a relatively quick 

progression of symptoms and reduced lifespan. Specifically, these mice exhibit age-related 

progressive changes in both motor and cognitive performance from as early as 2 months of age 

(Brooks et al., 2012) and age-related neuronal loss, brain atrophy and mHTT accumulation 

(Bayram-Weston et al., 2012). Although the R6/1 line is one of the most used models of HD, 

no studies published so far report on how WM microstructure may be affected in this model. 

 

1.7. A translational neuroimaging approach to study HD: 
advantages and challenges 
In this Thesis, the investigation of human patients as well as a mouse model of HD allowed 

for bi-directional translation of results, with enhanced insights in human neuropathology 

affording the foundation for translational research in the R6/1 mouse model, and the increased 

biological specificity of the work in the HD model informing knowledge and research in the 

human condition. In the coming section, I will provide an overview of the advantages and 

challenges associated with the use of a translational neuroimaging approach to the study of 

HD.  

Advantages 

Though neuroimaging studies on human HD patients have greatly contributed to gaining 

information about the impact of the HD mutation on brain structure and function, these 

techniques do not provide enough resolution and specificity to elucidate the cellular and 

molecular consequences of the mutation. Currently, understanding of cellular and molecular 
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abnormalities underlying pathology may only be achieved with histological analysis; however, 

histological studies in humans rely on the availability of post-mortem tissue, making it difficult 

to control several confounding variables such as age, gender and other health conditions prior 

to death (Monoranu et al., 2009).  

The study of animal models allows to move closer to the molecular and cellular 

mechanisms underlying disease pathogenesis and progression (Duty & Jenner, 2011). 

Importantly, advances in animal imaging techniques have enabled greater translational validity 

of animal models through comparison of human and animal imaging studies, hence enhancing 

our confidence on the cellular findings in animals, as well as the translation of therapies to 

humans (Hoyer et al., 2014) (Figure 4). MRI studies on animal models indeed provide the 

opportunity to study disease progression and evaluate therapeutic efforts; importantly, MRI 

enables to obtain whole brain 3-dimensional data instead of highly localised histological 

measurements from sections of tissue in a single plane. 

Additionally, neuroimaging research enables the implementation of the ‘3R’ principles 

of ‘reduction’, ‘refinement’ and ‘replacement’ for the humane treatment of research animals. 

These have become recognised worldwide as the fundamental ethical approach to governing 

animal research (Kirk, 2018). For example, neuroimaging techniques afford the use of smaller 

group sizes, because of higher experimental control on confounding variables and therefore 

reduced variance due to intra- and interindividual measurements. Moreover, the number of 

experimental groups can also be reduced, because of the possibility of performing repeated 

intraindividual measurements. Furthermore, high-resolution morphological and functional 

analyses can be obtained with very little distress. Finally, as non-invasive procedures, 

neuroimaging methods allow performance of multimodal investigations on one and the same 

animal, allowing for a simultaneous or step-wise analysis of structure and function (Hoyer et 

al., 2014).  
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Figure 4. Translational MRI-based framework combining multi-modal imaging techniques in 
animal models and humans. 

Preclinical-to-clinical and genotype-to-endophenotype mapping. Comparable imaging phenotypes 
increase our confidence on molecular and cellular findings in rodent models, and may elucidate the 
mechanisms underlying imaging phenotypes in the human brain. 

 

Challenges 

Animal MRI presents unique technical challenges. One of the biggest issues concerns 

brain size; for example, a mouse brain is approximately 1000 times smaller than a human brain 

in terms of total volume (Snyder et al., 2018). Accordantly, while most human imaging 

experiments utilise a resolution of 1 mm, obtaining a comparable anatomical resolution in the 

mouse brain requires a voxel size that is 1000 times smaller (Hoyer et al., 2014). Though such 

increased resolution can be achieved by moving to a higher field strength, this has major 

implications in terms of the signal-to-noise ratio (SNR) that can be achieved, as SNR is directly 

proportional to the voxel size. Broadly speaking, the SNR of a typical imaging acquisition in a 
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3 Tesla human MRI scanner exceeds that of a comparable animal measurement in a 9.4 Tesla 

scanner by a factor of 5. Therefore, multiple averages/repetitions are needed to get appropriate 

SNR in a rodent imaging experiment; these, in turn, implicate longer duration of measurements 

(Hoyer et al., 2014).  

Another challenge of animal imaging is physiological noise. This is not only due to the 

fact that at higher field strength, the fraction of physiological noise due to breathing and cardiac 

pulse increases (Krüger et al., 2001); as well, the degree of movement a small animal produces 

because of breathing is higher in relation to the size of voxels than in humans. Therefore, due 

to the high field power and resolution of animal scanners, physiological noise may cause 

significant artefacts. These can be, at least partially, controlled by triggering acquisition based 

on the breathing pattern, and thorough the administration of anaesthesia. The latter, however, 

limits the viable in vivo scan time (Steventon, 2014). Worth mentioning is also the fact that 

geometric distortions due to local magnetic field inhomogeneities increase linearly with field 

strength; furthermore, higher magnetic fields shorten tissue T2 and T2* and lengthen tissue T1. 

Despite these challenges, there have been a number of MRI studies in mouse models of 

Huntington’s disease (Table 1).  
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1.8. Aims of the present work 
The aim of this Thesis was to use a multi-modal, translational neuroimaging approach to 

investigate WM microstructural changes in HD. As reviewed above, research has shown 

evidence of WM damage in both animal models of HD and in subjects carrying the HD 

mutation. Nevertheless, there is no clear consensus on whether WM damage is due to 

alterations in axon microstructure or myelin changes, or both. Further, it is unknown whether 

WM impairment is secondary to, or independent of, atrophy observed in the GM. The present 

project aimed to test the relevance of the Demyelination Hypothesis (Bartzokis et al. 2007) in 

explaining HD neuropathology.  

To this end, I employed advanced microstructural imaging, including high b-value 

measurements of restricted diffusion, high-field assessments of susceptibility (frequency 

difference mapping), along with magnetization transfer assessments of apparent myelin, in the 

attempt to disentangle the contribution of axon microstructure versus myelin to HD pathology, 

by assessing both HD patients and a mouse model of HD. Results were examined alongside 

macrostructural and ultrastructural changes, and behavioural measures, in the context of 

discovering imaging biomarkers in HD.  

Chapter 2 will give a critical overview of the acquisition and analysis approaches I 

utilised, while the experimental work of this PhD project is reported in Chapters 3, 4, 5 and 6. 

Specifically, Chapter 3 describes the assessment of WM microstructure premanifest HD 

patients exploiting the ultra-strong gradients offered by the Connectom scanner. Chapter 4 

presents an evaluation of WM alterations in premanifest HD patients at 7 Tesla, and 

specifically describes the investigation of changes in callosal microstructure using frequency 

difference mapping, a novel approach to the high-field assessment of susceptibility. Chapter 5 

presents the evaluation of WM microstructural changes in the R6/1 mouse model of HD using 

an ex vivo, high-resolution MRI approach at 9.4 Tesla. Finally, in Chapter 6 the possible 
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benefits of a drumming-rhythm training for stimulating myelin remodelling in HD are 

explored. These chapters are followed by a general discussion in Chapter 7, where wider 

implications of the experimental data, and suggestions and plans for future experiments are 

discussed.  
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Chapter 2  
General Methods 

 

2.1. Overview 

MRI provides unprecedented power for the investigation of internal biological tissues, 

without the need for potentially dangerous ionizing radiation or invasive procedures. MRI is 

based on nuclear magnetic resonance (NMR). Key to the concept of NMR is the ‘spin’, which 

is conceptualised as rotation of subatomic particles around their axes. If a nucleus has an odd 

number of protons or neutrons, there will be a net spin, and this results in a magnetic moment.  

By far the most commonly-studied nucleus in MRI is the hydrogen nucleus, or proton (but 

other nuclei are studied, for example 31P and 19F). 

In the Earth’s magnetic field, these spins are randomly oriented. However, when placed in 

a strong magnetic field, the spins align either with or against the field, resulting in a net 

magnetization vector (NMV).  The NMV precesses in a gyroscopic motion around the direction 

of the main field, with a characteristic angular frequency, known as the Larmor frequency.  

This is directly proportional to the strength of the magnetic field. The precessional frequency 

of nuclei placed in a static magnetic field B0 is calculated from the Larmor Equation (Larmor, 

1897): 

ω = γB 

where ω is the Larmor frequency in MHz, γ is the gyromagnetic ratio in MHz/Tesla and B 

is the strength of the static magnetic field in Tesla.  

To perturb the system away from equilibrium, energy needs to be put in (“resonance”), and 

this requires a radio-frequency pulse at the Larmor frequency. This has the effect of tipping the 

NMV away from the equilibrium position, and the component of precession in the transverse 
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plane is detected by the radio-frequency receiver coil. In many applications, the RF pulse is 

applied to produce a 90° pulse, to give maximum signal in the transverse plane. Once the RF 

pulse is stopped, two phenomena take place. First, the spins naturally return to their equilibrium 

longitudinal alignment, and the time taken for the magnetization to return to 1/e of the initial 

amplitude is known as the longitudinal relaxation time, or T1. Moreover, the individual spins 

forming the NMV can experience slightly different magnetic fields (e.g. due to interactions 

with other spins), resulting in different precessional frequencies. In turn, this leads to a 

dephasing of the signal. The time taken for the transverse magnetization to decay to 1/e of its 

initial value via this mechanism is called the transverse relaxation time, or T2. Importantly, T1 

and T2 reflect the tissue chemical environment, hence providing the image contrast (Duval et 

al., 2017; Kagawa et al., 2017).   

In the next sections, I will describe the MRI hardware and different acquisition techniques 

applied to the study of the HD brain in this body of work. The analysis approaches utilised are 

also discussed, together with their advantages and disadvantages. 

 

2.2. Advantages and challenges of ultra-high field and 
ultra-strong gradients MRI 

  
Over the past few decades there have been exciting developments in MRI hardware, with 

MR imaging providing increasingly detailed images of brain anatomy and function. Major 

improvements in MR image quality have been afforded by increasing field strength beyond 3-

Tesla (Duyn, 2012), and by incorporating ultra-strong gradient systems into MRI scanners for 

imaging the human brain (Setsompop et al., 2013). The present research project exploited both 

ultra-strong gradients (300 mT/m) and ultra-high field (7 Tesla, 9.4 Tesla) to assess WM 
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microstructure in the HD brain. Potential advantages and disadvantages of these approaches 

are discussed next. 

 

2.2.1. Imaging the brain at ultra-high field  

Although until recently 3 Tesla was the highest clinical field strength available, scanners 

utilizing “ultra-high” field strengths of 7 Tesla and above, have been explored since the late 

1990s (Norris, 2003; Vaughan et al., 2001). Scanning at higher magnetic field strengths has 

led to several benefits, of which the most obvious is increased spatial resolution. The human 

brain is a highly complex and heterogeneous structure, and the capability for an imaging 

method to fully resolve these complexities is in part dependent on its spatial resolution. For 

most anatomical scans acquired on scanners operating at 3 Tesla, the typical resolution is 

1×1×1 mm3, which is equivalent to 1 μl volume for each voxel (Duyn, 2012). While moving 

to higher resolutions would generally reduce signal-to-noise ratio (SNR) and contrast-to-noise 

ratio (CNR), SNR and CNR increase with field strength; therefore, scanning at ultra-high 

magnetic field strengths benefits from higher SNR, in turn enabling increased resolution. More 

specifically, scanners operating at fields from 7 Tesla to 9.4 Tesla, allow a two- to three-fold 

increase in image SNR over 3 Tesla systems (Duyn, 2010). Undoubtedly, this leads to several 

advantages in terms of detection of brain features previously difficult to define using 

conventional MRI, thus broadening MRI’s possible applications (Duyn, 2012).  

Additionally, scanning at higher field strengths is associated with changes in contrast, some 

of which are particularly valuable for the study of the brain microstructure (Duyn, 2018). For 

example, increasing field strength is coupled with improved sensitivity to susceptibility effects, 

in turn providing advantages in the field of susceptibility-weighted imaging (SWI), and for the 

quantification of substances causing susceptibility differences, such as iron and myelin (Moser 

et al., 2012). Variations in magnetic field associated with tissue microstructure increase linearly 
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with field strength; this enables the assessment of properties such as fibre orientation and 

myelin fraction at ultra-high field, with methods such as frequency difference mapping (FDM) 

(Wharton & Bowtell, 2013), and by modelling the signal decay curve with multi-exponential 

fitting (Tendler & Bowtell, 2019). Therefore, combined with the increased spatial resolution, 

this opens up exciting avenues for mapping variations in cytoarchitecture across different areas, 

disease processes, and populations (Duyn, 2010). 

Though stronger magnetic fields provide numerous advantages, they are also associated 

with new challenges and artefacts that are less pronounced at lower field strengths. These 

include, for example, geometric distortion due to increases in magnetic field inhomogeneity; 

greater impact of physiological noise (such as respiration and brain pulsations) (Krüger et al., 

2001); higher radiofrequency energy deposition in the tissue (Ladd et al., 2018). In Table 3, 

some of the aspects to be considered when performing ultra-high field MR imaging are 

reported.
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Table 3. Overview of some of the potential advantages and disadvantages associated with increasing magnetic field strength. 

Table adapted from Moser et al. (2012) and Ladd et al. (2018). Abbreviations: SNR-signal-to-noise ratio; SAR – specific absorption rate; RF – radio-frequency; 
SWI – susceptibility-weighted imaging; TR – repetition time; TOF – time of flight angiography; ASL – arterial spin labelling; DWI – diffusion-weighted imaging. 
 

  
Characteristic 

  
Trend with 
increasing field 
strength  

  
Pros 

 
Cons 

  
SNR 

  
↑ 
  

  
Higher resolution, shorter scan time  

 
None 

 
SAR 
 

 
↑ 
 

 
None 

 
Fewer slices, smaller flip angle, longer TR 
 

  
Physiological side-effects  

  
↑  

  
None 

 
Dizziness, nausea, metallic taste 
 

 
Relaxation times 

 
T1 ↑ 
 
 
T2 ↓ 
 
T2* ↓ 
 

 
Advantageous for TOF, ASL, cardiac tagging 
 
 
 
Advantageous for SWI 
 
 

 
Longer scan time 
 
Negative impact on DWI 

 
Susceptibility effects  

  
 
↑  

  
 
Advantageous for SWI, T2* 

 
Geometric distortions, intravoxel dephasing 
 

  
Chemical shift 
  

  
↑  

  
Advantageous for fat saturation, MR spectroscopy 
  

 
Fat/water and metabolite misregistration 
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2.2.2. Microstructural imaging of the brain with ultra-strong gradients 

The gradient amplitude usually available on clinical MRI scanners ranges between 40-80 

mT/m; in this experimental work, I leveraged the power of ultra-strong gradients (300 mT/m) 

of the Connectom scanner. The use of ultra-strong gradients to image the brain leads to two 

main advantages, specifically related to the field of diffusion imaging: 1) the echo time (TE) 

of spin echo sequences can be significantly reduced for a given b-value, and this has an 

exponential effect on image sensitivity and SNR per unit b-value, by reducing the amount of 

signal loss from T2 processes (Jones et al., 2018; Setsompop et al., 2013); 2) the diffusion time 

can be significantly decreased, enabling a wider range of b-values to be maintained across all 

diffusion times, hence allowing a more precise characterisation of the water probability 

distribution function  (Jones et al., 2018; Setsompop et al., 2013). Both of these properties in 

turn lead to several advantages, some of which I will discuss next, together with mentioning 

some of the challenges associated with scanning with ultra-strong gradients. Table 4 provides 

a summary of these factors. 

Firstly, hardware currently available on clinical MRI systems does not allow achievement 

of specificity to relevant microstructural characteristics of tissue. For example, diffusing 

species within myelin sheaths will not be captured at the TEs of a standard diffusion-weighted 

experiment, since the macromolecules have ultra-short T2 (about 80 µs) (Fischer et al., 1989, 

1990) and water trapped within myelin sheaths has a T2 lower than ∼40 ms (MacKay et al., 

1994). This implies that not much signal coming from myelin will be detected in diffusion-

weighted experiments performed on standard gradients systems (Beaulieu, 2002; Nair et al., 

2005). Additionally, recent studies have demonstrated a b-value dependence on estimates of 

apparent fibre density, with changes in this parameter estimated at high diffusion‐weightings 

(b = 4000 or 6000 s/mm2) more directly reflecting a change in the underlying axon density, 
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because of increased suppression of the extra-axonal signal (Genc et al., 2020). However, on 

clinical MRI systems it is not possible to produce the level of filtering needed to differentially 

attenuate the signal coming from intra-axonal and extra-axonal compartments, while 

maintaining reasonable echo times and thus sufficient SNR (Kleban et al., 2020). 

Nevertheless, disentangling the contributions from different properties of WM 

microstructure, such as myelin and axons, is essential for achieving a better understanding of 

the pathophysiology of neurological disorders and treatment development (Bodini & 

Ciccarelli, 2014; Lim & Helpern, 2002). So far, a common solution when modelling the MRI 

signal has involved fixing certain microstructural model parameters to a priori values. 

However, parameters are sometimes fixed to given values with little or no biological 

plausibility, and this in turn can generate a shift or bias in the other estimated metrics, therefore 

challenging their biological specificity (Jelescu et al., 2016). In contrast, high b-value 

measurements in conjunction with better SNR, and a wider TE range can be sampled with 

ultra-strong gradients. These allow a much larger portion of the multidimensional experimental 

parameter space to be studied by enabling the estimation of all parameters, without having to 

fix them a priori (Jones et al., 2018; Novikov et al., 2019). This has not previously been 

possible in vivo on standard clinical MR systems. 

Additionally, until recently, diffusion-weighted imaging techniques have been significantly 

hindered by their low spatial resolution; however, achieving higher-resolution diffusion 

experiments could benefit the quantification of several microstructural properties because of 

reduced partial volume artefacts. This could also enhance the accuracy of tractography 

approaches, for example, by allowing reconstructions of minor WM connections that are often 

inaccurately reconstructed with standard tractography methods. This, in turn, could yield new 

insights into the pathophysiology of neurological disorders. Importantly, compared to ultra-

high field systems with weaker gradients (e.g., 70 mT/m at 7 Tesla), stronger gradients at lower 
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field provide an advantage because of the longer T2, and lower susceptibility distortions (Jones 

et al., 2018). 

Last but not least, performing measurements on a system equipped with ultra-strong 

gradients allows the development of a truly translational pipeline, by making it possible to 

perform measurements in the human brain that previously could only be gained in vivo, in 

animals on preclinical scanners. Comparable translational approaches, in turn, play a 

fundamental role in aiding the interpretation of clinical and research results from conventional 

clinical scanners with a much lower resolution (Jones et al., 2018). For example, modern 

machine learning techniques may be used to build a mapping from images acquired on standard 

systems to the “higher quality” images obtained on a system with ultra-strong gradients 

(Alexander et al., 2014, 2017; Ning et al., 2019); this in turn could allow the estimation of the 

image that could have been obtained from a longer acquisition protocol, or a hard-to-access 

imaging device (Jones et al., 2018). 

The main challenges associated with ultra-strong gradients scanning concern mostly 

physiological limits and safety constraints. An issue, for example, is peripheral nerve 

stimulation (PNS)  and cardiac stimulation caused by the time-varying magnetic fields 

produced by fast-switching gradients. Importantly, the threshold for stimulation is dependent 

upon the spatio-temporal characteristics of the electric fields induced in the body, and their 

relationship to the peripheral nerves’ anatomy and physiology. This makes it difficult to predict 

the site and threshold for stimulation at the individual subject level (Davids et al., 2017).  

A more technical issue concerns gradient non-linearity (Rudrapatna et al., 2021). 

Specifically, while the magnetic field produced by imaging gradients should ideally vary 

linearly with distance from the magnet’s isocentre, residual gradient non-linearity is usually 

present within the imaging volume. This effect is more significant when dealing with ultra-

strong gradients, a trade-off for achieving ultra-high gradient amplitudes. In turn, if not taken 
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into account during image reconstruction, gradient nonlinearity is associated with geometric 

spatial distortion in MR images, therefore degrading both geometric and image intensity 

accuracy. Additionally, gradient non-linearities can affect diffusion-weighted images beyond 

simple image distortion. Specifically, gradient non-linearities are not rotationally symmetric, 

implying that head motion will make the temporal evolution of the B-matrix (where the 

parameters of the gradients for a given sequence are incorporated) at different voxel locations 

significantly more complex. This therefore means that non-linearities will lead to a spatio-

temporal variation of the B-matrices. Altogether, these factors will influence the final 

microstructure parameters obtained.  
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Table 4. Overview of some of the potential advantages and disadvantages associated with increasing gradient strength. 
These are considered mainly in relation to DWI acquisitions. Abbreviations: SNR – signal-to-noise ratio; TR – repetition time; TE – echo time; PNS – peripheral 
nerve stimulation. For a review, see Jones et al. (2018).  
 

  
Characteristic 

  
Trend with increasing 
gradient strength  

  
Pros 

 
Cons 

  
SNR per unit b-value  

  
↑ 
  

  
Higher resolution, shorter scan time, 
enhanced accuracy of tractography approaches, improved estimation 
of microstructural parameters  

 
None 

 
Minimum achievable TE 
for a given b-value 
 
 

 
↓ 

 
Increased sensitivity to myelin and other microstructure properties 
with very short T2 
 

 
None 

 
Diffusion weightings per unit time 

 
 
↑ 
 

 
Drastic shortening of the time needed for diffusion encoding, 
increased SNR, advantageous for measurements at shorter diffusion 
times 
 

 
 
None 

 
Resolution limit (i.e. window of restriction lengths 
the diffusion-weighted MR signal is sensitive to) 
 

 
↓ 

 
Advantageous for cell size imaging 
 

 
None 

  
Physiological side-effects 
  

  
↑  

  
None 

 
PNS and cardiac stimulation 

 
Gradient non-linearity 
 

 
↑ 
 

 
None 

 
Geometric distortions, 
spatiotemporally varying B-
matrices 
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2.3. MRI techniques to characterize WM microstructure  

Conventional MRI techniques, such as T1- and T2-weighted sequences, allow to distinguish 

different structures and identify pathologies, such as inflammation, scar tissue and tumours. 

However, they lack specificity to different properties of tissue microstructure, and have been 

shown to have a weak association with clinical manifestations of pathology, likely because 

they do not suffice to explain the entire spectrum of the disease process (Rovira et al., 2013). 

This mismatch has been termed “clinico-radiological paradox” (Barkhof, 1999).  

Nevertheless, MRI also enables to move beyond detection of simple contrast between 

tissues, and obtain quantitative metrics which better describe tissue microstructure, 

composition, and pathological processes. Specifically, by varying, in a controlled fashion, the 

excitation and dephasing of spins responsible for the MR signal, numerous chemical and 

physical properties of tissue can be examined, such as the diffusion profile of water molecules 

in diffusion-weighted imaging, or the proportion of different macromolecules or metabolites 

(e.g. myelin lipids or iron) in relaxometry and magnetization transfer. Measuring a number of 

different properties allows for a more comprehensive description of neural tissue, obtaining 

complementary information, which in turn can help with the characterization of diseases 

pathogenesis and progression (Alexander et al., 2011). 

In the experimental work described in the following chapters, I used a multi-parametric, 

approach to characterize WM microstructure in both an animal model of HD, and premanifest 

and manifest HD patients. Specifically, I exploited a range of different contrasts, including 

high b-value measurements of restricted diffusion, high-field assessment of susceptibility, 

along with magnetization transfer assessments of apparent myelin. This section briefly 

describes the MRI modalities I employed, with a focus on the fundamental physics that allow 

each approach to retrieve meaningful information about tissue microstructure. 
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2.3.1. Diffusion-weighted imaging (DWI)  

A popular technique for the assessment of WM microstructure is DWI. This approach 

exploits the differential diffusion of water molecules depending on tissue type and architecture, 

to probe microstructure (Beaulieu, 2002). In an environment of complete orientational 

dispersion, such as in cerebrospinal fluid, water molecules will display isotropic diffusion, and 

hence move freely in all directions. On the other hand, in highly organized structures such as 

WM fibre bundles, diffusion will be hampered perpendicularly to the bundle by the presence 

of axon walls and myelin sheaths, while it will be relatively unobstructed along its length. The 

anisotropy of water diffusion in the neural tissue results in a directional dependency of the DWI 

signal. Specifically, when a gradient is applied in a certain direction, any component of 

displacement in water molecules along that direction will cause an attenuation in the MRI 

signal. Hence, the anisotropy of water molecules can be probed by observing how the MRI 

signal varies as the direction of applied gradients is changed. In turn, the direction along which 

diffusivity is greatest will tend to be aligned with the principal axis of anisotropic structures, 

and hence will allow to infer the orientational make-up of WM fibres in the brain. 

The degree of attenuation produced in the MRI signal will depend not only on the extent 

of diffusion along the gradient orientation, but also on the strength (G), duration (d) and 

separation time (D) between the applied gradient pulses; these values combined give the b-

value (s/mm2), which can be described by the following equation (Stejskal & Tanner, 1965): 

 

b =  (gdG)2(D-d/3) 

where g represents the gyromagnetic ratio, i.e. a constant specific to the type of nucleus of 

interest - in this case, hydrogen protons. Notably, the degree of signal loss in DWI can be 

boosted by increasing the strength and duration of the diffusion-encoding gradients, as 

characterised by the b-value. Specifically, the higher the b-value the greater the signal loss in 
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most tissues, except for areas where diffusion is highly restricted. Although SNR will be 

decreased due to greater signal loss, higher b-values can provide information about water 

mobility in highly restricted compartments, such as the intra-axonal compartment (Assaf & 

Basser, 2005). Importantly, any image acquired with linear tensor encoding will be sensitised 

only to the component of displacement along the direction of the applied gradients. As such, 

multiple different gradient directions need to be sampled in order to obtain information about 

the directionality of fibres, and this will often imply a trade-off between better image quality 

and acquisition time (Jones, 2004). It has been suggested that the use of more unique sampling 

orientations, rather than repeats of the same set of sampling orientations, may increase the 

detectability of patient-control differences (Papadakis et al., 2000; Skare et al., 2000). 

Additionally, it has been shown that 30 unique and evenly distributed sampling orientations 

are required for robust determination of MD, FA and tensor orientation in DTI. This is 

necessary in order to achieve statistical rotational invariance, so that the variance in 

measurements does not depend on the orientation of the sample (Jones, 2004). The directional 

information obtained with DWI can then be utilised to build a set of representative streamlines 

in such a way that, when viewed as an ensemble, they create a visual representation of the 

underlying fibre of interest (Basser et al., 2000); this in turn allows localisation of any changes 

to specific fibre bundles.  
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2.3.2. Analysis of DWI data: the diffusion tensor and beyond 

The main approach to analysing DWI data has consisted for a long time in the use of the 

diffusion tensor (Basser et al., 2000; Catani et al., 2002; Conturo et al., 1999). This is a 

mathematical construct characterised by a set of eigenvalues (representing the magnitude of 

diffusion), and corresponding eigenvectors (representing the direction of diffusion). 

Specifically, the diffusion tensor framework assumes a Gaussian displacement distribution and 

its shape reflects how anisotropic the diffusion of water molecules in a certain voxel is. 

Broadly, this will assume an ellipsoidal shape when diffusion is anisotropic and will be 

spherical when diffusion is isotropic (Basser, 1995; Basser et al., 1994; Basser & Jones, 2002). 

This 3D ellipsoid (or tensor) can be described by a 3 ´ 3 symmetric matrix of numbers 

characterising diffusion displacements in 3D:  

 

 

Dxx Dxy Dxz 

D=  Dyx Dyy Dyz 

     Dzx Dzy Dzz 

 

The diffusion tensor has been used to derive microstructural properties of WM based 

on the eigenvectors defining the ellipsoid (or tensor) at each voxel. Commonly derived metrics 

are MD, FA and RD. A description of these metrics, together with a discussion of the 

limitations of the DTI framework, can be found in Chapter 1. Briefly, although the DTI 

approach relies on the assumption of Gaussian diffusion, and defines a single tensor for each 

voxel, a typical MRI voxel contains thousands of axon fibres and multiple fibre orientations 

(Jeurissen et al., 2011). Crossing, kissing or fanning fibre populations in turn create a “partial 
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volume effect” (Alexander et al., 2001), generating a non-Gaussian diffusion probability 

density function, so that the DW-MRI signal profile cannot be accurately described using just 

one tensor. Hence, although previous histopathological studies have argued that DTI measures 

are uniquely sensitive to e.g. demyelination or axonal degeneration (Budde et al., 2007; Mac 

Donald et al., 2007; Song et al., 2002, 2005; Sun et al., 2006, 2007; Wu et al., 2007), the tensor 

framework represents an oversimplification of highly complex WM structures, and may 

provide invalid/difficult to interpret findings, especially in pathology (Douaud et al., 2011).  

Over the past 15 years, novel methods have been proposed to extract more biologically 

meaningful microstructural information from DWI data. For example, the CHARMED model 

of diffusion (Assaf & Basser, 2005) (Figure 5) was proposed to provide a more complete 

physical description of the diffusion process in WM. This model assumes that one contribution 

to the net signal decay arises from hindered diffusion in the extra-axonal volume (including 

extra- and intracellular spaces), while another contribution arises from restricted diffusion in 

the intra-axonal volume. Specifically, this approach is built on the assumption that, at higher 

b-values (up to 8571 s/mm2 in Assaf & Basser, 2005), the DW signal attenuation is dominated 

by slower diffusing species (assumed to be intra-axonal), while at lower b-values, signal 

attenuation is dominated by the faster-diffusing species, assumed to be hindered molecules in 

the extra-axonal space. In this model, the diffusion signal coming from an extra-axonal 

hindered compartment is described by a standard tensor, while the signal coming from one or 

more intra-axonal restricted compartments is described by restricted diffusion within 

impermeable cylinders.  

CHARMED provides several microstructural metrics, such as fibre orientation, extra- 

and intra-axonal signal fractions and axonal diffusivities. The intra-axonal volume fraction, or 

FR, estimated from CHARMED, has been interpreted as an index of axonal density (De Santis 

et al., 2014) and has been suggested as a potential biomarker for axonal microstructural changes 
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associated with short term neuro-plasticity (Tavor et al., 2011). Nevertheless, a limitation of 

the CHARMED model lies in the fact that measuring multiple shells requires longer acquisition 

times. Additionally, the appropriate number of restricted compartments needs to be chosen a 

priori. Finally, fitting the model is computationally expensive (Parker, 2014). 

 

 

Figure 5. Schematic representation of the CHARMED model of diffusion. 

The two modes of diffusion in white matter: hindered outside axons and restricted within axons (Assaf 
et al. 2004).  
 
 

2.3.3. Magnetization transfer (MT) imaging  

The typical shortest echo time used in MRI is around 2 ms, implying that MRI cannot 

directly detect protons with a T2 of less than 1 ms. Such protons can be found in 

macromolecules such as large proteins, cell membranes, and myelin. However, protons in free 

water are in constant motion and come into regular contact with macromolecular protons, so 

that it is possible for a proton in free-water to exchange with a macromolecule-bound proton, 

when the water momentarily binds to the surface of the macromolecule. Under these 

conditions, the magnetization-state of the free-water protons can exchange with that of the 

macromolecular protons, and vice-versa (Figure 6). This exchange of magnetization can either 

happen by direct chemical exchange of the hydrogen atom, or by spin-spin interactions, and 
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forms the foundation of magnetization transfer (MT) imaging (Wolff & Balaban, 1994). The 

greater the amount of the macromolecules present in a voxel, the more free water spins will be 

excited via this phenomenon. This, in turn, impacts on the MRI signal, so that an attenuation 

in the free-water signal can be observed (Figure 7).  

Under the assumption that, in WM most macromolecular content is associated with myelin, 

the MT effect can be exploited here as an indirect measure of myelin content (Heath et al., 

2018). Specifically, a magnetization transfer ratio (MTR) map can be obtained by taking an 

image with a single MT pulse applied, and normalizing this with an image with no MT-

weighting, while holding all other parameters constant (Heath et al., 2018; Horsfield, 2005). A 

number of animal studies have indicated a correlation between MTR and myelin content 

(Dousset et al., 1992, 1995), showing that MTR is decreased when demyelination is 

experimentally induced in animal models. Correlations with histopathology have also been 

shown between MTR and demyelination, or remyelination in histological analyses of rat brains 

respectively (Deloire-Grassin et al., 2000).  

However, though MTR maps are quite easily obtained, the amount of MT effect depends 

on the choice of off-resonance RF power and frequency offset, as well as B0, B1 and T1, 

therefore making quantitative comparisons between different scanners and studies difficult to 

implement. Furthermore, other tissue changes such as inflammation (Brochet & Dousset, 1999; 

Gareau et al., 2000), oedema (Cook et al., 2004), and activation of immune responses (Blezer 

et al., 2007) have been found to propagate into MTR maps.  

Quantitative magnetization transfer (qMT) moves beyond MTR by modelling the MT-

induced signal change as a function of multiple RF amplitudes and off-resonance frequencies 

(Henkelman et al., 1993). Images are therefore sensitized to different portions of the 

macromolecular spectrum, similar to how different gradient amplitudes and directions sensitize 

the MR signal to different amplitudes and directions of water diffusion in DWI. The advantage 
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of modelling MT parameters quantitatively, is that such measures should be independent across 

multiple experiments, scanners, and vendor platforms. The downside, however, is that many 

measurements are required to robustly fit all the parameters, and therefore long acquisition 

times are required (Heath et al., 2018). 

One of the outcome measures of qMT, the macromolecular proton fraction (MPF), 

identifies the ratio of the number of bound macromolecular protons to the total water protons 

(Ramani et al., 2002), and has been shown to be highly sensitive to myelin content in WM. As 

mentioned in Chapter 1, this has been shown to reflect demyelination in rodents (Ou et al., 

2009), to be sensitive to demyelination processes in multiple sclerosis patients (Levesque et 

al., 2010),  and to reflect myelin content of WM in post-mortem studies of multiple sclerosis 

brains (Schmierer et al., 2007). As discussed in Chapter 1, though MPF is sensitive to WM 

myelin, this metric can also be affected by changes in cells and water content due to 

inflammation (Henkelman et al., 2001; Odrobina et al., 2005). It has thus been contended that 

MT parameters, such as the MPF, are biomarkers for WM pathologies such as inflammation, 

demyelination and axonal loss (Levesque et al., 2010; Schmierer et al., 2007; Sled, 2018; 

Stanisz et al., 2004). 
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Figure 6. Representation of the magnetization transfer effect. 

On the left is a macromolecule that has functional groups (R) with bonded hydrogen atoms (H), which 
are available to exchange with those in the free-water or liquid pool. As macromolecules are relatively 
immobile, the nuclei of any hydrogen atom on them present a short T2 (T2 <100 μs), so that their signal 
is not normally seen in a MR image. On the other hand, protons in the free-water pool move easily and 
have a long T2 (T2 <100 μs).. The spins are in constant exchange between the macromolecular and the 
free-water pool, either by chemical exchange or spin-spin interactions; in this way, the state of the 
magnetization in the macromolecular pool can influence that in the free-water pool.  
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Figure 7. Effect of magnetization transfer on the MRI signal. 

If a radio frequency (RF) pulse is applied off-resonance, this has no effect on the observable free-water 
spectrum if the protons do not exchange magnetization with protons in the macromolecular pool (top). 
On the other hand, if exchange takes place (bottom), then the macromolecular magnetization is 
transferred to the liquid pool, resulting in a reduction in the observable signal. This manifests as 
reduced signal amplitude. Figure adapted from Horsfield (2005). 

 

 

2.3.4. Susceptibility-weighted imaging (SWI) and frequency difference 
mapping  

SWI identifies a range of techniques that sensitize the MRI signal to the magnetic properties 

of tissue. As discussed above, scanning at high field strength improves frequency and phase 

contrast in susceptibility contrast measurements and provides better R2* contrast due to 

stronger susceptibility-based field variations. Combined with the SNR increases associated 

with increased field strength, this has led to a rapid development of techniques with contrast 

based on the magnetic susceptibility of tissues (Duyn, 2018). 
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Contrast in SWI can be generated with “gradient echo” (GRE) type pulse sequences which 

consist of a single radio-frequency signal excitation pulse followed by gradient encoding and 

signal acquisition over a range of TEs, i.e. a range of delays after RF excitation. While most 

components of tissue have a magnetic susceptibility that is very close to that of water, and 

therefore do not influence contrast in SWI, storage iron (in ferritin and hemosiderin), iron in 

deoxyhaemoglobin (primarily found in the venous vasculature), and myelin, are major 

contributors to magnetic susceptibility changes in the brain (Duyn & Schenck, 2017; Schenck, 

1996). This offers the potential to study myelin and iron levels in the neural tissue 

(Langkammer et al., 2012) and for structural details to be studied not only between, but also 

within GM and WM (Duyn et al., 2007; Li et al., 2006). 

Interestingly, SWI studies have shown that in major WM tracts, sub-voxel structure also 

affects MRI susceptibility contrast. Specifically, due to differences in transverse relaxation 

rates and frequency offsets between different WM compartments, the evolution of the GRE 

signal from WM tissue is non-mono-exponential. Precisely, myelin water signal decays much 

faster than intra- and extra-axonal water signals due to its short T2* (<10 ms at 7 Tesla). In 

turn, this gives rise to local frequency/phase offsets which are sensitive to the local WM 

microstructure (Sati et al., 2013; Wharton & Bowtell, 2012, 2013). Moreover, this signal has 

been shown to be sensitive to the orientation of WM fibres with respect to the magnetic field 

B0, so that maximum contrast between compartments is observed when fibres are oriented 

perpendicularly to the magnetic field (Lee et al., 2010; Schäfer et al., 2009; Wharton & 

Bowtell, 2012). 

Although the phase of the complex MR signal carries valuable information about the local 

microstructure because of its electromagnetic properties, this information is also affected by 

large-length scale field variations and RF-related phase offsets. Therefore, when quantifying 

the local complex signal evolution, a robust method is necessary in order to remove the effects 
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from non-local field perturbation sources without corrupting the local phase evolution. 

Accordingly, Frequency Difference Mapping (FDM) has been proposed as complex signal 

processing method (Tendler & Bowtell, 2019; Wharton & Bowtell, 2013). This relies on the 

assumption that the large length scale magnetic field perturbations produce a constant rate of 

phase evolution throughout the GRE train, and removes them by calculating the difference in 

the rate of phase accumulation at short and long TEs. 

One interesting consequence of the unique magnetic architecture of WM is the possibility 

to estimate the relative size of the myelin, interstitial, and axonal water compartments (Li et 

al., 2015; Nam et al., 2015a). Specifically, to assess the effects of microstructure on GRE 

images, signal evolution can be described using a three‐pool model in which the external, 

myelin, and axonal compartments each have different signal amplitudes, decay rates, and 

frequency offsets (Figure 8) (Tendler & Bowtell, 2019). An estimate of myelin water fraction 

obtained in this way may be used as proxy for tissue myelin content, which is particularly 

relevant to the study of demyelination in disease (Laule et al., 2008; Li et al., 2015). 

 

2.4. Analysis techniques for the assessment of WM 
microstructure 

The WM microstructure metrics discussed above can be extracted for each voxel to 

generate parametric maps. This body of work employed two main approaches to the analysis 

of these maps to assess WM microstructure changes in the HD brain (Figure 9): i. region of 

interest (ROI) analyses, ii. voxel-wise whole-brain approaches by registering each map to a 

common space. Specifically, I first carried out a priori analyses of specific ROIs; I then 

followed-up these assessments with exploratory whole-brain analyses approaches to 

investigate how localised the detected effects were to specific areas. The following sections 

discuss these two approaches. 
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Figure 8. Schematic representation of the 3-pool model for describing mGRE signal evolution in 
WM fibres of perpendicular to B0. 

Subscripts a/m/e denote intra-axonal/myelin/extra-axonal water pools, f stands for signal fractions, ω 
are angular frequency offsets relative to the extra-axonal frequency, and R2* stands for the effective 
transverse relaxation rates. 
 
 

2.4.1. Moving beyond voxel-based (VB) analyses  

VB analyses have become more and more popular as a method for analysing quantitative 

MRI images. While these were originally derived for the analysis of anatomical MRI data 

(Ashburner & Friston, 2000), they are being increasingly used for the analysis of DT-MRI data. 

In particular, Tract-Based Spatial Statistics (TBSS) (Smith et al., 2006) has been for a long 

time the most popular approach to whole-brain, voxel-wise analyses of WM changes. In whole-

brain voxel-wise analyses, exact alignment of anatomical structures can be problematic. 

Additionally, it is common practice to spatially smooth data before computing statistics, which 

in turn can have a big effect of the final result (Abe et al., 2010; Jones et al., 2005a). TBSS was 

developed to deal with these issues and correct for residual misalignment so that values on the 
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skeleton corresponded to the centre of the tract. The TBSS framework typically adopts the 

Threshold-Free Cluster-Enhancement (TFCE) method (Smith & Nichols, 2009) to improve the 

statistical estimation of the voxel‐wise analysis over the skeleton. This consists in enhancing 

cluster-like features in a statistical image, and was argued to provide increased sensitivity 

compared to other commonly used statistical methods (Smith & Nichols, 2009). 

However, several problems associated with TBSS have been discussed, together with 

potential solutions (Edden & Jones, 2011; Keihaninejad et al., 2012; Van Hecke et al., 2010; 

Zalesky, 2011). For example, one important point of debate is the limited anatomical specificity 

of TBSS. This method was argued to be “tract-based”, and to allow comparisons of voxels of 

the same section (assumed to be the centre) of the equivalent WM tract from all subjects (Smith 

et al., 2006). However, as TBSS utilises the FA map while discarding orientational information 

captured by the diffusion data, anatomical specificity will be hampered when pathways of 

different structures merge - for example when looking at projections of the CC and the corona 

radiata. With no (long-distance) directional tract information, it is indeed virtually impossible 

to assign the FA values to the same anatomical structure consistently across subjects, because 

the skeletonization step leads to these different bundles collapsing on top of each other (Bach 

et al., 2014). Additionally, the shape of the skeleton, together with the statistical outputs of the 

analysis, have been shown to be rotationally variant (Edden & Jones, 2011). Specifically, the 

thickness of the skeleton was shown to be a function of fibre orientation, and this in turn 

modulates the statistical sensitivity of the group comparisons performed. As a consequence, 

significant differences are more likely to be detected in centrally located WM structures that 

are obliquely oriented with respect to the imaging matrix (Edden & Jones, 2011).  

Importantly, TBSS and standard voxel-based approaches use regular grids of voxels to 

represent the anatomical space occupied by the brain. However, the topology of the voxel grid 

given by the adjacency between voxels does not reflect properties of the brain's anatomy such 
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as its spatial heterogeneity or its heterogeneous connectivity. For example, spatial adjacency 

between voxels does not take into consideration the underlying anatomy, and adjacent voxels 

belonging to two different anatomical regions might be clustered together during analysis, thus 

impairing anatomical specificity. Therefore, the use of voxels to visualise and analyse brain 

images may constitute a limitation when the topology of the voxel space does not adequately 

represent the underlying anatomy (Luque Laguna, 2019).  

On the other hand, using a priori anatomical information can improve statistical analysis 

of neuroimaging data. In this work, I will exploit a recently developed analysis method called 

Tract-Based Cluster Analysis (TBCA) (Luque Laguna, 2019), which uses the rich anatomical 

information from whole-brain tractography reconstructions, to inform the cluster-level 

inference analysis of voxel-based images. Specifically, the method is based on the novel 

concept of ‘hyper-voxel’, which combines the anatomical and connectivity information 

provided by tractography streamlines with the spatial encoding capabilities of multi-

dimensional voxels.  

Tract-based hypervoxels extend standard 3D voxels with extra dimensions to represent the 

position (!), the local orientation (") and the global trajectory (#⃗) of streamlines intersecting 

a voxel (Figure 9). In TBCA, the clustering of the data is based on the along-tract connectivity 

and radial adjacency of hypervoxels within an hypervoxel template (Figure 10). The use of 

tract-based hypervoxels increases the sensitivity of cluster inference analysis and provides the 

anatomical specificity required to disentangle distinct clusters belonging to different 

anatomical tracts. When applied to real clinical data, TBCA demonstrated increased sensitivity 

compared to previous cluster-level inference approaches (Luque Laguna, 2019). In Chapter 3 

the TBCA pipeline (Figure 10) is applied to the assessment of whole-brain WM microstructure 

changes in premanifest HD patients. 
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Figure 9. Schematic representation of hypervoxels. 

On the left standard voxels and intersecting streamlines are represented. In the middle, hypervoxels 
that are along-tract connected, i.e. they are intersected by the same streamline. On the right are radially 
adjacent hypervoxels, i.e. those voxels that are spatially adjacent in 3D space, and additionally have 
the same local orientation (!) and global trajectory ("⃗). Figure from Luque Laguna, (2019). 
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Figure 10. The TBCA analysis pipeline.  

After all images have been normalized to a common anatomical space, statistics maps are produced 
based on the voxel-level analysis of the data; this is done by using a non-parametric approach based 
on a permutation test strategy (Winkler et al., 2014). The statistic maps are thresholded by a value of p 
= 0.01. Next, the significant voxel level statistic results are projected on a hypervoxel template. Finally, 
identification of significant clusters of hypervoxels takes place. Two hypervoxels will belong to the same 
cluster if they are adjacent (i.e. they have the same local orientation (!) and global trajectory ("⃗)), and 
they share a common streamline. Figure from Luque Laguna, (2019). 
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2.4.2. Using tractometry for a multi-modal assessment of WM microstructure 

In contrast to voxel-wise, whole brain techniques, region-of-interest (ROI) approaches 

enable the investigation of anatomically pre-defined brain regions. ROI investigations can be 

carried out following several different approaches. For example, a specific ROI may be 

manually segmented on each individual brain (see for example the experimental work carried 

out in Chapter 4). This task is usually done in a slice-by-slice manner, with an expert 

delineating the ROI, and it is therefore very time consuming and prone to intra- and 

interobserver variability; this in turn can result in large difference in the extracted values. 

Studies using fibre-tracking algorithms to define a particular tract, and then extract the 

mean of a certain parameter of interest from within that tract have become increasingly 

common. By employing information afforded by the diffusion data, fibre tractography pieces 

together the orientation of diffusion in each voxel to infer fibre trajectories. In Chapters 3, 5 

and 6, tractography reconstructions are employed to perform a multi-modal, comprehensive 

assessment of tract-specific microstructural measurements. This method, called ‘tractometry’ 

(Bells et al. 2011; Jones et al. 2005, 2006), consists in combining multiple tract-specific 

microstructural metrics to gain complementary information on the microstructural make-up of 

a specific tract. 

Diffusion MRI tractography has offered means to reconstruct specific WM pathways non-

invasively in the animal and human brain and provides more anatomically valid segmentations 

compared to atlas-based approaches, which in turn rely on alignment of all images to a standard 

template. Until recently, such WM anatomy could only be studied post-mortem with dissection, 

or via invasive tracing in non-human animals (Johansen-Berg & Behrens, 2006). However, the 

anatomical accuracy of diffusion-weighted tractography continues to be controversial, and  

reconstructions of connectomes that are both highly sensitive and specific remain challenging 
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(Bastiani et al., 2012; Calabrese et al., 2015; Donahue et al., 2016; Maier-Hein et al., 2017; 

Reveley et al., 2015; Sporns et al., 2005).  

WM tractography is generally performed following two main approaches: those using 

deterministic (Basser et al., 2000; Conturo et al., 1999; Mori et al., 1999; Poupon et al., 2000) 

and those using probabilistic (e.g. Behrens et al., 2003, 2007; Jones & Pierpaoli, 2005; Lazar 

& Alexander, 2005) algorithms. In deterministic tractography, best estimates of the underlying 

fibre orientation are used to generate a tractogram, after the identification of a suitable initial 

anatomically defined location (or ‘seed point’), then propagating through the 3D space until a 

pre-defined termination criterion is met, such as the curvature angle. The reliability of the WM 

pathways reconstructions is therefore dependent on the choice of the seedpoints and waypoints 

to constrain the tracking, and therefore on the user’s knowledge of neuroanatomy (Catani et 

al., 2002). Additionally, deterministic algorithms only provide a single estimate of trajectory 

for each supplied seed point, and therefore branching tracts are not considered. Finally, they 

do not indicate how confident one can be in the accuracy of the reconstructed trajectory. 

Probabilistic tractography approaches have been proposed to overcome this limitation 

(Behrens et al., 2007) as they express the “precision” with which a pathway can be 

reconstructed based on a specific dataset (Jones & Cercignani, 2010). Specifically, by 

employing diffusion information to infer both fibre orientation and an estimate of orientation 

uncertainty in each voxel, a probabilistic map of WM connections is constructed (Parker, 

2014). As in deterministic approaches, streamlines are propagated from a seed point. However, 

in probabilistic techniques, at each propagation step an orientation is randomly selected from 

the underlying distribution, so to build a spatial distribution of streamlines.  

Spherical deconvolution methods allow to determine a fibre orientation distribution 

function (fODF) with multiple peaks from the total signal in a voxel, by employing voxel-

based approaches. This function is then used as input to deterministic or probabilistic tracking 
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methods. In the present work, two fibre orientation distribution (FOD) deconvolution 

algorithms were employed: a modified damped Richardson-Lucy algorithm (dRL) (Dell’acqua 

et al., 2010) and the multi-shell, multi-tissue CSD (MSMT-CSD) method (Jeurissen et al., 

2014) (see Table 5 for an overview of the approaches utilised with reference to specific 

experimental chapters; see experimental chapters for specific tractography details). The former 

assumes a diffusion tensor representation when obtaining the diffusion profile, and uses 

adaptive regularization, which includes an isotropic term to model partial volume. The latter 

employs multi-shell DWI data to incorporate the distinct signal from multiple tissue types. 

Specifically it exploits the unique b-value dependences of different macroscopic tissue types 

(WM, GM, or cerebrospinal fluid), to estimate the ODF in different tissue compartments, thus 

leading to a substantial increase in the precision of the fODFs and the resulting tractograms 

(Jeurissen et al., 2014).  

 

2.5. Overview of MRI acquisition and analysis approaches 
utilised in the present work 

An overview of the mouse and patient MRI acquisition and analysis approaches can be 

found in Figure 11 and Table 5. For the MRI methodologies in both the animal and patient 

studies, there was an effort to ensure the pulse sequences were as similar as possible in order 

for comparisons to be drawn. However, because of: i) differences in the relative size of the 

brain compared to the scanner bore, ii) differences in magnetic field strength between animal 

and human MR systems, dissimilarities were present in the scan parameters used between 

human and animal experiments. Additionally, some of the sequences could not be translated 

because of hardware-imposed limits or time constraints on the project. A comparison of scan 

parameters is shown in Table 6. Further details of experimental protocols (i.e. acquisition and 

analysis approaches) can be found in each individual experimental chapter.  
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Figure 11. Different approaches to the analysis of MRI data employed in the present work. 

The top panel shows a comparison between TBSS and TBCA analyses. See Table 5 for an overview of 
all analysis methods in reference to the different experimental chapters. 
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Table 5. Overview of the mouse and patient MRI acquisition and analysis methods in reference to 
the different experimental chapters. 

More information about acquisition and analysis pipelines is provided in each experimental chapter. 
 
  

R6/1 mouse 
model 

 
Premanifest  
HD patients 
 

 
Manifest HD 
patients 

Chapter 5 3 4 6 
 
Hardware 
(field/gradient-
strength) 

 
Bruker Biospin 
(9.4 Tesla/300  
mT/m) 
 

 
Siemens 
Connectom 
(3 Tesla/300 
mT/m) 

 
Siemens 7 
Tesla 
(7 Tesla/70 
mT/m) 

 
3 Tesla GE 
system 
(3 Tesla/40 
mT/m) 

 
MRI  

 
T1-w, DTI, 
CHARMED, 
qMT 
 

 
DTI, 
CHARMED, MT 

 
mGRE 

 
T1-w, DTI, 
CHARMED, 
qMT 

 
Processing & 
Analysis 
approach 
 

 
Tractography 
(MSMTCSD), 
tractometry, 
TBSS, 
voxel-based 
morphometry 
 

 
Tractography 
(MSMTCSD), 
tractometry, 
TBCA, Freesurfer 
segmentation  

 
ROI manual 
segmentation 

 
Tractography 
(dRL), 
tractometry, 
TBSS 
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Table 6. Comparison of mouse and patient MRI parameters.  

RARE: Rapid Acquisition with Refocused Echoes. MPRAGE: Magnetization prepared - rapid gradient echo. FSPGR: Fast spoiled gradient echo. SE: Spin 
echo. EPI: echo-planar imaging. SPGR: spoiled gradient echo. FLASH: Fast low angle shot. mGRE: multi-echo gradient recalled echo. FoV: field of view. 
TR: repetition time. TE: echo time. 
 

  
R6/1 mouse model (Chapter 5) 

 
Premanifest 
HD patients 
(Chapters 3, 4) 
 

 
Manifest HD patients (Chapter 6) 

In vivo/ex vivo: 
 

Ex vivo In vivo In vivo 

Anatomical scan    
Hardware (field/gradient-strength) Bruker Biospin 

(9.4 Tesla/300  
mT/m) 

Siemens Connectome 
(3 Tesla/300 mT/m) 

3 Tesla GE system 
(3 Tesla/40 mT/m) 

Pulse sequence FLASH (3D) MPRAGE FSPGR 
Matrix size 192×192×72 256×256 256×256 
FoV 19.2×19.2×18 256 230 
Slice thickness (mm) - 1 1 

TE, TR (ms) 4, 30 2, 2300 7.8, 2.9 
Flip angle (°) 
 

36 9 20 

DTI    
Hardware (field/gradient-strength) Bruker Biospin 

(9.4 Tesla/300  
mT/m) 

Siemens Connectome 
(3 Tesla/300 mT/m) 

3 Tesla GE system 
(3 Tesla/40 mT/m) 

Pulse sequence RARE SE/EPI SE/EPI 
Matrix size 192×192 495×495 96×96 
FoV 19.2×19.2 990 240 
b-values (s/mm2) – gradient directions 0, 1200 - 50  0, 500 - 30, 1200 - 30 0, 1200 - 60 
Slice thickness (mm) 0.4 2 2.4 

TE, TR (ms) 31, 3000 59, 3000 87, 16000 
Flip angle (°) 90 9 90 
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CHARMED    
Hardware (field/gradient-strength) Bruker Biospin 

(9.4 Tesla/300  
mT/m) 

Siemens Connectome 
(3 Tesla/300 mT/m) 

3 Tesla GE system 
(3 Tesla/40 mT/m) 

Pulse sequence RARE SE/EPI SE\EPI 
Matrix size 192×192 495×495 96×96 
Fov 19.2×19.2 990 240 
b-values (s/mm2) – gradient directions 0, 1200 – 50, 2400 – 50, 4000 - 50 0, 500 - 30, 1200 - 30, 2400 - 60, 4000 - 

60, 6000 - 60 
0, 1093 - 6, 2188 - 3, 3281 - 4, 4375 - 5, 5469 
-  6, 7656 - 7, 8750 - 8 

Slice thickness (mm) 0.4 2 2.4 

TE, TR (ms) 31, 3000 59, 3000 126, 17000 
Flip angles (°) 
 

90 9 90 

T1 map    
Hardware (field/gradient-strength) Bruker Biospin 

(9.4 Tesla/300  
mT/m) 
 

Siemens Connectome 
(3 Tesla/300 mT/m) 

3 Tesla GE system 
(3 Tesla/40 mT/m) 

Pulse sequence FLASH (3D) - SPGR (3D) 
Matrix size 192×192×72 - 96×96×60 
Fov 19.2×19.2×18 - 240 
Slice thickness (mm) - - - 
TE, TR (ms) 4, 30 - 6.85, 1.2 
Flip angles (°) 
 

13, 17, 24, 36, 48 - 15, 7, 3 

MT/ qMT    
Pulse sequence FLASH 3D Turbo FLASH FSPGR 3D     
Matrix size 192×192×72 128 × 128 ×104 96×96×60 
FoV 19.2×19.2×18 220 × 220 × 179 240 
Slice thickness (mm) - 1.72 - 
TE, TR (ms) 5, 47 2.1, 60 2.18, 25.82 
Off-resonance pulses  
(Hz/°) 

0/350, 1000/350, 1500/350, 3000/350, 6000/350, 
12000/350, 24000/350, 1000/950, 1500/950, 
3000/950, 6000/950, 12000/950, 24000/950 

1200/333 1000/332, 1000/333, 12062/628,47185/628, 
56363/332,2751/628, 1000/628, 1000/628, 
2768/628, 2791/628, 2887/628 

Flip angles (°) 
 

5 5 5 

FDM    
Hardware (field/gradient-strength) - Siemens 7 Tesla 

(7 Tesla/70 mT/m) 
- 

Pulse sequence - mGRE - 
Matrix size - 256 × 256 × 51.2 - 
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FoV - 256 × 256 × 5 - 
Slice 
thickness (mm) 

- 5 - 

TE1, ∆TE, TR (ms) - 1.62, 1.23, 100 - 
Flip angles (°) - 15 - 
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2.6. Recap of introductory chapters  
This section concludes the introductory part of this Thesis. In these first two chapters, I 

have provided the relevant clinical and methodological background to serve as a foundation 

for the following experimental work. In Chapter 1, I reviewed the symptomatology of HD and 

the current understanding of WM degeneration in this disease, highlighting both macroscopic 

and microstructural WM changes that have been described in the literature thus far. 

Additionally, I discussed the advantages and challenges of a translational approach to the study 

of HD pathology. Finally, I described the major aims of this Thesis, along with an outline of 

each of the coming chapters. 

In the present Chapter, I have been discussing some of the methodological approaches 

that have been utilised so far in neuroimaging studies to investigate changes in WM 

microstructure. Specifically, I first provided an overview of the MRI hardware I exploited in 

the present work, with a focus on the advantages and challenges of scanning at ultra-high field 

and with ultra-strong gradients. Subsequently, I moved on to talk about the MRI modalities I 

employed in this work, giving an overview of the fundamental physics that allow each MRI 

approach to retrieve meaningful information about tissue microstructure. Finally, I critically 

evaluated the analysis methods utilised in the research described in the chapters to come. The 

following section (Chapters 3 to 6) constitutes the novel experimental work of this Thesis.  
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Chapter 3  
Investigation of white matter microstructure in 

premanifest HD with ultra-strong gradients 
 

3.1. Chapter summary 
The aim of this Chapter was to exploit ultra-strong gradients to perform a comprehensive 

assessment of WM microstructure in premanifest HD. Differences in MTR (Wolff & Balaban, 

1994) as a proxy measure of myelin content, and FR from CHARMED (Assaf & Basser, 2005) 

as a proxy marker of axon density (De Santis et al. 2014) were investigated between 

premanifest patients and age- and sex-matched controls. Additionally, group differences in FA, 

AD and RD from DT-MRI (Pierpaoli and Basser 1996) were also assessed. A tractometry 

approach (Bells et al. 2011; Jones et al. 2005, 2006) was employed to investigate region-

specific changes across the corpus callosum (CC). Additionally, tract-based cluster analysis 

(TBCA) (Luque Laguna, 2019) was applied for the first time in HD to explore brain-wise WM 

microstructure abnormalities associated with the premanifest stage of the disease. Results were 

examined alongside macrostructural GM changes and behavioural measures to explore the 

contribution of WM impairments to GM neurodegeneration and clinical symptoms. 

 

3.2. Declaration of collaborations 
The processing of the data through the TBCA pipeline was conducted in collaboration with Dr 

Pedro Luque Laguna (Cardiff University). 
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3.3. Introduction 
The investigation of WM microstructure in premanifest HD patients can improve our 

understanding of WM organization and pathology in this disease and provide an insight as to 

whether HD pathogenesis is associated with a breakdown of myelin and/or axonal degeneration 

(Bartzokis et al., 2007; Phillips et al., 2013). Despite a growing body of evidence showing that 

WM plays a role in HD pathology, the impact of the HD mutation on WM, and the contribution 

of WM abnormalities to clinical characteristics of the disease are not well understood. 

Additionally, given the mixed nature of psychiatric, cognitive and motor symptoms associated 

with HD, it is plausible that multiple WM pathways are involved in the disease, either as a 

direct effect of pathology, or as part of a compensatory network recruited in response to damage 

associated with the mutation. Nevertheless, only a minority of studies so far have focused on 

reconstructing individual WM pathways (Phillips et al., 2013; Saba et al., 2017; Steventon, 

2014). Furthermore, the relationship between WM and GM degeneration and their relative 

contribution to subtle cognitive problems at the premanifest stage remains unknown. 

Therefore, here I used deterministic tractography, an approach to analysing diffusion MRI data 

which allows 3D reconstruction of WM fibre pathways in vivo (Jones, 2008) (see Chapter 2), 

to enable detailed assessment of HD-related microstructural alterations in WM pathways and 

their relation to GM morphology and clinical symptoms.  

In terms of the quantitative indices used to evaluate WM pathways, most previous 

studies on HD-associated WM alterations (Di Paola et al. 2012, 2012; Rosas et al. 2010; 

Phillips et al. 2013) have employed DT-MRI (Pierpaoli & Basser, 1996) to quantify changes. 

Though diffusion tensor indices have the advantage of being highly sensitive to local changes 

in microstructure, they are inherently non-specific to subcomponents of WM microstructure 

(Alexander et al., 2007; De Santis et al., 2014), and therefore they do not allow the biophysical 

basis of any detected change to be inferred. On the other hand, in recent years, a number of 
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different approaches have been developed to increase sensitivity to specific sub-compartments 

of WM microstructure. Accordingly, parameters obtained from these approaches may provide 

more biologically sensitive and specific measures compared to tensor-based metrics.  

In this Chapter, WM microstructure differences in premanifest HD carriers were 

explored by combining FA, AD and RD from DT-MRI (Pierpaoli & Basser, 1996), with MTR 

from magnetization transfer imaging as a proxy measure of myelin, and FR from CHARMED 

(Assaf & Basser, 2005) as a proxy measure of axon density (De Santis et al., 2014). The aim 

was to afford a more biologically meaningful interpretation of microstructural alterations in the 

HD brain and disentangle the contribution of changes in axon microstructure versus changes 

in myelin to HD pathology. Importantly, by exploiting the very latest-in ultra-strong magnetic 

field gradient technology of the Connectom scanner (Setsompop et al., 2013; Jones et al., 

2018), it was possible to produce the level of filtering needed to better tease apart the 

contribution of these sub-compartments of WM microstructure to HD pathology. 

Alterations in microstructural metrics were assessed using two analytical pipelines: i. a 

tractometry approach (Bells et al. 2011; Jones et al. 2005, 2006) was employed to assess tract-

specific changes in microstructure across the CC, and ii. a whole-brain approach was used to 

further explore WM microstructure abnormalities associated with premanifest HD. 

The CC is the largest WM fibre tract in the brain and contains millions of fibres that 

carry information between the hemispheres; additionally, this tract plays an integral role in 

relaying sensory, motor and cognitive information between homologous cortical regions 

(Aboitiz et al., 1992; Phillips et al., 2013). Crucially, callosal fibres vary in size and age of 

myelination, with larger fibres that myelinate early in life seen in the more posterior portions, 

and smaller, later myelinating fibres found in anterior regions (Aboitiz et al., 1992). 

Investigating microstructure along the CC might provide insight into regional differences in 

the impact of HD on WM myelination and/or axon changes, and elucidate HD-related 
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pathological processes in the context of the Demyelination Hypothesis of HD (Bartzokis et al., 

2007).  

This view suggests that mHTT leads to premature myelin breakdown in HD, causing a 

disruption in cell signalling and neuronal death. Furthermore, neuronal degeneration in the HD 

brain is hypothesised to begin from early myelinating caudate and putamen striatum structures 

and then spread in a bilateral and symmetric pattern to involve other earlier-myelinating 

regions. In turn, later-myelinating regions are left much less affected (Bartzokis, Cummings, 

Perlman, Hance, & Mintz, 1999).  

Based on Bartzokis’s hypothesis, we would expect microstructural changes to occur in 

posterior callosal subregions (i.e. within the splenium and isthmus) early in disease 

progression. Consistent with this hypothesis, previous evidence suggests that early changes in 

the CC are detectable in posterior callosal areas. Specifically, decreased cross-sectional area 

and increased diffusivity limited to the callosal isthmus, which become more pronounced in 

those closer to disease onset, have been shown (Di Paola et al., 2012). In contrast, manifest HD 

gene carriers display decreased cross-sectional area, alongside widespread alterations in FA, 

RD and AD, across the whole structure of the CC (Di Paola et al., 2012; Liu et al., 2016; Saba 

et al., 2017). Accordingly, the aim of the present work was to provide novel evidence on 

regional callosal changes in HD, and move beyond the existing literature by employing ultra-

strong gradient microstructural measurements to disentangle apparent myelin and axon density 

properties of callosal WM.  

Additionally, because of evidence that WM volume loss in HD is not limited to the CC 

(Aylward et al., 2011; Beglinger et al., 2007; Ciarmiello et al., 2006; Paulsen et al., 2008; Rosas 

et al., 2006; Tabrizi et al., 2009, 2011, 2012), and the concept of compensatory networks in 

response to neurodegeneration (Klöppel et al., 2009), the tractometry analysis was followed up 

with an exploratory, whole-brain analysis. Specifically, TBCA (Luque Laguna, 2019) was 
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applied to assess brain-wise group differences in FA, AD, RD, FR and MTR. TBCA combines 

the anatomical and connectivity information provided by tractography streamlines with the 

spatial encoding capabilities of hyper-voxels. As explained in Chapter 2, the use of tract-based 

hypervoxels increases the sensitivity of cluster inference analysis and provides the anatomical 

specificity required to disentangle distinct clusters belonging to different anatomical tracts.  

The evidence of cognitive and behavioral impairments in HD carriers early in the disease 

course, and the strong association of even the most subtle cognitive changes with functional 

decline such as the inability to hold down employment or looking after one’s financial affairs, 

institutionalization and burden on families (Hamilton et al., 2003; Nehl et al., 2004; Williams 

et al., 2010), stress the importance of understanding these symptoms and how they may relate 

to pathological processes, such as changes in WM microstructure. While a recent study showed 

that no detectable motor, cognitive, or psychiatric differences could be detected in premanifest 

HD carriers approximately 24 years from predicted clinical onset (Scahill et al., 2020), 

multisite observational studies in premanifest HD such as TRACK-HD (Tabrizi et al., 2012), 

PREDICT-HD (Paulsen et al., 2008), and ENROLL-HD (Landwehrmeyer et al., 2017) have 

consistently reported subtle cognitive impairments at least 10–15 years before the onset of 

motor symptoms, across attention, working memory, processing speed, psychomotor 

functions, episodic memory, emotion processing, sensory-perceptual functions, and executive 

functions (Paulsen et al., 2008, 2014a, 2014b, 2017; Pirogovsky et al., 2009; Stout et al., 2011, 

2012). Therefore, another aim of this Chapter was to perform a characterization of premanifest 

HD at the cognitive level. Performance was compared between patients and healthy controls 

in a number of tests, selected in order to capture a range of cognitive domains, with a particular 

focus on executive functions, social cognition, and motor speed, as these have been suggested 

to represent the earliest cognitive indicators of HD (Paulsen, 2011).  
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Finally, another objective of this Chapter was to develop a composite cognitive score using 

principal component analysis (PCA) that could adequately describe the variability in cognitive 

performance across the HD group, and that could be used for the analysis of relationships with 

brain structure in premanifest HD patients.  

 
 

3.4. Materials and Methods  
 

3.4.1. Participants  

This study reports on a sample of 25 individuals with premanifest HD and 25 age- and 

sex-matched healthy controls. Procedures in this study were performed with ethics approval by 

the local National Health Service (NHS) Research Ethics Committee (Wales REC 5 

18/WA/0172) and by the Cardiff University School of Psychology Ethics Committee, and were 

in accordance with the 1964 Helsinki declaration. 

HD patients were recruited from the Cardiff HD Research and Management clinic, 

Bristol Brain Centre at Southmead Hospital, and the HD clinic at the Birmingham and Solihull 

NHS Trust. Of the healthy controls assessed, 20 were recruited from Cardiff University and 

the School of Psychology community panel, while 5 were patients’ spouses or family members.  

Participants were eligible to take part in the study if they had no history of head injury, 

stroke or cerebral hemorrhages. Participants also had to be eligible for MRI scanning i.e. to not 

present contraindications such as pacemakers, metal clips, stents or significant chorea which 

would have prevented them from lying still in the scanner. Control participants were excluded 

if they had a history of neurological or psychiatric conditions, and patients if they had a history 

of any other neurological condition. All patients had to have genetically-confirmed HD but no 

motor diagnosis.  
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All participants provided written informed consent prior to taking part in the study. 

Specifically, consent was taken upon arrival at the imaging center, where the information 

sheets were discussed and an opportunity to ask any further questions was provided, before 

participants were asked to read and sign the consent forms. They were informed of their right 

to withdraw from the study at any point without giving a reason, and were informed that they 

could request that their data be destroyed and not included in the study. 

Three healthy controls and one patient were excluded from the cognitive data analysis 

because of missing data, therefore datasets from a total of 22 controls and 24 patients were 

used for the assessment of patient-group differences in cognition. 22 out of the 25 HD patients 

recruited for the imaging study had pen-and-paper cognitive task data available from their most 

recent assessment from their participation in the ENROLL-HD study (NCT01574053, 

https://enroll-hd.org). The progression of symptoms in ENROLL-HD participants is monitored 

longitudinally, and one of the optional components within the ENROLL-HD study is the giving 

of permission by participants to be contacted about other additional and affiliated HD research 

studies, and for their coded data to be accessed by researchers conducting HD-related research. 

As such, a full clinical data set including full medical and medication history is available for 

each research participant and this data was used in this study.  

One control subject had to be excluded from the tractometry analysis because of poor 

callosal segmentation. Therefore, data from 25 patients and 24 healthy controls were used for 

tractometry analysis of the CC. On the other hand, this did not impact TBCA, and therefore a 

sample of 25 patients and 25 controls was used for this analysis. Table 7 summarizes 

information about demographic variables and performance in the Montreal Cognitive 

Assessment (MoCA) (Nasreddine et al., 2005) and in the Test of Premorbid Functioning - UK 

Version (TOPF-UK) for patients and controls. The two groups did not differ significantly in 

age or MoCA scores. However, controls scored significantly higher on the TOPF-UK FSIQ 
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than patients, consistent with existing evidence of an association between irregular word 

reading and disease progression in other neurodegenerative conditions (O’Rourke et al., 2011).  

The Unified Huntington Disease Rating Scale (UHDRS) total motor score (TMS), total 

functional capacity (TFC), diagnostic confidence level (DCL) and patients’ CAG repeat size 

were also obtained from the ENROLL-HD database and used as variables to characterize the 

patient sample. Table 8 provides background clinical information of the patient cohort. Based 

on total motor scores (TMS), all patients were at the premanifest disease stage. Based on 

diagnostic confidence level scores (DCL), four patients presented some motor abnormalities, 

but none of them presented unequivocal motor signs of HD. Table 9 summarizes information 

about patients’ medication. 
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Table 7. Summary of participants’ demographic and clinical background information. 

Age is displayed in years. TOPFUK FSIQ = verbal IQ estimate based on the Test of Premorbid 
Functioning, UK version. There was a significant difference between patients and controls in TOPFUK 
FSIQ, with patients presenting significantly lower premorbid IQ. MoCA = Montreal Cognitive 
Assessment out of 30 (the higher the score the better the performance). MoCA scores for patients and 
controls ranged between 23 and 30. A score of 26 or over is generally considered to be normal, while 
an average score of 22.1 has been reported in people with mild cognitive impairment (Nasreddine et 
al., 2005). There was no significant difference in this test between the two groups.  
 
 HD patients 

(n = 25) 

 

Controls 

(n = 25) 

p-value 

Gender 

male/female (%) 

 

15(60)/ 10(40) 
 

14(56)/ 11(44) 
 

p > 0.05 

Mean age  

(SD, range) 

 

42.04  
(12.7, 21-70) 

43.19  
(12.6, 27-71) 

p > 0.05 

Mean CAG 

(SD, range) 

 

41.4  
(2.1, 37-45) 

- - 

Mean DBS 

(SD, range) 

 

235.94  
(84.5, 61.5-450) 

- - 

Mean TOPFUK FSIQ 

(SD, range) 

 

116.16  
(10.2, 98-137.4) 

124.96  
(6.9, 109-135.4)  

p = 0.003 

Mean MoCA score 

(SD, range) 

 

27.92  
(2.1, 24-30) 

28.2 
(1.8, 26-30) 

p > 0.05 
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Table 8. Background clinical information of the patients' cohort. 

Based on TMS scores, all patients were at the premanifest disease stage. Based on DCL scores, some 
of the patients (n = 4) presented some motor abnormalities. Abbreviations: CAG = cytosine-adenine-
guanine; two individuals with CAG repeats of 38 were included in the current study. Although these 
individuals can be considered “affected”, they may have a lower risk of becoming symptomatic within 
their life span; DBS = Disease Burden Score, calculated as follows: DBS = age × (CAG‐35.5); TMS 
= Total Motor Score out of 124 from “UHDRS Motor Diagnostic Confidence (Motor) – the higher the 
score, the more impaired the performance. DCL = Diagnostic Confidence Level (normal/no 
abnormalities = 0, non-specific motor abnormalities = 1, motor abnormalities that may be signs of HD 
= 2, motor abnormalities that are likely signs of HD = 3, motor abnormalities that are unequivocal 
signs of HD = 4). Only participants with diagnostic confidence level ratings < 4 were included in the 
current report.  
 
Mean CAG           

(SD, range) 

 

Mean DBS 

(SD, range) 

Mean TFC                     

(SD, range) 

Mean TMS            

(SD, range) 

Mean DCL            

(SD, range) 

 

41.5  

(1.9, 38-45) 

 

 

235.4  
(79.9, 80-450) 
 

12.863 
(0.4, 12-13) 

3.3 
(4.8, 0-18) 

0.91 
(1.3, 0-3) 
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Table 9. Information about patients' medication. 

Out of the 25 patients assessed, 11 had been on stable medication for four weeks prior to taking part in the study. 
 
Patient 
 

Medication 

1 Sumatriptan 10 mg, Albuterol 400 mg, Mirtazapine 15 mg 

2 Zolmitriptan, Loratadine 
 

3 Ethinyl Estradiol 30 mcg, Trimethoprim 400 mg 
 

4 Ibuprofen 10g, Paracetamol 10g 
 

5 Methylprednisolone with Lidocaine 40 mg/ml 
 

6 Paracetamol 10 g, Mebeverine 405 mg, Prochlorperazine 15 mg 

7 Formoterol 10 g, Albuterol 10 g, Prochlorperazine 10 g 
 

8 Tamoxifen 20 mg, Venlafaxine 150 mg, Paracetamol and Codeine 10 g, Paracetamol 1000 mg, Bisoprolol 5 mg 

9 Oxybutynin 1 mg, Desogestrel 10 g, Amitriptyline 10 mg 

10 Budesonide and Formoterol 10 g, Medroxyprogesterone 10 mg 
 

11 Citalopram 30 mg, Aspirin 75 mg, Mometasone spray, Topiramate 50 mg, Zopiclone 7.5 mg 
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3.4.2. Data acquisition   

Assessment of patient-control differences in cognitive ability 

The cognitive testing session was carried out prior to MRI scanning and lasted 

approximately 60 minutes, after which the participant was offered a break. Tasks were 

administered either as standard paper and pencil tests or by using the computerized version 

provided by the Psychology Experiment Building Language (PEBL) test battery (Mueller & 

Piper, 2014). The tests were presented in a fixed order. Testing was conducted in a cognitive 

testing room at Cardiff University Brain Research Imaging Centre (CUBRIC). Computerized 

tests were conducted on a laptop (MacBook Pro Retina, 13-inch), with responses recorded on 

the keyboard. The researcher was sat beside the participant for the duration of the test battery 

and was thus available to answer questions regarding the task instructions. A total of 6 

cognitive outcome measures was assessed across all tests (see Table 10 for a summary of the 

outcome measures and cognitive domains assessed). 

Firstly, participants were administered the Montreal Cognitive Assessment (MoCA) 

(Nasreddine et al., 2005) and the Test of Premorbid Functioning – UK Version (TOPF-UK) 

(Wechsler, 2011) to estimate premorbid intellectual functioning. The former is a brief 30-

question test evaluating different types of cognitive abilities including orientation, short-term 

memory/delayed recall, executive function/visuospatial ability, language abilities, abstraction, 

animal naming and attention. The TOPF-UK is a revised version of the Wechsler Test of Adult 

Reading (WTAR) and uses a combined demographics and reading prediction equation 

involving both performance on an irregularly spelt words-reading task and several 

demographic variables to derive an estimated premorbid IQ. Subsequently, performance was 

assessed in the following tests:  

§ N-back task: This is a continuous recognition task during which participants are 

presented with a series of letters, three seconds apart, and are asked to judge whether 
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the current letter matched the previous letter (1-back condition) or the letter presented 

2 letters back (2-back condition). In this study, the 1-back and 2-back conditions were 

presented separately in 20 randomly ordered trials. Participants made responses 

manually by pressing on the letter “A” on the keyboard with their left index finger. No 

responses were required for non-targets.  

§ Forward digit span test adapted from the Wechsler Adult Intelligence Scale-

Revised (WAIS-R) (Wechsler, 1997): Participants were presented with a series of 

numbers that appeared on the screen one after another. They were required to recall the 

sequence of numbers by entering them on the keyboard. If the participant could 

successfully reproduce the series of numbers, they were then presented with a longer 

series of numbers. Participants continued to receive longer series of numbers until they 

could no longer repeat them back correctly. The starting list length was 3, and the 

longest list length possible was 10. 

§ Visual patterns test (Della Sala et al., 1997): Participants were shown a checkerboard-

like grid, with the squares in the grid each randomly coloured. This pattern was 

displayed for 3 seconds and was then removed. Subjects were then shown a blank grid 

and were asked to reproduce each grid. The number of items was sequentially 

increased. Participants were given unlimited time to reproduce the shapes being 

viewed.  

§ Eyes test (Baron‐Cohen et al., 2001): Participants were shown 36 still pictures of the 

eye regions within faces expressing different emotional states. Participants were 

instructed to look carefully at each photograph and select the word they felt best 

matched what the person in the picture was feeling. A glossary of these words was 

provided. There was no time limit.  
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§ Speeded finger tapping task (Reitan, 1979): Participants were instructed to form a 

fist shape with their dominant hand, with their fingernails touching down in front of the 

keyboard space bar. They were then instructed to extend their index finger in order to 

contact the “space” bar on the keyboard, and to move only their index finger to tap the 

space bar as quickly as possible.  

Computation of a composite cognitive score for the assessment of disease-related 
brain-function relationships 

Patients’ data from the tasks utilised for the assessment of patient-control differences 

in cognition were merged with cognitive data from the ENROLL-HD database. The latter 

included information on performance in the following tests (Kieburtz et al., 2001; Siesling et 

al., 1998; “Unified Huntington’s Disease Rating Scale,” 1996): 

§ Phonetic Verbal Fluency Test: Participants have to spontaneously produce 

words orally within a fixed time span (60 seconds), beginning with a certain 

letter.  

§ Categorical Verbal Fluency Test: Same as above but words must be produced 

according to semantic constraints (e.g. animals, fruits, vegetables). 

§ Symbol Digit Modality Test: Using a reference key, the participant has 90 

seconds to pair specific numbers with given geometric figures.  

§ Stroop Colour Reading and Word Reading Test: Participants have to name 

colours (e.g., red, green, blue) and read the words for colours in black ink. 

§ Stroop Interference Test: Participants have to read words of colours (e.g. red, 

green, blue) where the word colour is written in a different colour ink.  

§ Trail Making: In part A, participants are asked to connect 25 randomly arrayed 

dots in numerical order, whereas in part B they are asked to connect dots 

alternating between numbers and letters in alphabetical order.  
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The full study protocol can be found at http://www.enroll-hd.org. Because each of the tasks 

yielded several variables, the following strategy was employed to select the variables to be 

included in this report: (1) for standardized clinical tests, variables known to have the best 

sensitivity and measurement characteristic were selected, e.g. correctly generated responses 

instead of error scores (Metzler-Baddeley et al., 2014); (2) for tests with multiple conceptually 

distinct measures, variables that represented each component were included, e.g., for the n-

back task, the number of correct responses from the 1-back and the 2-back condition; and (3) 

where necessary, variables were excluded from the assessment, e.g. when these presented lots 

of missing cases and/or they lacked sufficient correlation with the other measures, making them 

unfit to be included in the PCA. This approach led to a total of 13 cognitive outcome measures, 

which are summarised in Table 10.
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Table 10. Cognitive outcome variables employed to assess patient-control differences in cognition and/or create a composite cognitive score to assess 
disease-related brain-function relationships. 

Outcome variables and cognitive domains assessed are summarized. 
 
Task Assessment of patient-control 

differences/computation of 
composite cognitive score  

Computerized/paper & 
pencil 

Outcome variable  Cognitive domain 
assessed 

N-back 
(Kirchner, 1958) 

- Assessment of patient-control 
differences;  
- Computation of composite 
cognitive score. 

Computerized. Percentage of 
correct responses 
in the 1-back and 
2-back condition. 

Encoding, temporary 
storage and updating of 
stored information with 
new upcoming 
information, inhibition of 
irrelevant items. 
 

Digit Span Test from the 
WAIS-R (Wechsler, 
1997) 
 
 

- Assessment of patient-control 
differences;  
- Computation of composite 
cognitive score. 

Computerized. Maximum span of 
digits recalled. 

Verbal working memory 
capacity. 
 

Visual Patterns Test 
(Della Sala et al., 1997) 
 
 

- Assessment of patient-control 
differences;  
- Computation of composite 
cognitive score. 
 

Paper and pencil. Maximum grid 
size recalled 
correctly. 

Spatial working memory 
capacity. 
 

Eyes Test (Baron‐Cohen 
et al., 2001) 
 

- Assessment of patient-control 
differences; 
 

Paper and pencil. Number of 
emotional states 
correctly 
matched. 

Social cognition and 
mentalising. 
 

Speeded Finger Tapping 
Task (Reitan, 1979) 
 
 

- Assessment of patient-control 
differences;  
- Computation of composite 
cognitive score. 

Computerized. Mean number of 
taps over 3 trials. 

Motor speed. 
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Stroop Interference, 
Word Reading and 
Colour Naming (Kieburtz 
et al., 2001; Siesling et 
al., 1998; “Unified 
Huntington’s Disease 
Rating Scale,” 1996) 
 

- Computation of composite 
cognitive score. 

Paper and pencil. Number of 
correct responses 

Ability to inhibit 
cognitive interference, 
selective attention 
capacity and skills, 
processing speed, motor 
control. 

Phonetic and Category 
Verbal Fluency (Kieburtz 
et al., 2001; Siesling et 
al., 1998; “Unified 
Huntington’s Disease 
Rating Scale,” 1996) 

- Computation of composite 
cognitive score. 

Paper and pencil. Number of 
correctly 
generated words 
within 60 seconds 
 

Working memory, 
cognitive inhibition, 
switching ability and 
language ability including 
lexical knowledge and 
lexical retrieval ability. 
 

Trail Making (part A & 
part B) (Kieburtz et al., 
2001; Siesling et al., 
1998; “Unified 
Huntington’s Disease 
Rating Scale,” 1996) 
 

- Computation of composite 
cognitive score. 

Paper and pencil. Time needed to 
complete the task 
 

Visual attention, task 
switching, speed of 
processing, mental 
flexibility. 

Symbol Digit Modality 
(Kieburtz et al., 2001; 
Siesling et al., 1998; 
“Unified Huntington’s 
Disease Rating Scale,” 
1996) 

- Computation of composite 
cognitive score. 

Paper and pencil. Number of 
correct responses 
achieved in 90 
seconds 
 

Attention, perceptual 
speed, motor speed, and 
visual scanning. 
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MRI data acquisition  

MRI data were acquired on a 3 Tesla Siemens Connectom system with ultra-strong 

(300 mT/m) gradients (MAGNETOM Skyra CONNECTOM). Table 11 summarizes all 

acquisition parameters. Each MRI session lasted approximately 1 hour, and the protocol 

comprised the following sequences: MPRAGE T1-weighted; a multi-shell dMRI acquisition 

[δ/Δ: 7/24 ms; b-values: 0 (14 volumes, interleaved), 500 (30 directions), 1200 (30 directions), 

2400 (60 directions), 4000 (60 directions), and 6000 (60 directions) s/mm2. The larger number 

of volumes across the higher diffusion weightings were acquired to compensate for lower SNR 

and to capture the higher angular resolution present at higher b-values (Tournier, et al., 2013). 

Diffusion MRI data were obtained using electrostatic repulsion generalised across multiple 

shells (Caruyer, et al., 2013). Data were acquired in an anterior-posterior phase-encoding 

direction, with one additional posterior-to-anterior volume]. Magnetization transfer 

(Henkelman et al., 2001) [turbo factor: 4; radial reordering; non-selective excitation; MT 

contrast was achieved by the application of a 15.36 ms radio-frequency saturation pulse during 

the TR period, with an equivalent flip angle of 333° applied at a frequency of 1.2 kHz below 

the water resonance]. Two identical sets of images with different contrasts (one acquired with 

and one acquired without MT saturation pulses) were obtained.  
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Table 11. Scan parameters. 

All sequences were acquired at 3 Tesla with ultra-strong gradients. For each of the sequences, the main 
acquisition parameters are provided. T1-w: T1-weighted; MT: magnetization transfer; MPRAGE: 
Magnetization prepared - rapid gradient echo; SE: spin‐echo; EPI: echo‐planar imaging; FoV: field 
of view; TE: echo time; TR: repetition time. 
  

T1-w DTI CHARMED MT 

Pulse sequence MPRAGE SE\EPI SE\EPI Turbo FLASH  

Matrix size 256×256 495×495 495×495 128 × 128 

×104  

FoV  

(mm)  

256 990 990 220 × 220 × 

179 

Slice thickness 

(mm)  

1 2 2 1.72 

TE,TR  

(ms) 

 

2, 2300 59, 3000 59, 3000 2.1, 60 

Off-resonance 

pulses  

(Hz/°)  

- - - 1200/333 

Flip angles (°) 9 9 9 5 

 

3.4.3. Image processing  

All images were skull‐stripped in native space using FSL BET (Smith, 2002). 

Extraction of subcortical basal ganglia and thalamic volume from T1-weighted 
anatomical images 

GM subcortical volumes for left and right caudate, putamen, pallidum and thalamus 

were extracted from the individual T1-weighted images using FreeSurfer’s “recon-all” 

automated procedure for volumetric measures (v5.3) (Fischl et al., 2002). Steps in this pipeline 

are explained in detail here: https://surfer.nmr.mgh.harvard.edu/fswiki/recon-all. In short, a 

probabilistic atlas from a manually labeled training-set is utilized to normalize each brain and 

assign each voxel to one of 40 labels. The classification technique in FreeSurfer employs a 
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registration method that is robust to anatomical variability, including the ventricular 

enlargement typically associated with neurological diseases and aging (Fischl et al., 2002). 

Diffusion data: FA, RD, AD, MD and FR maps  

Pre-processing of diffusion data was carried out in line with recommended steps for 

standard 3 Tesla systems, interfacing several tools, including FSL (Smith et al., 2004), MRtrix3 

(Tournier et al., 2019), and ANTS (Avants et al., 2011). These steps included: denoising 

(Veraart et al., 2016), slice-wise outlier detection (SOLID) (Sairanen et al., 2018), and 

correction for drift (Vos et al., 2017); motion, eddy currents, and susceptibility-induced 

distortions (Andersson et al., 2003; Andersson & Sotiropoulos, 2016); Gibbs ringing artefact 

(Kellner et al., 2016); bias field (Tustison et al., 2010); and gradient non-linearities (Glasser et 

al., 2013; Rudrapatna et al., 2021).  

Diffusion tensors were generated using linearly weighted least squares estimation (for 

b < 1200 s/mm2 data) providing the following quantitative scalar measures: FA, AD and RD. 

Since HD is associated with brain tissue atrophy, DT-MRI metrics were corrected for 

cerebrospinal fluid-based partial volume artifacts. This was done by fitting the diffusion tensor 

between b = 500 s/mm2 and b = 1200 s/mm2, instead of between b = 0 s/mm2 and b = 1200 

s/mm2. Because the signal from free-water decays very rapidly as b increases due to its higher 

diffusivity, this approach allowed to reduce cerebrospinal fluid based partial volume artefacts 

in the DTI metrics. Motion and distortion artefacts of CHARMED data were corrected 

according to the extrapolation method of Ben-Amitay, Jones, and Assaf (2012). FR maps 

(Assaf & Basser, 2005) were computed by fitting the CHARMED model to the DWI data, with 

an in-house software coded in MATLAB (The MathWorks, Natick, MA). 
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Magnetization transfer: MTR maps 

Both MT-weighted and non-MT-weighted images were corrected for Gibbs ringing 

artefacts (Kellner et al., 2016). ANTS (Avants et al., 2011) was first used to register the 

MPRAGE images to the b = 0 s/mm2 images with nonlinear registration. Then MT-weighted 

and non-MT weighted images were linearly warped to the registered MPRAGE images using 

an affine (12 degrees of freedom) technique based on mutual information, with the FMRIB's 

Linear Image Registration Tool (FLIRT) (Jenkinson & Smith, 2001). All registrations were 

visually inspected for accuracy. Finally, MTR maps were calculated with the following 

equation: MTR = [(S0‐S MT)/S0]x100, whereby S0 represents the signal without the off‐

resonance pulse and SMT represents the signal with the off‐resonance pulse.  

Tractography of the CC 

Whole-brain streamline tractography was performed with FiberNavigator 

(Chamberland et al., 2014) using 8 seeds/voxel evenly distributed across the whole brain 

(approximating 1.8 M seeds), a minimum fODF amplitude of 0.1, a 1 mm step size (i.e. 

0.5×voxel size), and a 45° maximum curvature angle. Streamlines whose lengths were outside 

a range of 20 mm–300 mm were discarded. The automated TractSeg technique (Wasserthal et 

al., 2018) was then applied to segment the CC. This technique provides a balance between 

manual dissection and atlas-based tracking approaches. Specifically, seven portions of the CC 

were delineated [1=rostrum, 2=genu, 3=rostral body, 4=anterior midbody, 5=posterior 

midbody; 6=isthmus, 7=splenium] (Figure 12).  
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Figure 12. Segmentation of the CC. 

For each segment, the corresponding anatomical label is reported, together with the cortical area it 
connects to.  
 

 

3.4.4. Statistical analysis  

Statistical analyses were carried out using RStudio v1.1.456 (Team, 2015), MATLAB 

(The MathWorks, Natick, MA), SPSS version 20119 (Armonk, 2011), the PROCESS 

computational tool for mediation analysis (Hayes, 2017), FSL (Smith et al., 2004), and the 

Statistical Non-Parametric Mapping (SnPM) software (Nichols & Holmes, 2014).   

  

Segment Anatomical label Cortical region

1 Rostrum Caudal/orbital prefrontal, inferior premotor

2 Genu Prefrontal

3 Rostral body Premotor, supplementary motor

4 Anterior midbody Motor

5 Posterior midbody Somaesthetic, posterior parietal

6 Isthmus Superior temporal, posterior parietal

7 Splenium Occipital, inferior temporal
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Assessment of patient-control differences in cognitive ability 

One-way analyses of covariance (ANCOVA) could not be carried out to examine 

differences in cognitive functioning between HD and control participants, because of violation 

of the assumptions of homoscedasticity and of homogeneity of error variance, as assessed by 

visual inspection of the studentized residuals plotted against the predicted values for each 

group, and the Levene’s test, respectively. 

Therefore, Mann-Whitney-Wilcoxon tests were instead first carried out to examine 

group differences in each of the tests. Multiple comparison correction was carried out using 

the Bonferroni method with a family-wise alpha level of 5% (two-tailed).  

Whenever a significant group difference was detected, the relationship between group 

and the dependent variable was further investigated with multiple regression analysis to explore 

interaction effects between group and age. Correlations between TOPF-UK FSIQ and the 

dependent variable were explored, and if significant this variable was included as covariate in 

the analysis. Regression diagnostics were carried out, and QQ plots and outlier profiles were 

examined to detect any values above or below the upper/lower boundary of 95% confidence 

intervals of the slope of the regression line.  

Finally, Spearman’s rho correlation coefficients were calculated for the patients’ 

sample between performance on the cognitive tests showing significant group differences and 

proximity to disease onset, as measured by disease burden score (DBS). 

Computation of a composite cognitive score for the analysis of brain-function 
relationships in premanifest HD 

PCA of several cognitive outcome variables was performed by only including slopes 

from premanifest HD subjects, to best capture heterogeneity within this population. Only the 

first principal component (PC) was extracted, to increase experimental power and reduce the 

number of multiple comparisons (Steventon, 2014).  
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First, the Bartlett’s test of sphericity and the Kaiser-Meyer-Olkin (KMO) test were used 

to confirm that the data were suited for PCA. Patients’ scores on the Eyes test (Baron‐Cohen 

et al., 2001) lacked sufficient correlation with the other measures, as shown by the diagonal of 

the anti-image correlation matrix (KMO = 0.2). Therefore, this test was excluded from the 

PCA. The KMO test of sampling adequacy was 0.54 and the Bartlett’s test of sphericity was 

significant, c2 
(78) = 156.5, p <0 .001. The PCA was run using centred, standardized (standard 

deviation = 1) versions of the patients’ cognitive outcome scores. A PCA procedure with 

orthogonal Varimax rotation was used to maximize the factor loadings. Regression values from 

each component were used as composite cognitive scores for each participant. Outliers that 

were ± 3 standard deviations from the mean were removed. The relationship of individual 

scores and DBS was investigated with Spearman’s correlations.  

Tractometry of the CC 

Microstructure differences were assessed in each of the seven callosal segments. First, 

by taking each quantitative metric map (each registered to the b = 0 s/mm2 during pre-

processing), samples of each metric were obtained at each vertex of the reconstructed segments 

- and segment-specific medians were derived for FA, AD, RD, FR and MTR in MRtrix3 

(Tournier, et al., 2019). Next, the overall mean was calculated, so that each dataset comprised 

m = 5 MRI-derived measures, mapped along s = 7 callosal segments.  

Reduction of MRI data dimensionality with PCA 

PCA was employed to reduce the complexity of both the subcortical volumetric data 

and the callosal microstructure data. For both volumetric and microstructure data, centred, 

standardized (standard deviation = 1) versions of MRI measures on both groups combined were 

used for PCA (Phillips et al., 2013). For the volumetric data, the PCA was calculated for left 

and right caudate, pallidum, putamen, thalamus. The KMO test of sampling adequacy was 0.75 
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and the Bartlett’s test of sphericity was significant, c2 
(28) = 409.953, p <0 .001. For the WM 

microstructure data, the PCA was calculated for FA, FR, RD, AD and MTR. The KMO 

measure was 0.65, and the Bartlett’s test of sphericity was significant, c2 
(6) = 1077.231, p < 

0.001. PCA was applied to the concatenated set of segments across subjects (Table 12), in 

agreement with the tidy data standard (Wickham, 2014).  

For both PCAs, the minimal number of principal components that accounted for the 

most variability was extracted based on: 1) their interpretability (Metzler-Baddeley et al., 

2017); and 2) the Kaiser criterion of including all components with an eigenvalue greater than 

1. Regression values from each component for each participant were used in the following 

analyses. 

 

Table 12. Data structure input for PCA of callosal tractometry data. 

Individual subjects (n = 49) and segments (s = 7) are concatenated to form observations, while 
variables represent the measures (m = 5) derived from diffusion and MT imaging. 
 

Subject 
 

Segment 
 

FA 
 

FR 
 

RD 
 

AD 
 

MTR 
 

S1 Segment1 

 

FA11 FR11 RD11 AD11 MTR11 

S2 Segment2 

 

FA21 FR21 RD21 AD21 MTR21 

… … 

 

… … … … … 

S1 Segment2 

 

FA12 FR12 RD12 AD12 MTR12 

… … … … … … … 

Sn Segments 

 

FAns FRns RDns ADns MTRns 
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Investigation of patient-control differences in subcortical GM volume and callosal 
microstructure 

To assess group differences in subcortical GM volume, as well as callosal 

microstructure, ANCOVAs were run on the extracted regression values from each component 

for each participant. Across all analyses, outliers were first identified by examining box-and-

whisker plots for each dependent variable, for controls and HD patients separately. Outliers 

that were ± 3 standard deviations from the mean were removed. For the investigation of 

subcortical GM volumes, two ANCOVAs were run on the regression values from each 

component for each participant, with group as the independent variable. On the other hand, 

group and segment were used as independent variables in the assessment of microstructure 

differences, because of a particular interest in understanding the interaction between group 

effects and different callosal segments.  

The correlation of subcortical volume and microstructure outcome measures across 

patients and controls, with age, ICV and TOPF-UK FSIQ was tested to decide if these variables 

should be included as covariates in the analysis. Pearson’s correlation coefficients greater than 

0.3 were treated as indicative of a moderate relationship.  

For every ANCOVA, the assumptions of the analysis were first tested. Any covariates 

were included only when linearly related to the outcome variable, for each group. To test 

whether the data were normally distributed, the Shapiro-Wilk test was used at α = 0.001. 

Homogeneity of regression slopes was tested for all covariates. If violation of homogeneity of 

regression slopes was detected for a covariate, an interaction term was included in the model. 

Levene’s test was used to assess homogeneity of error variance. Homoscedasticity within each 

combination of groups was assessed by visual inspection of the studentized residuals plotted 

against the predicted values for each group.   
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Assessment of disease-related brain-function relationships 

Spearman correlations were run in the patients’ group for: 

i. GM components showing a significant group effect and cognitive composite scores; 

ii. GM components showing a significant group effect and DBS; 

iii. GM components showing a significant group effect and CAG repeat length; 

iv. WM components showing a significant group effect and composite cognitive 

scores; 

v. WM components showing a significant group effect and CAG repeat length; 

vi. WM components showing a significant group effect and DBS 

vii. WM and GM components showing a significant group effect. 

Within each group of correlations, multiple comparison correction was carried out with 

the Bonferroni correction with a family-wise alpha level of 5% (two-tailed). Whenever a 

significant association was detected, this was further explored with partial correlations, 

partialling out ICV and DBS. The latter was done to assess associations independently of 

disease progression. 

Assessment of brain-wise group differences in WM microstructure using the 
hypervoxel framework 

 

The hypervoxel framework (Luque Laguna, 2019) was applied to assess group 

differences in FA, RD, AD, FR and MTR. First, all images were normalised to a common 

anatomical space by applying the non-linear registration approach of the tbss_2_reg script  

(Smith et al. 2006), part of FSL (Smith et al. 2004), and by employing the FMRIB58_FA 

template (1 × 1 × 1mm isotropic) as reference target. Then, statistics maps were produced based 

on the voxel-level analysis of the data; this was done by using a non-parametric approach based 

on a permutation test strategy (Winkler et al., 2014). The statistic maps were thresholded by a 

value of p = 0.01.  
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The significant voxel level statistic results were projected on the hypervoxel template, 

which was based on whole-brain tractography data from a different group of 20 healthy 

subjects. Finally, significant clusters of hypervoxels were identified, with two hypervoxels 

belonging to the same cluster if they were adjacent and if they shared a common streamline. 

Explanatory variables (EVs) in the randomization tests included age and gender and the effect 

of group was explored whilst regressing the other EVs. A family-wise error (FWE) corrected 

(Nichols & Holmes, 2014) p < 0.05 with a cluster-extent-based threshold of 20 or more voxels 

was considered statistically significant. 

Whenever significant clusters were detected for a specific metric, these were extracted, 

summed and binarized to form an ROI mask. The mask was then projected onto each patient’s 

map in MNI space. The mean value for that metric was calculated for each patient in the ROI 

with FSL (Smith et al., 2004), and used in the assessment of brain-function relationships. 

Specifically, Spearman correlations were first run between the WM metrics showing 

significant clusters. Subsequently, the relationship of each cluster with composite cognitive 

scores, GM components showing a significant group effect, DBS and CAG was investigated. 

Within each group of correlations, multiple comparison correction was carried out with the 

Bonferroni correction with a family-wise alpha level of 5% (two-tailed).  

 

3.5. Results 
 

3.5.1. Premanifest HD patients present impairments in the encoding, 
temporary storage and updating of information 

Patients performed significantly worse (mean = 84.85, standard deviation = 8.75) 

compared to controls (mean = 93.07, standard deviation = 7.55) in the 2-back task (U = 392, p 

= 0.001, Bonferroni-corrected p = 0.007). No significant difference in performance was 
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detected between patients and controls in the other tests [1-back: U = 180.5, p = 0.776, 

Bonferroni-corrected p = 1; finger tapping: U = 288, p = 0.605, Bonferroni-corrected p = 1; 

digit span: U = 246, p = 0.692, Bonferroni-corrected p = 1; visual patterns test: U = 303, p = 

0.244, Bonferroni-corrected p = 1; eyes test: U = 224.5, p = 0.392, Bonferroni-corrected p = 1) 

(Figure 13). 

Multiple regression was employed to explore interaction effects between age and group 

on performance in the 2-back task. TOPF-UK FSIQ was related to performance (r = 0.292, p 

= 0.051), therefore this variable was included as covariate in the analysis. No significant main 

effect of group (β = 11.917, p = 0.185), TOPF-UK FSIQ (β = 0.1178, p = 0.397) or age (β = 

0.4867, p = 0.131) were detected. However, a significant interaction effect was present between 

group and age [β = -0.4578, p = 0.021, R2 = 0.39, F(4, 40) = 6.57, p < 0.001], indicating that, 

while younger HD patients’ performance tends to overlap with that of age-matched healthy 

controls, the gap in performance between the two groups is significantly greater in older 

subjects, with HD patients performing worse. Importantly, older HD patients tended to be 

closer to disease onset, as shown by greater DBS. Thus the difference at older ages likely 

reflects disease-related influences on this measure (Figure 14, left). Accordingly, there was a 

trend for a negative relationship between patients’ performance on the 2-back task and DBS (r 

= -0.40, p = 0.055) (Figure 14, right). 
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Figure 13. Group differences in cognition. 

Patients showed significantly reduced scores in the 2-back task, p = 0.007, Bonferroni-corrected. No 
significant differences were detected in performance in the other tests. The final sample, after outlier 
removal, was n = 24 HD patients and n = 23 controls. 
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Figure 14. Relationship of 2-back task performance with age and DBS. 

Left: Relationship between performance on the 2-back task and age, in patients & controls. Right: 
Relationship between performance on the 2-back task and disease burden score (DBS) in patients. A 
significant interaction effect between group and age was detected, suggesting that the group difference 
is larger in older participants. HD data points are colored by DBS. Older HD patients tend to be closer 
to disease onset, likely confounding the effect of age on this measure. Right: Relationship between 
performance on the 2-back task and DBS. A trend for a negative association was detected (p = 0.055), 
suggesting that increased proximity to disease onset is associated with worse performance on this task. 

 

3.5.2. Computation of a composite cognitive score in the HD sample  

As shown in Figure 15, the first PC was extracted; this accounted for 38.7% of the total 

variance. Component loadings of >= 0.5 were considered as significant. Thus this component 

reflected general executive functioning with loadings on distractor suppression (Stroop task), 

attention switching (trail making), updating (n-back), category fluency and motor speed. No 

significant correlations were detected between patients’ scores on this component, and DBS (r 

= -0.137, p = 0.599). 
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Figure 15. Principal component analysis (PCA) of the cognitive data with varimax rotation. 

Plot summarizing how each variable is accounted for in the extracted principal component (PC). The 
absolute correlation coefficient is plotted. Color intensity and the size of the circles are proportional to 
the loading. This PC accounted for 38.7% of the total variance and included measures from all test 
domains, except for the digit span. Four patients were excluded from the PCA because of missing data. 
The final sample size for the PCA was n=21 patients. 
 
 

3.5.3. Premanifest HD patients present reduced striatal volume   

With PCA, two principal components were extracted, together explaining over 79% of 

the variability in the subcortical GM volumetric data (PC1, 52.313%, λ = 4.185; PC2, 27.423%, 

λ = 2.194). As shown in Figure 16, the first PC loaded positively on left and right caudate, 

pallidum and putamen, and was therefore summarized as “striatal” component. On the other 
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hand, the second component loaded mostly on left and right thalamus, and was therefore 

summarized as “thalamic” component. 

Age, ICV, and TOPF-UK FSIQ, were related to scores on the striatal component (age: 

r = -0.342, p = 0.015, ICV: r = 0316, p = 0.025, TOPF-UK FSIQ: r = 0.337, p = 0.022), therefore 

these variables were included as covariates in the analysis. On the other hand, age and ICV, 

but not TOPF-UK FSIQ, were related to scores on the thalamic component (age: r = -0.432, p 

= 0.002; ICV: r = 0.516, p < 0.001; TOPF-UK FSIQ: r = 0.096, p = 0.528), therefore only age 

and ICV were controlled for in the analysis of group differences in the thalamic component. 

Significant main effects of group [F(1, 41) = 6.639, p = 0.014] and age [F(1, 41) = 

4.009, p = 0.027] were detected for the striatal component (Figure 16). There was no significant 

main effect of group on the thalamic component [F(1, 46) = 0.254, p = 0.617]; however 

significant main effects of age [F(1, 46) = 5.006, p = 0.030] and ICV [F(1, 46) = 10.661, p = 

0.002] were detected. 

 

 
Figure 16. Assessment of subcortical grey matter atrophy. 

Left: Principal component analysis (PCA) of subcortical gray matter volumes with varimax rotation. 
Plot summarizing how each variable is accounted for in the principal components (PCs). The absolute 
correlation coefficient is plotted. Color intensity and the size of the circles are proportional to the 
loading. Two principal components were extracted, together explaining over 79% of the variability in 
the data. Right: Group difference in scores on the striatal component. HD patients presented 
significantly lower scores compared to controls (p = 0.014). 
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3.5.4. Premanifest HD patients present alterations in callosal apparent 
myelin  

Results from the PCA of the microstructure data showed that over 80% of the variability 

in the data was accounted for by the first two principal components (PC1, 58.1%, λ = 2.90; 

PC2, 22.6%, λ = 1.13). As shown in Figure 17, the first PC loaded positively on FA, FR, and 

AD, and negatively on RD, measuring restriction or hindrance perpendicular to the main axis 

of the bundle. This PC was therefore summarized as “axon density” component. On the other 

hand, the second component loaded mostly on MTR, and was therefore summarized as 

“apparent myelin” component. 

 

 

Figure 17. Principal component analysis (PCA) of the microstructure metrics with varimax 
rotation.  

Left: Plot summarizing how each variable is accounted for in every principal component. The absolute 
correlation coefficient is plotted. Color intensity and the size of the circles are proportional to the 
loading. The final sample size for the PCA was n=25 for the HD group and n=24 for the control group. 
Right: Segment clustering based on PC1 and PC2. The horizontal axis shows increasing restriction or 
hindrance perpendicular to the main axis of the bundles. The vertical axis represents an increase in 
apparent myelin. Each point represents one subject. Concentration ellipsoids cover 95% confidence 
around the mean. Segment 7 appears to encompass most of the data variability.
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Assessment of group differences in the axon density component 

TOPF-UK FSIQ and ICV were not related to axon density scores (TOPF-UK FSIQ: r 

= 0.01, p = 0.860, ICV: r = 0.077, p = 0.164), therefore these variables were not included as 

covariates in the analysis. On the other hand, age was negatively associated with axon density 

scores (age: r = -0.301, p < 0.001), and was therefore included as covariate. The final model 

assessed the effect of group and segment on axon density scores, including age as covariate. 

The effect of group was not significant [F(1, 312) = 1.677, p = 0.196], however a main 

effect of segment was detected [F(6, 312) = 84.671, p < 0.001] (Figure 18), together with a 

main effect of age [F(1, 312) = 34.116, p < 0.001] (Figure 18). The interaction between group 

and segment was not significant [F(6, 312) = 0.531, p = 0.784]. Overall, age was negatively 

associated with lower scores on this component; additionally, microstructure in the more 

posterior segments of the CC was associated with higher axon density scores, compared to 

anterior ones [adjusted means: CC1 = -0.270; CC2 = -0.822; CC3 = -0.546; CC4 = -0.001; 

CC5 = -0.144; CC6 = 0.083; CC7 = 1.753]. 

Assessment of group differences in the apparent myelin component 

Age and ICV, but not TOPF-UK FSIQ, were correlated with scores on the apparent 

myelin component (age: r = -0.301, p < 0.001; ICV: r = -0.332, p < 0.001; TOPF-UK FSIQ: r 

= 0.096, p = 0.098). The final model assessed the main effects of group and segment, with age 

as covariate, and age-by-group and a group-by-segment interaction. 

There was not a significant main effect of group [F(1, 312) = 2.353, p = 0.126] and ICV 

[F(1, 312) = 1.875, p = 0.172]. However, significant main effects of age [F(1,312) = 45.07, p 

< 0.001] and segment [F(1, 312) = 19.899, p < 0.001] were detected. Overall, scores on this 

component were lower in segment 7 of the CC and in older participants (Figure 18). 
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Crucially, a significant interaction was detected between segment and group [F(6, 312) 

= 2.238, p = 0.040], indicating that the effect of group was different for different callosal 

segments. Therefore, slopes of the effect of group on apparent myelin scores for each segment, 

while controlling for the effect of age, were investigated with a simple moderation analysis 

using the PROCESS toolbox for SPSS (Hayes, 2017), to better understand this interaction. This 

analysis revealed that HD patients presented significantly higher scores on apparent myelin 

compared to controls in segment 1 (p = 0.016), and significantly lower scores in segment 7 (p 

= 0.0343). Overall, scores on the apparent myelin component for the HD group were higher 

than controls in the more anterior portions of the CC but lower than controls in the posterior 

portions (segment1: b = 0.56, t = 2.41, p = 0.016; segment 2: b = 0.25, t = 1.08, p = 0.27; 

segment 3: b = 0.014, t = 0.06, p = 0.95; segment 4: b = 0.2098, t = 0.90, p = 0.36; segment 5: 

b = 0.44, t = 1.89, p = 0.058; segment 6: b = -0.028, t = -0.12, p = 0.899; b = -0.5, t = -2.12, p 

= 0.034) (Figure 19). 

As a post-hoc, exploratory analysis, the impact of partial volume artifacts on apparent 

myelin differences between patients and controls was assessed. HD is associated with tissue 

atrophy, even very early in disease progression (Aylward et al. 2011; Paulsen et al. 2008). The 

apparent myelin component loaded mostly on MTR, which measures the magnitude of  

exchange of magnetization between free water and bound water, after selectively saturating the 

bound water pool. It is therefore plausible that controlling for partial volume artifacts due to 

tissue atrophy might provide a more specific insight into myelin-related changes. Therefore, 

the fractional volume of free water in each voxel was estimated from the DWI data by 

following the procedure described in section 3.3.3 to produce a free-water signal fraction 

(FWF) map. The overall mean FWF was then calculated, as described above for the other 

metrics assessed. Finally, an ANCOVA was run to assess group differences in apparent myelin 

across the different segments, controlling for FWF. Specifically, the main effects of group and 
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segment and their interaction effect were assessed, with age, ICV and FWF as covariates. Age-

by-group and group-by-FWF interactions were included in the model because of violation of 

the homogeneity of regression slopes assumption.  

Consistent with the main analysis, a significant main effect of age [F(1, 300) = 56.08, 

p < 0.001] and segment [F(1, 300) = 22.89, p < 0.001] and a significant interaction effect 

between segment and group [F(1,300) = 3.2, p = 0.005] were detected. The interaction effect 

between group and age [F(1, 300) = 8.736, p = 0.003] was now significant, indicating that 

while scores on this component are lower than age-matched controls in older HD patients, the 

opposite is true for younger HD patients. Finally, a significant main effect of group [F(1, 300) 

= 13.042, p < 0.001], and FWF [F(1, 300) = 13.32, p < 0.001], and a significant interaction 

effect between group and FWF [F(1, 300) = 19.262, p < 0.001], were detected.  

A final post-hoc, exploratory analysis consisted in assessing group-differences in the 

volume of segments 1 and 7 of the CC, for which significant microstructure differences 

between groups were detected. To do this, volume measurements were obtained by calculating 

the total number of voxels containing streamlines from the given segment (Barrett et al., 2020). 

These were then normalised by ICV. Group-differences in normalised volume for each 

segment were assessed with ANCOVAs, with age as covariate. There was not a significant 

effect of group [F(1, 44) = 0.517, p = 0.517] or age [F(1, 44) = 2.461, p = 0.124] on the volume 

of segment 1 of the CC. Likewise, no significant effect of group [F(1, 44) = 0.449, p = 0.506] 

nor age [F(1, 44) = 0.297, p = 0.589] on segment 7 volume was detected. 
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Figure 18. Callosal microstructure: patient-control differences across callosal segments, and 
relationship between age and inter-individual variability in callosal microstructure.  

Top: Participants' scores on the axon-density (left) and apparent myelin (right) component, split by 
group and segment. The most posterior segment of the corpus callosum (CC) was associated with 
higher scores on the axon density component, and lower scores on the apparent myelin component, 
compared to anterior ones. Group did not have a significant effect on scores on axon density, however 
a group-by-segment interaction effect (p = 0.04) was observed for the apparent myelin component. 
Bottom: Age-related variation in scores on the axon density (left) and apparent myelin (right) 
components, split by group. Overall, greater age was associated with lower scores on both components. 
When the free water fraction (FWF) was included in the model as a covariate, the interaction effect 
between group and age was significant, indicating that while scores on this component were 
significantly lower than age-matched controls in older HD patients, the opposite was true for younger 
HD patients. 
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Figure 19. Conditional effects of group on apparent myelin for each callosal segment.  

Investigation of simple slopes of the effect of group on apparent myelin scores for each callosal 
segment, controlling for age, revealed that HD patients presented significantly higher scores compared 
to controls in segment 1 (p = 0.016), and significantly lower scores on apparent myelin in segment 7 
(p = 0.0343). Overall, scores on the apparent myelin component for the HD group were higher than 
controls in the more anterior portions of the callosum but lower than controls in the posterior portions. 
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3.5.5. Striatal atrophy in premanifest HD relates to cognitive performance 
and disease burden; apparent callosal myelin is associated with CAG 
repeat length, cognitive performance and striatal atrophy, but not 
with disease burden 

Relationship of striatal atrophy with composite cognitive scores, CAG repeat 
length and disease burden 

There was a significant, positive relationship, between scores on the striatal component 

and scores on the composite cognitive component (r = 0.535, p = 0.035), indicating that worse 

cognitive performance is associated with greater striatal atrophy. However, the relationship 

was no longer significant after partialling out ICV and DBS (r = 0.454, p = 0.089), suggesting 

that disease burden is an important driver in this relationship. 

Striatal atrophy was not significantly associated with CAG repeat length (r = 0.234, p 

= 0.320). On the other hand, there was a significant negative relationship between scores on 

the striatal component and DBS, indicating that increased proximity to disease onset is 

associated with greater striatal atrophy (r = -4.1, p = 0.046). This suggests that the observed 

loss in striatal volume might be driven by patients closer to disease onset. The relationship 

remained significant after partialling out ICV (r = -0.442, p = 0.035). 

Relationship of apparent callosal myelin with composite cognitive scores, CAG 
repeat length, disease burden and striatal atrophy 

Spearman rho correlation coefficients and associated p-values for the correlations 

between apparent callosal myelin with composite cognitive scores, CAG repeat length, disease 

burden score and striatal atrophy are reported in Table 13. Trends for positive associations were 

detected between composite cognitive scores and apparent myelin in all segments, except for 

segment 7; however these associations were no longer significant after multiple comparison 

correction. Apparent myelin was positively correlated with CAG repeat length in segments 1, 

2, 3, 4, 5 and 6. After Bonferroni correction the relationship remained significant  in segments 

1, 2 and 4. Partial correlations were carried out to further explore the relationships between 
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apparent myelin and CAG repeat length independently of ICV and disease burden. Even 

stronger positive associations were now detected; interestingly, the association was now 

significant also in segment 7, before correction (Figure 20). No significant associations were 

detected between apparent myelin scores in each of the 7 callosal segments and DBS. Trends 

for positive associations were detected between apparent myelin in segments 1, 4 and 5, and 

scores on the striatal component. This suggests that lower scores on apparent myelin may be 

associated with greater striatal atrophy. 



 

 120 

 
Table 13. Correlations between apparent myelin scores, cognitive component scores, cytosine, adenine, and guanine (CAG) repeat-length, disease burden 
score (DBS) and striatal component scores. 

Correlation coefficients that were significant after Bonferroni correction are highlighted in bold. Trends, defined as correlations significant at the uncorrected 
level, are highlighted in italics. 
 

Apparent myelin 
scores  

Composite cognitive scores 

Segment 1 r = 0.527 (p = 0.032, corrected p = 0.211) 

Segment 2 r = 0.559 (p = 0.023, corrected p = 0.141) 

Segment 3 r = 0.491 (p = 0.042, corrected p = 0.282) 

Segment 4 r = 0.494 (p = 0.054, corrected p = 0.351) 

Segment 5 r = 0.451 (p = 0.073, corrected p = 0.049) 

Segment 6 r = 0.323 (p = 0.03, corrected p = 0.213) 

Segment 7  r = -0.098 (p = 0.71, corrected p = 1) 

 CAG repeat length 
 

Segment 1 r = 0.641 (p = 0.002, corrected p = 0.014), partial correlation: r = 0.763 (p = 0.001, corrected p = 0.007) 

Segment 2 r = 0.717 (p = 0.001, corrected p = 0.007), partial correlation: r = 0.879 (p < 0.001, corrected p < 0.001) 

Segment 3 r = 0.549 (p = 0.012, corrected p = 0.084), partial correlation: r = 0.841 (p < 0.001, corrected p < 0.001) 

Segment 4 r = 0.71  (p = 0.001, corrected p = 0.007), partial correlation: r = 0.831 (p < 0.001, corrected p < 0.001) 

Segment 5 r = 0.525 (p = 0.018, corrected p = 0.126), partial correlation: r = 0.745 (p = 0.001, corrected p = 0.007) 
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Segment 6 r = 0.513 (p = 0.021, corrected p =0.147), partial correlation: r = 0.864 (p < 0.001, corrected p < 0.001) 

Segment 7 r = 0.107 (p = 0.663, corrected p = 1), partial correlation: r = 0.5 (p = 0.048, corrected p = 0.336) 

 
 

DBS 

Segment 1 r = -0.04 (p = 0.853, corrected p = 1) 

Segment 2 r = 0.08 (p = 0.697, corrected p = 1) 

Segment 3 r = 0.003 (p = 0.986, corrected p = 1) 

Segment 4 r = 0.071  (p = 0.739, corrected p = 1) 

Segment 5 r = 0.048 (p = 0.824, corrected p =1) 

Segment 6 r = -0.12 (p = 0.642, corrected p = 1) 

Segment 7 r = -0.09 (p = 0.662, corrected p = 1) 

 Striatal component scores 

Segment 1 r = 0.46 (p = 0.024, corrected p = 0.168) 

Segment 2 r = 0.375 (p = 0.072, corrected p = 0.504) 

Segment 3 r = 0.383 (p = 0.065, corrected p = 0.451) 
Segment 4 r = 0.441 (p = 0.032, corrected p = 0.231) 

Segment 5 
 

r = 0.367 (p = 0.072, corrected p = 0.552) 

Segment 6 r = 0.35 (p = 0.092, corrected p = 0.652) 

Segment 7 r = 0.256 (p = 0.241, corrected p = 1) 
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Figure 20. Relationship between apparent myelin in each callosal segment and cytosine, adenine, 
and guanine (CAG) repeat length in patients.  

Trends for positive associations between these two variables were detected in all segments. 
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3.5.6. Whole-brain analysis with TBCA reveals WM microstructure 
alterations in the posterior CC, the left CST and the right fronto-
striatal projections 

 
Figure 21 shows the results of the TBCA. Consistent with the PCA results, a significant 

reduction in MTR in the HD group was detected, compared to controls, in the most posterior 

portion of the CC [cluster mass (å t-score) = 1530, p < 0.001 (uncorrected), p = 0.030 (FWE-

corrected)]. Furthermore, a significant increase in FR along most of the left CST was found 

[cluster mass (å t-score) = 1004, p < 0.001 (uncorrected), p = 0.030 (FWE-corrected)]. Finally, 

right-lateralized clusters of significantly higher FA in the HD group were identified in the 

fronto-striatal projections [cluster mass (å t-score) = 956, p < 0.001 (uncorrected), p = 0.03 

(FWE-corrected)]. 
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Figure 21. Results of the cluster-analysis obtained with tract-based cluster analysis (TBCA) 
between patients and controls. 

Cluster-level statistic: cluster mass (sum of t-score), family-wise error (FEW) p < 0.05. Microstructure 
alterations were detected in the posterior portion of the callosum, the left corticospinal tract and the 
right fronto-striatal projections. Abbreviations: FA: fractional anisotropy; FR: restricted volume 
fraction; MTR: magnetization transfer ratio. 
 
 
 

Figure 22 plots the relationship between significant microstructure clusters as detected 

with TBCA for HD patients. FR in the CST was significantly associated with MTR in the 

posterior CC (r = 0.498, p = 0.011, corrected p = 0.033), but not with FA in the right fronto-

striatal projections (r = 0.328, p = 0.110, corrected p = 0.327). Additionally, MTR was not 

associated with FA (r = -0.218, p = 0.294, corrected p = 0.882).  

Hypervoxel FR clusters: HD > CONTROLS

Hypervoxel MTR clusters: HD < CONTROLS

Hypervoxel FA clusters: HD > CONTROLSHypervoxel FA clusters: HD > CONTROLS

Hypervoxel MTR clusters: HD < CONTROLS
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Figure 22. Spearman correlations between significant tract based cluster analysis (TBCA) clusters 
in patients.  

Summary of significant clusters detected with TBCA and correlation matrix. Color intensity is 
proportional to the strength and direction of the correlation. * p < 0.05, ** p < 0.01, *** p < 0.001, 
Bonferroni-corrected. Abbreviations: FA: fractional anisotropy; FR: restricted volume fraction; MTR: 
magnetization transfer ratio. 
 

 

Table 14 summarizes results of the Spearman correlations of microstructural clusters 

with composite cognitive scores, striatal component scores, DBS and CAG. A trend for a 

positive association was detected between FR in the CST and cognitive performance (r = 0.561, 

p = 0.019, corrected p = 0.057. Additionally, consistent with the tractometry analysis, a trend 

for a positive association between MTR in the posterior CC and CAG repeat length was 

detected (r = 0.467, p = 0.038, corrected p = 0.092). The other correlations were not significant. 
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Hypervoxel FR clusters: HD > CONTROLS

Hypervoxel MTR clusters: HD < CONTROLS

Hypervoxel FA clusters: HD > CONTROLSHypervoxel FA clusters: HD > CONTROLS

Hypervoxel MTR clusters: HD < CONTROLS

Hypervoxel FR clusters: HD > CONTROLS

Hypervoxel MTR clusters: HD < CONTROLS

Hypervoxel FA clusters: HD > CONTROLSHypervoxel FA clusters: HD > CONTROLS

Hypervoxel MTR clusters: HD < CONTROLS

Hypervoxel FR clusters: HD > CONTROLS

Hypervoxel MTR clusters: HD < CONTROLS

Hypervoxel FA clusters: HD > CONTROLSHypervoxel FA clusters: HD > CONTROLS

Hypervoxel MTR clusters: HD < CONTROLS
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Table 14. Correlations of significant clusters of microstructure metrics as detected with TBCA with 
cognitive component scores, striatal component scores, disease burden score (DBS) and CAG 
repeat length 

Correlation coefficients that were significant after Bonferroni correction are highlighted in bold. 
Trends, defined as correlations significant at the uncorrected level, are highlighted in italics. 
Abbreviations: FA: fractional anisotropy; FR: restricted volume fraction; MTR: magnetization transfer 
ratio. CAG: cytosine, adenine, and guanine repeat size. 
 
 Composite cognitive scores 

 
FA r = -0.221, p = 0.395, corrected p = 1 

 
FR r = 0.561, p = 0.019, corrected p = 0.057 

 
MTR r = 0.429, p = 0.086, corrected p = 0.2580 

 
 Striatal component scores 

 
FA r = 0.017, p = 0.939, corrected p = 0.870 

 
FR r = 0.322, p = 0.125, corrected p = 0.966 

 
MTR r = 0.225, p = 0.290, corrected p = 0.375 

 
 DBS 

 
FA r = -0.28, p = 0.896, corrected p =  1 

 
FR r = -0.328, p = 0.117, corrected p = 0.351 

 
MTR r = -0.215, p = 0.312, corrected p = 0.936 

 
 CAG 

 
FA r = 0.073, p = 0.761, corrected p = 1 

 
FR r = 0.274, p = 0.243, corrected p = 0.721 

 
MTR r = 0.467, p = 0.038, corrected p = 0.091 
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3.6. Discussion 

The present study applied DTI, CHARMED and MTI in premanifest HD patients in order 

to disentangle the contribution of axon microstructure versus myelin to HD pathology. Results 

were examined alongside macrostructural GM changes and behavioural measures. 

 

3.6.1. Premanifest HD patients present impairments in the encoding, 
temporary storage and updating of information 

Patients performed significantly worse compared to controls in the 2-back task, while no 

significant difference in performance was detected between groups in the 1-back task, 

suggesting that abnormalities in the premanifest stage of HD may primarily affect more 

demanding tasks (Farrow et al., 2006; Klöppel et al., 2009). This may be due to recruitment of 

compensatory mechanisms that help to maintain function in the context of a slowly progressive 

neurodegeneration (Klöppel et al., 2009). Compensatory processes may also explain the lack 

of significant group differences in the tapping tasks. Additionally, these results suggest that 

executive deficits may precede the onset of bradykinesia in HD (Ca et al., 2014), consistent 

with previous work showing that routine motor behaviour remains largely unaffected in 

premanifest gene carriers (Campodonico et al., 1996; Giordani et al., 1995). Alternatively, it 

may be that the tapping task was not sensitive enough to pick up on motor deficits in the HD 

group. While this study assessed the mean number of taps, previous reports have demonstrated 

that the speeded tapping inter-tap interval may be more sensitive in detecting changes in 

premanifest HD (Scahill et al., 2013). 

The lack of group differences in the digit span and the visual patterns tests may indicate 

that these tasks require a larger sample size to detect a group difference; alternatively, it might 

be that the well-established alterations in multi-tasking and executive functioning in HD 

(Mörkl et al., 2016; Papoutsi et al., 2014; Stout et al., 2016) are due to shortfalls in the executive 
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control and manipulation of information processing, rather than to a reduced capacity for 

storing information in working memory. Evidence for such a dissociation has been shown 

previously in manifest HD patients (Bourbon-Teles et al., 2019).  

In this study, the HD group did not differ significantly from controls in performance in the 

emotion recognition task. While problems in the ability to recognize emotions have been 

widely shown in symptomatic HD over the last few decades (e.g. Bates et al. 2015; Dumas et 

al. 2013; Henley et al. 2012), evidence for the premanifest stage of the disease is more sparse 

and contrasting (Zarotti et al., 2018). Some smaller studies have reported no significant 

impairment (Kipps et al., 2007; Milders et al., 2003), while investigations in larger samples 

have detected a significant  impairment of negative emotion specifically (Labuschagne et al., 

2013; Scahill et al., 2013) – for a systematic review see Henley et al., 2012. Thus, it might be 

that our sample was too small to detect significant differences. Otherwise, inconsistencies in 

findings across studies might represent the variability inherent to HD, or the between-study 

differences in methodology (Henley et al., 2012). Importantly, though the Eyes test (Baron‐

Cohen et al., 2001) is used worldwide and has previously  shown  acceptable  construct  validity 

when compared to other emotion recognition tasks (Alaerts et al., 2011), as well as acceptable 

internal consistency (Voracek & Dressler, 2006), it was not possible with this task to focus 

specifically on the assessment of negative emotion recognition. The identification of negative 

emotions, in turn has been more consistently reported as impaired in premanifest HD (Henley 

et al., 2012). 

 

3.6.2. Premanifest HD patients present atrophy in the striatum but not in 
the thalamus 

Consistent with previous studies, changes in subcortical GM, and specifically in the 

striatum, were detected in premanifest patients (Aylward et al., 2012; Paulsen et al., 2014a, 
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2014b; Tabrizi et al., 2012, 2013). Imaging evidence from PREDICT-HD, TRACK-HD and 

other studies, has shown that striatal atrophy is present in HD carriers as early as 15 years 

before clinical disease onset (Aylward et al., 2012; Paulsen et al., 2014a, 2014b; Tabrizi et al., 

2012, 2013). Importantly, striatal changes have been shown to be the most sensitive and robust 

finding in MRI studies (Aylward, 2014; Ross et al., 2014), and have been proposed as a 

biomarker for future clinical trials (Georgiou-Karistianis et al., 2013b). 

Worse cognitive performance was associated with greater striatal atrophy. However, the 

relationship was no longer significant after partialling out DBS, suggesting that disease burden 

is an important driver in this relationship. Accordingly, a significant negative relationship 

between scores on the striatal component and DBS indicated that increased proximity to 

disease onset is associated with greater striatal atrophy. These findings are consistent with 

evidence that proximity to clinical onset affects motor and cognitive performance in 

premanifest HD carriers (Farrow et al., 2006), and that striatal and cognitive changes are 

present across the disease course, into the manifest disease phase (Aylward et al., 2012; Paulsen 

et al., 2014a, 2014b; Tabrizi et al., 2012, 2013).  

No significant group difference was detected on component scores for the thalamic 

component, suggesting that atrophy in the striatum precedes structural changes in the thalamus. 

HD is associated with a dysfunction of cortico-striatal circuits, and the thalamus presents 

widespread connectivity as part of the cortico-striatal loops (Cepeda et al., 2007; Furlong et 

al., 2020; Tekin & Cummings, 2002). However, little is known about the pathophysiologic role 

of this area and its relationship to cognitive, neuropsychiatric and motor dysfunction in HD 

(Furlong et al., 2020). While changes in thalamic structure have been detected in the 

symptomatic phase of the disease (Kassubek et al., 2004; van den Bogaard et al., 2011; Younes 

et al., 2014), neuroimaging and neuropathology studies have produced conflicting results with 

regards to the premanifest stage of HD (Furlong et al., 2020). A few studies have detected 
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reduced thalamic volumes (van den Bogaard et al., 2011) and a faster rate of change in thalamic 

volume over time (Aylward et al., 2011), while other studies have found no evidence of 

significant volumetric changes in premanifest patients (Majid et al., 2011; Younes et al., 2014). 

Accordingly, the present study suggests that striatal areas demonstrate atrophy prior to the 

thalamus (Aylward et al., 2011; Georgiou-Karistianis et al., 2013a).  

Several explanations have been suggested to describe the process of spread of neuronal 

dysfunction in neurodegenerative diseases such as HD, for example an activity-dependant 

spreading of neurodegeneration in vulnerable brain networks via synaptic dysregulation 

(Fornito & Bullmore, 2015; Looi & Walterfang, 2013; Palop et al., 2006). Such 

neurodegenerative processes may explain evidence of thalamic atrophy later in disease 

progression, in symptomatic HD (Kassubek et al., 2004; van den Bogaard et al., 2011; Younes 

et al., 2014). Although this was beyond the scope of the present study, future research might 

prove useful in understanding the topographical and temporal sequence of changes in HD 

through longitudinal analysis of the thalamus, amongst other cortico-striatal components 

(Furlong et al., 2020). 

 

3.6.3.  Premanifest HD patients present alterations in callosal apparent 
myelin, which are associated with CAG repeat length, cognitive 
performance and striatal atrophy 

While callosal alterations have previously been shown in HD, even at the premanifest stage 

of the disease (Di Paola et al., 2012, 2014; Phillips et al., 2013; Rosas et al., 2006, 2010), the 

strength of the present study consisted in carrying out a comprehensive evaluation of the 

changes that take place regionally across the CC, by employing a tractometry approach (Bells 

et al., 2011; Jones et al., 2005, 2006). Crucially, by exploiting the very latest-in ultra-strong 

magnetic field gradient technology of the Connectom scanner (Setsompop et al., 2013; Jones 

et al., 2018), it was possible to better tease apart changes in myelin content from alterations in 
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axon microstructure, while maintaining reasonable echo times and thus sufficient SNR (Kleban 

et al. 2020). 

The isthmus of the CC was found to be affected in the HD group. Specifically, decreased 

apparent myelin was detected in patients, in the absence of significant differences in axon 

density. This suggests the presence of demyelination in this portion of the CC. Previous 

evidence has shown microstructure changes in this callosal region in premanifest HD (Di Paola 

et al., 2014; Phillips et al., 2013), and implied the presence of demyelination because of 

increased RD and decreased FA, in the absence of AD changes (Di Paola et al., 2012). 

However, diffusion tensor indices do not allow the biophysical basis of any detected change to 

be inferred (Alexander et al., 2007; De Santis et al., 2014). In this study, the combination of 

standard tensor metrics with MTR and FR afforded a more biologically-meaningful 

interpretation of microstructure changes. Importantly, the present results are consistent with 

the Demyelination Hypothesis of HD, which argues that early- and heavily-myelinated fibres, 

such as those in the callosal isthmus are more susceptible to myelin breakdown in HD 

(Bartzokis et al., 2007).  

More surprising is the finding that HD patients presented significantly higher scores 

compared to controls on the apparent myelin component in segment 1 and that, overall, scores 

on the apparent myelin component for the HD group were higher than controls in the more 

anterior portions of the CC, but lower than controls in the posterior portions.  

It is possible that the HD mutation leads to excessive, rather than reduced, myelin 

production. Therefore, while earlier in disease progression the HD mutation may be associated 

with more myelin production, such increases in myelin content may lead to detrimental effects 

later in the disease because of oxidative stress (Bartzokis et al., 1999, 2007; Bartzokis & 

Tishler, 2000). This suggestion is consistent with the positive association detected between 

scores on the apparent myelin component in HD patients and CAG repeat length, with the 
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relationship becoming stronger after controlling for disease burden. This association indeed 

indicates that, rather than being linked to disease progression, such alterations in myelin 

content are a direct result of the disease mutation. Consistent with this, there was no significant 

association between apparent myelin and DBS in any of the segments. Critically, myelin 

content might go beyond optimal levels of myelination in early myelinating regions first, as 

myelination in these areas is greater and starts earlier in life (Martenson, 1992). This suggestion 

is in agreement with evidence that earlier myelinating regions are impaired first in the disease 

(Bartzokis et al., 2007), and with the finding of decreased apparent myelin in the posterior 

callosum in this study.  

While excessive myelination has not been previously considered as a possible 

pathological process in HD, a previous study reported increases in MTR in the CC of children 

with autism, and suggested that this increase may reflect neurodevelopmental abnormalities 

(Gozzi et al., 2012). Similarly, the present findings are consistent with previous claims that 

brain development may contribute to the pathogenesis of HD, as a precursor to the more global 

neurodegeneration process (Barnat et al., 2020; Jin et al., 2015; Nopoulos et al., 2010; Phillips 

et al., 2014). Importantly, the fact that no atrophy or changes in axon density were detected in 

the CC, suggests that such an increase in MTR is likely due to actual changes in myelin rather 

than to an impairment in WM growth, which has previously been suggested as pathological 

mechanism in HD (Phillips et al., 2014).  

Another possible explanation for this result is the presence of homeostatic 

remyelination in the HD brain. As the apparent myelin component presented high loadings on 

MTR, this interpretation is consistent with evidence that MTR decreases with acute 

demyelination and increases with remyelination (Deloire-Grassin et al., 2000; Dousset et al., 

1992, 1995).  
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While compensatory increases in MRI proxies of myelin content have not been 

previously reported in HD, a study on Parkinson’s disease patients reported increased myelin 

volume fraction in frontal and temporal WM and in the thalamus (Dean et al., 2016). 

Accordingly, the presence of a trend for positive associations between apparent myelin content 

and composite cognitive scores further indicates that the increases in apparent myelin might 

reflect a compensatory response to HD-associated myelin abnormalities, which in turn helps 

to maintain function. This is in accordance with what was observed in terms of cognitive 

changes in the HD sample (Klöppel et al., 2009).  

 Notably, although remyelination processes may successfully compensate for myelin 

loss during the premanifest HD stage, these may start failing in later years (Di Paola et al., 

2014; Phillips et al., 2014), either because of oligodendrocyte dysfunction early in the disease 

course impairing remyelination (Bartzokis et al., 2007), or because the homeostatic increase in 

oligodendrocytes causes significant increases in ferritin iron content, in turn leading to 

oxidative stress (Bartzokis et al., 1999, 2007; Bartzokis & Tishler, 2000).  

Both the proposal of homeostatic remyelination and of excessive myelin production in 

the early stages of HD are in agreement with the significant interaction effect detected between 

group and age on apparent myelin scores. This indeed suggests that while scores on this 

component are higher in younger patients, the opposite is true for older HD patients, which 

likely present increased disease burden. Additionally, both of these explanations are in 

agreement with findings from neuropathology showing increased density of oligodendrocytes 

in premanifest HD (Gómez-Tortosa et al., 2001) and that mHTT directly alters the proliferation 

property of cultured oligodendrocyte precursor cells (OPCs) with the degree of cell 

proliferation of OPCs increasing with pathological severity and increasing CAG repeat length 

(Jin et al., 2015).  
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However, the proposal of excessive myelination in HD is not consistent with 

histological findings from animal studies. For example, OPCs isolated from neonatal HD 

mouse brains and derivative oligodendrocytes show deficits in the levels of myelin-related 

genes (Teo et al., 2016). Similarly, HD mice present alterations in myelin sheaths which are 

paralleled by reduced expression of myelin-related genes (Blockx et al. 2012; Jin et al. 2015; 

Xiang et al. 2011). Finally, inactivation of mHTT within oligodendrocytes prevents myelin 

deficits in mouse models of HD, possibly due to improved cholesterol metabolism and 

increased transcription of myelin regulator factor (Bardile et al., 2019). Therefore, if considered 

in the context of the existing literature, the present findings are likely due to a dysregulation of 

the temporal profile of myelination and to deficient, rather than excessive, myelination as an 

important early pathogenic event in HD (Jin et al. 2015). Nevertheless, most experimental 

evidence about histological abnormalities in HD is based on mouse models (Xiang et al., 2011) 

and thus future studies following young premanifest subjects longitudinally should address the 

possibility of toxic myelin levels in the premanifest HD brain because of pathological CAG 

repeats size. 

Overall, the above findings demonstrate measurable and significant differences in 

callosal apparent myelin before changes in proxy metrics of axon density can be detected. 

Additionally, these changes seem to be present before morphometric alterations, indicating that 

microstructural changes in the callosum are present prior to frank neurodegeneration and may 

instead reflect early neuronal dysfunction (Rosas et al., 2010) or a neurodevelopmental 

component to the pathogenesis of HD (Jin et al., 2015). Finally, they suggest that alterations in 

the callosum in HD follow both a topologically and temporally specific pattern of degeneration. 

Specifically, decreased apparent myelin in the most posterior areas, through which fibres from 

visual systems transverse, suggests that these regions are the first to be affected in the disease, 

either because of a failure in homeostatic responses to myelin impairment or because of toxicity 
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associated with increased myelin content. The visual system is functionally critical early in life 

and in this system myelination occurs early and progresses rapidly (Yakovlev, 1967). 

Additionally, this system is highly dynamic and is associated with big energetic demands. As 

metabolic dysfunction and alterations in energetics play important mechanistic roles in HD 

(Beal, 2005; Browne, 2008), these changes may contribute to the earlier myelin impairment in 

this callosal portion. 

 

3.6.4. Whole-brain analysis with TBCA reveals WM microstructure 
alterations in the posterior CC, the left CST and the right fronto-
striatal projections 

Another strength of the present work consisted in moving beyond TBSS analysis and 

using TBCA to obtain the anatomical specificity required to disentangle distinct clusters 

belonging to different anatomical tracts (Luque Laguna, 2019). This approach was meaningful 

because of evidence showing widespread WM volume loss in HD (Aylward et al., 2011; 

Beglinger et al., 2007; Ciarmiello et al., 2006; Paulsen et al., 2008; Rosas et al., 2006; Tabrizi 

et al., 2009, 2011, 2012), and the concept of compensatory networks in response to 

neurodegeneration (Klöppel et al., 2009). 

Consistent with the tractometry results, a significant decrease in MTR in the most 

posterior portion of the corpus callosum was detected in the HD group, lending support to a 

decrease in apparent myelin in this region in HD patients. Additionally, again in agreement 

with the tractometry analysis, a trend for a positive association between MTR in the posterior 

CC and CAG repeat length was detected. However, no increases in apparent myelin were found 

in the more anterior segments. This may be due to the increased power afforded by tractometry 

approaches in combination with PCA, compared to the much more stringent correction for 

multiple comparisons carried out in TBCA. 
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Clusters of significantly higher FA were detected in the HD group in the right fronto-

striatal projections. In the previous literature, neurodegenerative disorders have normally been 

associated with decreased FA in major WM pathways, which has been attributed to WM 

degeneration, demyelination, reduced gliosis or axonal damage as a result of GM loss (Assaf, 

2008; Concha et al., 2006). In this study, higher FA might reflect early compensatory 

mechanisms associated with increases in axonal density in this pathway. However, this 

explanation is unlikely, as no significant differences were detected in FR. Interestingly, a study 

on early HD patients showed that, despite the widely shown neuronal loss in this area, selective 

degeneration of specific WM tracts was reflected by higher anisotropy values and a paradoxical 

increase in microstructural organization, (Douaud et al., 2009). Results from the present study 

lend support to this suggestion and indicate that WM degeneration in this area is already present 

at the premanifest stage of the disease. 

With TBCA, a significant increase in FR along most of the left CST was also detected. 

This tract is composed of descending WM tracts, with half of them arising from the primary 

motor cortex, and is anatomically linked to the basal ganglia (Kandel et al., 2000; Schultz, 

2001). From a functional point of view, the CST conducts motor impulses from the brain to 

the spinal cord, and plays an essential role in voluntary movement (Kandel et al., 2000; Schultz, 

2001). Even though the hallmark symptom of HD concerns purposeless, involuntary choreic 

movements (Folstein, 1989), alterations in voluntary movement are also present in premanifest 

HD patients, such as deficits in self-paced timing motor tasks (Rowe et al., 2010). This 

therefore stresses the connection between HD and the CST, and suggests that alterations in this 

tract may play an important role in the disease. 

Previous studies have demonstrated reduced WM volume in the internal capsule, which 

forms part of the CST, of manifest HD patients (Fennema-Notestine et al., 2004; Nave et al., 

2010). Accordingly, increases in FR detected in this study might reflect the loss of non-



 

 137 

neuronal cells, in turn leading to axons being pushed together (Rattray et al., 2013). 

Alternatively, such result might reflect axonal swelling (Marangoni et al., 2014). Consistent 

with this suggestion, previous evidence demonstrated increased iron levels in the left CST of 

premanifest HD patients (Phillips et al., 2015), interpreted as indicating an homeostatic 

increase in oligodendrocytes to repair myelin damage. In turn, myelin damage leads to axon 

swelling (Payne et al., 2012). It might also be that fibre bundles develop differently to start 

with because of the genetic mutation, and this is consistent with evidence of morphological 

alterations in the neurons of R6/2 HD mice, which present smaller diameter dendritic shafts, 

smaller somatic cross-sectional areas, and decreased diameter of the dendritic fields (Klapstein 

et al., 2001). Finally, increased FR might reflect the presence of a process of reorganization 

and compensatory pruning of axons in WM, such as pathologically-driven reduced collateral 

branching or morphological alterations of individual axons. Consistent with this suggestion, 

Zhang and colleagues (2018) revealed increased coherence of axonal organization in 

premanifest HD patients, as suggested by a smaller orientation dispersion index (OD), in tracts 

surrounding the basal ganglia and in the internal and external capsule. 

  Importantly, the finding of increased FR in the left CST is consistent with the leftward-

biased GM loss present in the striatum of HD patients (Muhlau et al., 2007) and with the 

leftward asymmetry of brain iron in aging and motor disorders, which has been ascribed to 

motor lateralization (Langkammer et al., 2010; Xu et al., 2008). Nevertheless, future studies 

are needed to determine whether this is an important finding to understand HD pathology.  

 

3.6.5. Methodological considerations 

It is important to note that the MTR is influenced by a complex combination of 

biological factors (including T1), making it difficult to separate the effects of reduced 

macromolecular density because of demyelination and/or axonal loss, or increased water 
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because of oedema and/or inflammation (Deloire-Grassin et al. 2000; Dousset et al. 1992, 

1995; Gareau et al. 2000). As such, it is impossible to pinpoint which pathological processes 

are responsible for the decreased MTR observed in the isthmus of HD patients. Similarly, 

factors other than increased myelin content have been shown to affect MTR increases, such as 

non-myelin macromolecules (e.g. in neuroinflammation) (Bells 2012).  

Previous research speculated that physical degradation of myelin early in Wallerian 

degradation may cause an increase in the available sites for magnetization transfer, thus 

contributing to the rise of MTR (Lexa et al., 1994). Other potential explanations include 

increases in axonal protein content or vesicle concentration from interruption of axoplasmic 

transport (Lexa et al., 1994). However, in this study no significant differences between patients 

and controls were detected in the axon density component. Overall, though an attempt was 

made to control for confounding elements by, for example, including FWF as a factor in the 

analyses, and complementing MTR with other microstructure-sensitive metrics, these results 

require replication in future studies; additionally, future investigations may benefit from 

utilising more quantitative measures such as qMT (Henkelman et al., 1993) to assess myelin 

alterations in the premanifest stage of HD. 

Additionally, it is challenging to estimate the contribution of smaller axons to the 

diffusion signal (Drakesmith et al., 2019). Though this work utilised ultra-strong gradients (300 

mT/m), therefore allowing the contribution of axons with a diameter as small as 3 μm  to be 

assessed (Drobnjak et al., 2016; Nilsson et al., 2017; Sepehrband et al., 2016), the majority of 

axons in the brain have a diameter smaller than 1μm (Aboitiz et al., 1992; Caminiti et al., 2013; 

Liewald et al., 2014; Sepehrband et al., 2016). Because of this, changes in later myelinating 

WM areas (such as the anterior portions of the CC), which are characterized by small and thinly 

myelinated axons, may have not been appropriately reflected by variation in FR. Hence, there 

is a possibility that increases in MTR observed in the anterior portions of the CC may have 
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reflected decreased axonal density in this area, rather than compensatory remyelination. 

However, the lack of significant changes in other measures, such as AD or RD, suggests the 

absence of significant axon changes in the HD sample. 

Finally it has to be noted that, because of the way FR is computed, this measure is best 

described as the “T2-weighted restricted signal fraction”. This in turn implies that a change in 

T2 relaxation (for example because of altered tissue water or myelin content) may be interpreted 

as a difference in FR when this measure was actually not altered.  

Nevertheless, this is the first time that increases in this measure have been detected in 

premanifest HD patients, pointing to the potential of FR as in vivo MRI marker of HD-

associated neural changes during the premanifest disease stage. Importantly, while the trend 

for a positive association between FR in the CST and cognitive performance suggests that this 

alteration may reflect a compensatory response, rather than a disease-related change, future 

studies are needed to clarify the neurobiological underpinning of this finding. For example, 

future research should investigate HD-associated changes in tract volume, axon diameter 

distribution and g-ratio in the CST, and the longitudinal evolution of changes in the HD brain. 
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Chapter 4  
Frequency difference mapping quantifies myelin 

breakdown in premanifest HD 

 

4.1. Chapter summary 

Frequency difference mapping (FDM) (Tendler & Bowtell, 2019; Wharton & Bowtell, 

2013), an MRI-based phase-processing technique, has been shown to quantify myelin in vivo, 

therefore pointing to the potential of this technique for the study of WM myelin changes in 

health and disease (Li et al., 2016; Wisnieff et al., 2015). This study first characterized the 

reproducibility of FDM-based metrics across the CC in healthy participants, finding highest 

reproducibility in the posterior callosal segment. Subsequently, FDM was applied for the first 

time to investigate myelin breakdown in vivo in this callosal region in a sample of premanifest 

HD patients compared to age, sex and education matched healthy controls.  

 

4.2. Declaration of collaborations 

The development of the FDM protocol and the processing of the data through the FDM 

pipeline were conducted in collaboration with Dr Elena Kleban (Cardiff University). 

 

4.3. Introduction 

Quantitative MRI of myelin affords valuable insight into myelin alterations and is thus of 

particular interest in the study of myelin-related disorders. Most neuroimaging studies have 

used diffusion tensor magnetic resonance imaging (DT-MRI) to quantify WM tissue properties 

in HD (see Casella et al. 2020 for a review). However, while sensitive, DT-MRI measures are 
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not specific to WM sub-compartments, challenging the interpretation of any observed change 

in these indices (De Santis et al., 2014; Wheeler‐Kingshott & Cercignani, 2009).  

On the other hand, other MRI techniques have the promise to provide much more 

myelin-specific information (MacKay & Laule, 2016). For example, myelin water imaging 

(MWI) quantifies the fraction of the faster decaying signal from water trapped between myelin 

lipid bilayers (Mackay et al., 1994), the so-called myelin water fraction (MWF). MWF has a 

good correlation with histological measurements of myelin, demonstrating its potential as an 

in vivo biomarker of myelin content (Laule et al., 2006; 2004; Webb et al., 2003). MWI 

techniques are typically based on spin-echo (MacKay et al., 1994) or multi-echo gradient-

recalled echo (mGRE) sequences (Du et al., 2007). Interestingly, mGRE enables further 

characterisation of the myelin sheath by exploring its interaction with the magnetic field B0, 

which is suggestively dependent on the g-ratio (i.e. the ratio of the inner-to-outer diameter of 

a myelinated axon) (Wharton & Bowtell, 2012).  

A plethora of studies have demonstrated the non-mono-exponential nature of mGRE 

signal evolution with echo time (TE) in WM ( e.g. Sati et al. 2013; Wharton and Bowtell 2012, 

2013), arising from sub-voxel microstructure, with distinct signal components originating from 

water confined to the myelin, intra-axonal and extra-axonal water pools (Cronin et al., 2017; 

Nam et al., 2015b; Nunes et al., 2017; Sati et al., 2013; Tendler & Bowtell, 2019; Thapaliya et 

al., 2017; Wharton & Bowtell, 2012). As a result of the rapid T2* decay of the myelin water 

signal, the frequency of the total signal changes with TE, producing a local, microstructure-

dependent contribution to the signal phase. However, in order to uncover the specific effects 

of microstructure on phase signal evolution, it is necessary to remove TE-dependent signal 

inhomogeneities resulting from non-local field variation, together with other non-TE-

dependent phase changes, such as those due to radiofrequency interaction with the tissue 

(Schweser et al., 2011).  
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For this purpose, FDM has recently been presented as phase-processing technique (Sati 

et al., 2013; Schweser et al., 2011; Tendler & Bowtell, 2019; van Gelderen et al., 2012; 

Wharton & Bowtell, 2013). FDM is performed by comparing frequency maps acquired at short 

and long TEs so as to yield local frequency difference values which depend solely upon the 

underlying tissue microstructure, and in particular upon the local nerve fibre orientation with 

respect to the applied magnetic field. Critically, since both compartmentalization and 

myelination are prerequisites for the generation of frequency differences, FDM has great 

potential for the study of myelin changes in WM (Li et al., 2016; Wisnieff et al., 2015).  

The aim of the present study was to exploit, for the first time in the HD literature, the 

sensitivity of FDM to WM microstructure, and particularly to myelin content, to assess callosal 

myelin changes at the premanifest stage of the disease. Numerous studies have highlighted the 

importance of the CC in neurological and psychiatric disorders (Di Paola et al., 2012; Kim et 

al., 2008; Luders et al., 2007). Additionally, callosal fibers are coherently oriented 

perpendicular to the main magnetic field when the subject is inside the scanner, therefore 

generating the largest possible frequency offsets in the myelin and axonal compartments (Sati 

et al., 2013; Wharton & Bowtell, 2012; Yablonskiy et al., 2014). Importantly, scanning 

participants at high field strength constituted an advantage in terms of signal-to-noise ratio 

(SNR) and signal contrast (MacKay & Laule, 2016). 

Specifically, this study sought to: i. establish the reliability of this method by 

investigating the anatomical variability in the reproducibility of FDM across the callosum at 7 

Tesla; ii. compare two FDM-based myelin-related parameters between premanifest HD 

patients and healthy controls; and iii. assess brain-function relationships in patients by 

exploring correlations between myelin content and cognitive function, as well as proximity to 

disease onset. The two myelin-sensitive metrics assessed were: i. the myelin water signal 

fraction (fm) and ii. the difference in frequency offsets between myelin water pool and axonal 
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water pool (Dw). The former is linked to the myelin volume fraction and may be used as a 

proxy for tissue myelin content (Laule et al., 2008; Li et al., 2015); the latter depends on the 

magnetic susceptibility difference and on the g-ratio (Wharton & Bowtell, 2012). Cognitive 

tests were selected in order to capture functioning across executive functions, working 

memory, social cognition and motor performance (Table 18), as these represent the earliest 

cognitive indicators of HD (Paulsen, 2011), and impaired performance in these domains has 

been associated with callosal microstructure (Kennedy & Raz, 2009; Lenzi et al., 2007; 

McDonald et al., 2018).  

 

4.4. Materials and Methods  
 

4.4.1. Participants  

 

Reproducibility study 

To investigate the anatomical variability in the precision of FDM across the CC, six 

healthy subjects without known neurological or psychiatric conditions (3 female, 26-33 year-

old) were scanned five times over a two-week period each. The study was approved by the 

Cardiff University School of Psychology Ethics Committee and written informed consent was 

obtained from all participants. To take part in the study, participants also had to be eligible for 

MRI scanning. 

 

HD study 

For the assessment of callosal myelin content in premanifest HD, MRI scans and 

cognitive tests were performed on 19 premanifest HD patients and 21 age, sex, and education 
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matched healthy controls. Ethics, recruitment and consent procedures for this study matched 

the ones described for the study in Chapter 3. Of the 21 healthy controls assessed, 16 were 

recruited from Cardiff University and the School of Psychology community panel, while 5 

were patients’ spouses or family members. Of the participants assessed, 23 (N = 9 patients, N 

= 14 controls) took also part in the study described in Chapter 3. 

Similarly to the study described in Chapter 3, patients recruited for this study had data 

available from their most recent assessment from their participation in the ENROLL-HD study, 

thus some of these data were used for this study. Table 15 summarizes information about 

demographic variables and performance in the MoCA (Nasreddine et al., 2005) and in the 

TOPF-UK for patients and controls. Although the two groups did not differ significantly in 

age, MoCA score, or TOPF-UK FSIQ, controls were on average slightly older and had a 

slightly higher IQ. Table 16 summarizes patients’ demographic and background clinical 

characteristics. Based on TMS, all patients were at the premanifest disease stage. Based on 

diagnostic confidence level scores DCL, four patients presented some motor abnormalities, but 

none of them presented unequivocal motor signs of HD. Table 17 summarizes information 

about patients’ medication. 

 

Table 15. Summary of participants' demographic and clinical background information. 

Age is displayed in years. MoCA = Montreal Cognitive Assessment out of 30; the higher the score the 
better the performance. TOPF-UK IQ = verbal IQ estimate based on the Test of Premorbid 
Functioning, UK version.  
 
 HD patients 

(n = 19) 
 

Controls 
(n = 21) 

p-value 

Gender 
male/female (%) 
 

12(63.15)/7(36.85) 10(47.6)/11(52.4) p > 0.05 

Mean age  
(SD, range) 
 

41.61  
(13.1, 21-70) 

45.14  
(12.5, 27-71) 

p > 0.05 

Mean TOPFUK FSIQ 
(SD, range) 

117.19  
(11.58, 98-137.4) 

123.42  
(7.85, 109-131.9)  

p > 0.05 
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Mean MoCA score 
(SD, range) 
 

27.82 
(2.29, 24-30) 

28.16 
(2.00, 26-30) 

p > 0.05 

 
 
 

Table 16. Background clinical information of the patients' cohort. 

CAG = cytosine, adenine, and guanine repeat size. Three individuals with CAG repeats of 37 (n = 1) 
and 38 (n = 2) were included in the current study. As mentioned in Chapter 3, although these individuals 
can be considered “affected”, they may have a lower risk of becoming symptomatic within their life 
span. DBS = disease burden score, a measure of proximity to clinical onset of the disease (Tabrizi et 
al., 2012), calculated as follows: DBS = age × (CAG‐35.5); the higher the DBS, the closer the patient’s 
proximity to disease onset. TMS = Total Motor Score out of 124 from the UHDRS Motor Diagnostic 
Confidence (Motor) – the higher the score stands for the higher the motor impairment. DCL = 
diagnostic confidence level, asks whether the participant “meets the operational definition of the 
unequivocal presence of an otherwise unexplained extrapyramidal movement disorder in a subject at 
risk for HD” (normal/no abnormalities = 0, non-specific motor abnormalities = 1, motor abnormalities 
that may be signs of HD = 2, motor abnormalities that are likely signs of HD = 3, motor abnormalities 
that are unequivocal signs of HD = 4).  
 
CAG (SD, range) 
 

Mean DBS 
(SD, range) 

Mean TMS            
(SD, range) 

Mean DCL            
(SD, range) 
 

41.3  
(2.14, 37-45) 

236.15  
(84.52, 80-450) 
 

3.625 
(5.11, 0-18) 

0.875 
(1.31, 0-3) 

 
 
 
Table 17. Information about patients' medication.  

Out of the 19 patients we assessed, 11 had been on stable medication for four weeks prior to taking 
part in the study. 
 
Patient 
 

Medication 

1 Sumatriptan 10 mg, Albuterol 400 mg, Mirtazapine 15 mg 

2 Zolmitriptan, Loratadine 
 

3 Ethinyl Estradiol 30 mcg, Trimethoprim 400 mg 
 

4 Ibuprofen 10g, Paracetamol 10g 
 

5 Methylprednisolone with Lidocaine 40 mg/ml 
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6 Paracetamol 10 g, Mebeverine 405 mg, Prochlorperazine 15 mg 

7 Formoterol 10 g, Albuterol 10 g, Prochlorperazine 10 g 
 

8 Tamoxifen 20 mg, Venlafaxine 150 mg, Paracetamol and Codeine 10 g, 
Paracetamol 1000 mg, Bisoprolol 5 mg 
 

9 Oxybutynin 1 mg, Desogestrel 10 g, Amitriptyline 10 mg 

10 Budesonide and Formoterol 10 g, Medroxyprogesterone 10 mg 
 

11 Citalopram 30 mg, Aspirin 75 mg, Mometasone spray, Topiramate 50 mg, 
Zopiclone 7.5 mg 
 

 
 

4.4.2. MRI data acquisition and processing  

Imaging protocol 

Complex mGRE data were acquired in a 7 Tesla MRI scanner (Siemens Healthineers, 

Erlangen, Germany), equipped with a 32-channel array-receive coil. A single mid-sagittal 

5mm-thick slice was acquired, with in-plane field of view and resolution of 256×256mm2 and 

1×1mm2, respectively. Acquiring a relatively thick slice afforded higher SNR and greater 

robustness in terms of slice misalignments across scans. The first echo time, echo spacing, and 

repetition time were set to TE1/∆TE/TR = 1.62/1.23/100ms, the flip-angle of the RF excitation 

pulse was 15˚ and a total of 25 bipolar gradient echoes were acquired. 

Pre-processing steps 

The complex data were reconstructed per receive channel, followed by a complex 

multiplication of signals acquired with opposite read-gradient-polarities, in order to remove 

phase shift between adjacent echoes. Image-based coil-sensitivity-estimation was then used to 

perform coil combination. Frequency difference maps were calculated from the phase data to 

correct for linear non-local phase effects of the RF and B0 field inhomogeneities (Tendler & 

Bowtell, 2019). Finally, a 3rd degree spatial polynomial was fitted to the FDM data at each 
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echo to correct for the residual eddy current effects. Figure 23 summarises the pre-processing 

steps. 

 

 

 
 
Figure 23. Schematic representation of the processing pipeline. 

Frequency difference mapping (FDM) allowed removal of the radio-frequency (RF)-related phase 
offsets and linear effect of large-length-scale field perturbations, without perturbing the local non-
mono-exponential white matter signal. 
 
 

Signal analysis 

The corpus callosum was manually segmented from a magnitude mGRE image 

acquired at TE=15ms and further parcellated into anterior, middle and posterior portions as 

shown in Figure 24. Magnitude and FDM data were averaged over each callosal segment.  

 

 
 

 

 

 
 

The corpus callosum (CC) was segmented into three equal portions. Abbreviations: A = anterior; P = 
posterior. 

 

FDM and magnitude signal evolution from each callosal segment were modelled using 

a three-pool-model of complex signal evolution (Figure 8, Chapter 2), where myelin, intra-

axonal and extra-axonal compartments each have different signal amplitudes, decay rates, and 

Reconstruction per
receive channel

Phase correction between
the bipolar echoes

Image-based coil-
sensitivity-estimation

Coil-combination and Frequency
Di↵erence Mapping [7]

1/3

1/3

1/3

A

P

Figure 24. Schematic representation of the callosal segmentation protocol. 
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frequency offsets (Cronin et al., 2017; Nam et al., 2015b; Nunes et al., 2017; Sati et al., 2013; 

Thapaliya et al., 2017): 

 

!(#) = !a(#) + !e(#) + !m(#) ∼ (a ⋅ *!a"*#$!,a
∗ " + (e ⋅ *#$!,e

∗ " + (m ⋅ *!m"*#$!,m
∗ "	. 

 

Here, a, e, and m denote intra-, extra-axonal and myelin water and the complex mGRE signal 

-(.) is a superposition of their signals; / are the signal fractions, 0 are the mean frequency 

offsets to the extra-axonal compartment, and 1'∗  are the transverse relaxation rates. By 

including the frequency offset characteristics of the different water compartments (Sati et al., 

2013; Wharton & Bowtell, 2012), this model offers reliable myelin water estimation (Nam et 

al., 2015b; Sati et al., 2013; van Gelderen et al., 2012).  

2)∗-values of the slow-decaying intra-axonal signal were constrained to 0 because of 

relatively low maximum TE (31ms). This constraint helped reducing the effect of the limited 

number of long TEs on the value estimation uncertainty at a cost of the potential under-

/overestimation of the intra-/extra-axonal water signal fractions, respectively. Non-linear least-

squares fitting was performed with initial parameter estimates and fitting boundaries based on 

previous literature (Sati et al., 2013; Tendler & Bowtell, 2019; Thapaliya et al., 2017; Wharton 

& Bowtell, 2012, 2013). 

Pre-processing and signal analysis were performed in Matlab (Matlab, The Mathworks, 

Natick, MA). 

 

4.4.3. Cognitive tests   

Cognitive performance was assessed in premanifest HD patients and age, sex and education 

matched healthy controls in the following tests: (1) the n-back task (Kirchner, 1958); (2) the 

digit span test from the Wechsler Adult Intelligence Scale-Revised (WAIS-R) (Wechsler, 
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1997); (3) the visual patterns test (Della Sala et al., 1997); (4) the Reading the Mind in the Eyes 

test (Baron‐Cohen et al., 2001), hereafter referred to as the Eyes test; and (5) the speeded finger 

tapping task (Reitan & Wolfson, 2009). Tests (3) and (4) were administered as paper and pencil 

tests, tests (1), (2), (5), and (6) by using the computerized version provided by the Psychology 

Experiment Building Language (PEBL) Test Battery (Mueller & Piper, 2014). A description 

of each task’s procedure has been provided in Chapter 3. In total, 6 cognitive outcome measures 

were obtained, which are summarised in Table 18. 

 

Table 18. Cognitive outcome variables employed to assess patient-control differences in cognition. 

A short description of the task is provided, together with a list of outcome variables and cognitive 
domains assessed. 

 

Task Outcome variable Cognitive process assessed 

N-back 
(Kirchner, 1958) 

Percentage of correct 
responses in the 1) 1-back 
and 2) 2-back condition. 

Encoding, temporary storage 
and updating of stored 
information with new 
upcoming information, 
inhibition of irrelevant items.  
 

Digit span test from the 
WAIS-R (Wechsler, 1997) 
 

Maximum span of digits 
recalled. 

Verbal working-memory 
capacity. 
 

Visual patterns test (Della 
Sala et al., 1997) 
 

Maximum grid size recalled 
correctly. 

Spatial working-memory 
capacity. 
 

Eyes test (Baron‐Cohen et 
al., 2001) 

Number of emotional states 
correctly matched.  

Social cognition and 
mentalising. 
 

Speeded finger tapping task 
(Reitan & Wolfson, 2009) 

Mean number of taps across 
3 trials. 

Motor speed. 
 

 
  



 

 150 

4.4.4. Statistical analysis   

Reproducibility study 

To assess the test-retest reproducibility of the data, the Fréchet distance (Fréchet, 1957) 

between FDM curves was obtained, to measure their similarity. This method takes into account 

the location and ordering of points along the curves. Specifically, given two curves, Q and P, 

the Fréchet distance is defined as the minimum cord-length sufficient to join a point traveling 

forward along P and one traveling forward along Q. Furthermore, the coefficients of variation 

(CVs, the ratio of the standard deviation to the mean) across the 5 visits were computed for fm,, 

wa,m, and Dw for each participant, for each segment. Finally, R package cvequality (Version 

0.1.3, Marwick and Krishnamoorthy 2019) was used to compute the modified signed-

likelihood ratio test for equality of CVs (Krishnamoorthy & Lee, 2014). This allowed to test 

for significant differences between the CVs across the three segments, for each metric.  

HD study 

As greater measurement reproducibility was detected in the posterior segment of the 

CC, this was chosen as area of interest for the assessment of patient-control differences in 

callosal myelin content. Age, but not TOPF-UK IQ, was found to be significantly correlated 

with both fm and Dw, hence age was included as a covariate in the analysis of group effects.  

Specifically, multiple regression analyses were run, assessing the effect of group, age, 

and a group-by-age interaction on fm and Dw, in order to assess whether these metrics could 

disentangle age-related changes from pathologic HD-associated neurodegeneration. 

Regression diagnostics were performed and QQ plots and outlier profiles to detect any values 

above or below the upper/lower boundary of 95% confidence intervals of the slope of the 

regression line examined.  



 

 151 

 PCA was employed to reduce the complexity of the cognitive data and hence the 

problem of multiple comparisons, as well as to increase experimental power. The potential 

confounding effects of age or TOPF-UK IQ on the extracted components were examined. Age 

was included as a covariate in the model, which explored the effect of group, age, and a group-

by-age interaction on the scores on the extracted components. Any significant effect was 

interpreted by referring to the variables with significant component loadings, as identified by 

values equal to or greater than 0.5 (Figure 29). 

 As a significant group effect was detected on fm, Spearman rho correlation coefficients 

were calculated in patients between this metric, CAG, DBS, and scores on the first cognitive 

component (i.e. the component capturing the greatest amount of variability in the data), to 

assess disease-related brain-function relationships. Multiple comparisons correction was 

carried out with the Bonferroni correction with a family-wise alpha level of 5% (two-tailed). 

Significant correlations were further assessed with partial correlations to control for age as 

potentially mediating variable.  

All statistical analyses were carried out in R Statistical Software (Foundation for 

Statistical Computing, Vienna, Austria) and Matlab (Matlab, The Mathworks, Natick, MA). 

 

4.5. Results 

 

4.5.1. The precision of FDM in the corpus callosum is anatomically variable  

Figure 25 shows an example of FDM and magnitude signal evolution as a function of TE, 

for anterior/middle/posterior callosal segments, and the corresponding images at TE=15ms for 

five visits. 
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Analysis of curve similarity (Figure 26) and fitting parameter repeatability (Figure 27, 

Table 19) suggested greater reproducibility of measures in the posterior callosal portion as 

compared to the anterior sections. This is shown by generally lower Fréchet distance values 

and by overall low coefficients of variation calculated for the fitting parameters, which ranged 

between 3.72% and 12.02%, in this region (Table 19). The modified signed-likelihood ratio 

test for equality of CVs confirmed that CVs in the posterior callosal segment were significantly 

smaller across all measures [fm: p = 0.021; wa/2p (Hz): p < 0.001; wm/2p (Hz): p < 0.001; 

Dw/2p)  (Hz): p = 0.020].  
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Figure 25. Example reproducibility data from on representative subject. 

The top image shows callosal parcellation overlaid on a magnitude image; the plots show frequency 
difference and magnitude of signal as function of echo time (TE) for anterior/middle/posterior callosal 
segments; corresponding frequency difference and magnitude images at TE=15ms for five visits are 
shown at the bottom. 
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Figure 26. Assessment of the similarity of frequency difference curves. 

Top: Fréchet distance matrices from a representative participant for the three callosal segments. 
Bottom: Repeatability of frequency difference evolution across five visits for all subjects.  
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Figure 27. Fitting parameters estimated from the three-pool model, grouped for all subjects. 

Colors represent the three callosal segments (red/green/blue for anterior/mid/posterior segments, 
respectively). The first plot shows signal fractions of myelin, intra-/extra-axonal water; the frequency 
offsets are displayed in the middle plot; the last plot shows the relation rates of myelin and extra-axonal 
water signals.  
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Table 19. Coefficients of variation of the fitting parameters 

Reproducibility of myelin water signal fraction (fm), frequency offsets of axonal (wa/2p) and myelin 
(wm/2p) water pools, and difference in frequency offsets between myelin and axonal water pools 
(Dw/2p)). Means, standard deviation (SD) and coefficients of variation (CV) are reported for each 
value, across the different segments. 
 
Metric 
 

Callosal 
segment 

Mean SD CV (%) 

fm 
wa/2p (Hz) 
wm/2p (Hz) 
Dw/2p (Hz) 

 
 
Segment 1 

0.15 
-7.9 
27.1 
38.41 

0.08 
2.0 
10.2 
7.95 

49.14 
24.84 
37.01 
23.02 
 

fm 
wa/2p (Hz) 
wm/2p (Hz) 
Dw/2p (Hz) 

 
 
Segment 2 

0.15 
-7.9 
27.1 
35.21 

0.04 
1.1 
4.4 
3.70 

26.98 
13.42 
16.60 
11.00 
 

fm 
wa/2p (Hz) 
wm/2p (Hz) 
Dw/2p (Hz) 

 
 
Segment 3 

0.16 
-8.5 
27.3 
35.74 

0.02 
0.6 
2.1 
1.80 

12.02 
7.07 
7.61 
5.10 
 

 

4.5.2. FDM reveals HD-related myelin changes in the posterior segment of 
the CC 

Figure 28 plots the relationship between age and fm, and between age and Dw, split by 

group, in Segment 3 of the CC. Group and age explained 45% of the variance in fm (R2 = 0.45, 

F(4, 35) = 7.18, p < 0.001). Specifically, it was found that group significantly predicted fm 

values in this portion of the CC (β = -1.00,  p = 0.03), as did age (β = -0.82, p < 0.001). 

However, no significant group-by-age interaction effect was detected (β = 0.82, p = 0.08). 

Overall, HD patients presented a flatter age-related variation in this metric, with values being 

overall lower, especially in younger subjects.  

On the other hand, age and group explained 31% of the variance in Dw (R2 = 0.31, F(4, 35) 

= 3.87, p = 0.01). Age was found to be a significant predictor of variance in this metric (β = 

0.55, p = 0.009), so that being older was associated with a greater Dw in this sample. However, 
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belonging to the patient or the control group did not have a significant effect on this measure 

(β = 0.13, p = 0.823). 

 

 

 

Figure 28. Relationship between age and the myelin water signal fraction (fm), and between age 
and the frequency offsets between myelin and axonal water pools (Dw) in the posterior callosal 
segment, split by group. 

 
Top: Parcellation of segment 3 of the corpus callosum (CC) overlaid on a magnitude image; for 
parcellation, the same protocol as the one detailed in the reproducibility study section was utilized. 
Left: Regression plot showing the relationship between age and fm, split by group. Both age and group 
were significant predictors of variance in fm. No significant interaction effect was detected. Right: 
Regression plot showing the relationship between age and Dw, split by group. Age was a significant 
predictor in the model, while group did not significantly predict variance in this metric. No significant 
interaction effect was detected. HD data points are colored by cytosine-adenine-guanine (CAG) repeat 
size: older HD carriers presented shorter CAG repeat mutation and a trend for a greater overlap in fm 

with values of age-matched healthy controls, indicating that CAG repeat size may directly affect myelin 
content in premanifest HD.  
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4.5.3. Premanifest HD is associated with greater age-related decline in 
executive functions  

With PCA of cognitive test scores, three components were extracted that explained 77.7% 

of the variability in performance in the administered tests (Figure 29). The first component 

loaded positively on variables from the n-back task, and was therefore summarized as 

“executive function/updating” component. Principal component 2 (PC2) was summarised as 

“visuo-spatial motor function” component. Finally, PC3 was summarized as “verbal working 

memory capacity” component as this loaded mostly on the digit span task.  

No significant main effect of group (although a trend was present) (β = 1.9, p = 0.059) or 

age (β = 0.004, p = 0.815) on the executive function/updating component was detected, but a 

significant interaction effect was present between group and age [β = -0.06, p = 0.006, R2 = 

0.52, F(3,28) = 10.6, p = 0.006], indicating that while younger HD patients presented executive 

function scores which tended to overlap with those of healthy controls, the gap in performance 

between the two groups was significantly larger in older participants (Figure 30, left).  

On the other hand, the main effects of group (β = -1.71, p = 0.232) and age (β = -0.036, p 

= 0.142), and the interaction effect between group and age (β = 0.03, p = 0.311) on the visuo-

spatial motor function component were not significant [R2  = 0.09, F(3,28) = 0.94, p = 0.432]. 

Similarly, there was not a significant main effect of group (β = 0.03, p = 0.821) and age (β = 

0.03, p = 0.15), nor a significant interaction effect between group and age (β = -0.003, p = 

0.911) on the verbal working memory capacity component [R2  = 0.14, F(3,28) = 1.63, p = 

0.201]. 
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Figure 29. Principal component analysis (PCA) of the cognitive data with varimax rotation. 

Left: PCA scree plot. Right: Plot summarizing how each variable is accounted for in every principal 
component (PC). The absolute correlation coefficient is plotted. Color intensity and the size of the 
circles are proportional to the loading. Three components explaining over 77% of the data variability 
were extracted. PC1 loaded on n-back task performance and was therefore summarized as “executive 
function” component; PC2 was summarized as “visuo-spatial motor function” component; PC3 loaded 
on digit span task performance and was therefore summarized as “working memory” component. 7 
control cases did not complete all tests and were therefore excluded from the PCA. The final sample 
size for the PCA was n=19 for the HD group and n=14 for the control group. 

 

 

4.5.4. Interindividual differences in myelin content in the posterior callosum 
relate to executive function but not to proximity to disease onset in 
premanifest HD patients 

There was a significant positive correlation between the patients’ inter-individual variation 

in fm and their scores on the executive component (r = 0.54, p = 0.011, corrected p = 0.041) 

(Figure 30, right); although a positive trend remained, this relationship was no longer 

significant after partialling out age  (r = 0.37, p = 0.131). Additionally, there was no association 

between inter-individual variation in fm and proximity to disease onset as measured with DBS 

(r = -0.09, p = 0.682, corrected p = 1), nor inter-individual variation in fm and CAG repeat size 

(r = 0.36, p = 0.131, corrected p = 0.392). 
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Figure 30. Relationship of executive function with age and myelin water signal fraction (fm). 

Left: Relationship between executive function scores and age, in patients and controls. A significant 
interaction effect between group and age was detected, suggesting that the group difference in executive 
function scores is larger at later ages. HD data points are colored by disease burden score (DBS). 
Older HD patients tend to be closer to disease onset, possibly confounding the effect of age on this 
measure. Right: Relationship between fm and executive function scores in patients. Data points are 
colored by DBS. A significant positive correlation was found between fm and executive function scores.  
 

 

4.6. Discussion 

 

4.6.1. Reproducibility of the FDM signal across the CC 

The reproducibility of FDM in the CC was found to be anatomically variable, and 

fitting parameters were shown to be more precise in the posterior callosal portion. Lower 

reproducibility of the data in the anterior portions of the CC could be attributed to in-flow 

artifacts from the anterior cerebral artery (Nam et al., 2015a; Tendler & Bowtell, 2019). 

Potential solutions and their limitations have been discussed in previous work, such as the 

application of flow saturation RF pulses to the inferior portion of the head (Nam et al., 2015a).  

The estimated fitting parameters for the intra-axonal and myelin water frequency 

offsets ( -7.9 to -8.5 Hz and 27.1 to 37.4 Hz, respectively) and the myelin water signal fraction 
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(0.15 to 0.16) were consistent with previously reported values (Sati et al., 2013; Tendler & 

Bowtell, 2019; Thapaliya et al., 2017; Wharton & Bowtell, 2012). On the other hand, the 

relative signal fraction between intra- and extra-axonal compartments was lower than in other 

studies (Tendler & Bowtell, 2019). This could be attributed to the constraint placed on the 

intra-axonal water R2* when modelling the data, which was introduced in order to reduce the 

effect of the limited number of long TEs on the value estimation uncertainty. 

 

4.6.2. Application of FDM to assess myelin content in premanifest HD 

Significantly lower fm values were observed in premanifest HD patients compared to 

healthy controls, suggesting the presence myelin impairment (Bartzokis et al., 2007). Previous 

animal studies have already shown a link between HD pathology and changes in myelin-

associated biological processes at the cellular and molecular level (Bardile et al. 2018; Huang 

et al. 2015; Jin et al. 2015; Teo et al. 2016). Crucially, however, previous in vivo investigations 

of WM changes in HD have predominantly employed indices from DT-MRI (Pierpaoli and 

Basser 1996), or magnetization transfer ratio (MTR) imaging (Henkelman, Stanisz, and 

Graham 2001). These indices may be influenced by a multitude of processes affecting tissue 

microstructure and biochemistry (Beaulieu 2002; De Santis et al. 2014; Harsan et al. 2006; 

Wheeler‐Kingshott and Cercignani 2009). In contrast, this study exploited FDM and a three-

pool modelling of the mGRE signal to afford improved WM compartmental specificity, and 

estimate fm as a marker of myelin content. Importantly, histological evidence shows that this 

metric is less sensitive to concomitant pathological processes such as inflammation (Gareau et 

al. 2000), suggesting that this may be a more specific measure of tissue myelination. These 

results highlight the potential of fm in helping to better understand HD pathogenesis and 

progression, and gain further insight into the biological basis of WM microstructural changes 

in the HD brain. Additionally, they suggest the presence of demyelination of the posterior 
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callosum as an early feature of HD progression and are consistent with lower MTR values 

observed in this area in Chapter 3. Finally, these findings are consistent with evidence from a 

quantitative magnetisation transfer study (Bourbon-Teles et al., 2019), which demonstrated 

reductions in the macromolecular proton fraction - a myelin sensitive measure - in HD patients.  

There was not a significant group effect on Dw, while this parameter was shown to 

significantly increase with age. Based on the model proposed by Wharton and Bowtell (2012), 

this might reflect two processes: i. the g-ratio decreases with age; ii. the magnetic susceptibility 

difference between the myelin sheath and the extra-axonal pool increases with age. The first 

suggestion contradicts previous studies showing increased g-ratio with age (Peters, 

2009). However, as fibres with smaller diameters tend to have slightly lower g-ratios (Berthold 

et al., 1983), a selective loss of large-diameter axons would lead to an overall reduced voxel-

averaged g-ratio (Cercignani et al., 2017). This scenario is a plausible explanation of the 

present finding, as fibres in the posterior portion of the CC are predominantly large and early 

myelinated (Aboitiz et al., 1992). Additionally, an increase in iron-containing glial cells in the 

surrounding extra-axonal space could result in the increase of the susceptibility difference 

between myelin sheath and the extra-axonal space. This is consistent with evidence showing 

that over the course of aging, iron accumulates in the brain (Connor et al., 1990; Dexter et al., 

1991; Jellinger et al., 1990; Zecca et al., 2004). 

With regards to the cognitive assessments, results from the present work indicate that 

executive functions, and specifically the updating of relevant information, tend to deteriorate 

to a larger extent with age in HD patients, compared to controls. Nevertheless, these results 

might have been confounded by stage of disease progression, as older participants presented a 

higher DBS. However, these results are consistent with the cognitive deficits detected in the 

study described in Chapter 3. Understanding the nature of cognitive deficits associated with 

HD pathogenesis and progression provide useful guidance for future research into the efficacy 
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of cognitive training and rehabilitation approaches in HD (Andrews et al., 2015). The present 

findings suggest that such approaches might be more effective early in the lifetime and in 

disease progression. 

In the present study, it was also found that patients’ inter-individual variability in fm 

was positively associated with their scores on the executive/updating component. This is 

consistent with the positive association between apparent myelin and cognitive performance 

detected in Chapter 3. Although anterior, rather than posterior, callosal portions have been 

normally associated with frontal‐lobe‐mediated executive functions (e.g. Jokinen et al. 2007), 

posterior callosal fibres are connected to posterior parietal areas of the brain (Goldstein et al., 

2020); these areas have been associated with top-down modulation during inhibition and 

attention processes (e.g. Erickson et al. 2009; Hopfinger, Buonocore, and Mangun 2000), 

which are recruited during maintenance and updating of relevant information. It is therefore 

plausible that microstructural variation in this callosal segment may impact performance in this 

cognitive domain. Additionally, although a positive trend remained, this relationship was no 

longer significant after partialling out age, stressing the important role of aging in both myelin 

content in the brain, and executive functioning (Grieve et al., 2007; Guttmann et al., 1998; Lintl 

& Braak, 1983; Pakkenberg et al., 2003).  

Interestingly, no association was found between inter-individual variation in fm and 

proximity to disease onset as measured with DBS. Again, this is consistent with the lack of 

association between apparent myelin variation in patients and DBS shown in Chapter 3. This 

suggests that myelin differences may precede the onset of clinical symptoms in HD, and may 

not directly relate to disease stages, pointing to a neurodevelopmental effect of the mutation on 

myelin content. 
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4.6.3. Conclusions, future directions and methodological considerations 

In summary the present study exploited, for the first time in HD research, the sensitivity 

of FDM to quantify myelin changes in premanifest HD. Results stress the potential of this 

marker in helping to better understand HD pathogenesis and progression, and provide original 

in vivo evidence for reductions in fm, a proxy MRI marker of myelin, in human premanifest 

HD. Expanding on evidence from pathology and animal studies, these results suggest that 

myelin breakdown is an early feature of HD progression. 

The present findings were based on a relatively small sample size and warrant 

replication in larger samples. In addition, future studies should assess HD-related changes in 

fm longitudinally rather than cross-sectionally, and investigate how these changes relate to 

clinical symptoms over time, to further understand the utility of this metric as a marker of early 

disease development and progression. Moreover, this study utilised a single-slice technique, 

and investigated a small portion of the CC, thus limiting the assessment of global diffuse tissue 

damage. Of special interest for future investigations might be to increase brain coverage and 

assess how fm changes may differentially impact early and later myelinating regions in the 

premanifest HD brain. With regards to the observed increase of Dw with age, MR axon radius 

mapping using diffusion MRI and ultra-strong gradients (Veraart et al., 2020) may help 

elucidate whether a selective loss of large-diameter axons is producing this effect.
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Chapter 5  
MRI assessment of WM microstructure in the R6/1 mouse 

model of HD: a high-resolution, ex vivo study 

 

5.1. Chapter summary 

The aim of this Chapter was to assess WM microstructure alterations in the transgenic R6/1 

mouse model of HD. Processing and analyses methods similar to those used in the patient 

cohort in Chapter 3 were employed, to increase the translational validity of findings. 

Differences in the macromolecular proton fraction (MPF) from quantitative magnetization 

transfer (qMT) (Henkelman et al., 1993) as a proxy measure of myelin content, and the 

restricted volume fraction (FR) from CHARMED (Assaf & Basser, 2005) as a proxy marker 

of axon density (De Santis et al. 2014) were investigated ex vivo between R6/1 and age- and 

sex-matched WT littermates. Group differences in FA, AD and RD from DT-MRI (Pierpaoli 

and Basser 1996) were also assessed. A tractometry approach (Bells et al. 2011; Jones et al. 

2005, 2006) was employed to investigate region-specific changes across the CC. Furthermore, 

voxel-based morphometry (VBM) and tract-based spatial statistics (TBSS) were used to 

explore brain-wise WM macro- and microstructure abnormalities in this model. Results were 

examined alongside transmission electron microscopy (TEM) results, with the aim to further 

elucidate the nature of WM alterations associated with this mouse line. 
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5.2. Declaration of collaborations 

The development of the MRI protocol and the processing of the data was carried out 

with the support of Dr Greg Parker (Cardiff University). For the TEM analysis presented in 

this Chapter, the samples were processed and data were collected by Dr Christopher Von 

Ruhland at the Central Biotechnology Services in Cardiff University. 

 

5.3. Introduction 

The discovery of the mutation responsible for HD in 1993 (MacDonald et al., 1993) has 

allowed the generation of various animal models of this disease. Mice in particular, have been 

the mammal of choice for modelling disease-related phenotypes because of the skills we have 

acquired in manipulating their DNA. The study of animal models allows to move closer to a 

better understanding of the molecular and cellular mechanisms underlying disease 

pathogenesis and progression (Duty & Jenner, 2011). Critically, MRI studies on animal models 

enable greater translational validity through comparison of imaging findings in clinical 

populations and animal models of the respective disease (Hoyer et al., 2014), together with 

allowing validation of MR measurements with histological analysis.  

This Chapter describes an MRI study of the R6/1 transgenic model of HD. The R6/1 and 

R6/2 mouse lines were the first transgenic mouse models developed to study HD. They both 

express exon 1 of the human HD gene with approximately 115 and 150 CAG repeats, 

respectively (Mangiarini et al., 1996). Both R6/1 and R6/2 mice display a range of HD-like 

behavioural and regulatory changes that develop gradually. Any behavioural changes that 

occur in R6/2 mice seem to appear also in R6/1 mice, but the disease onset is delayed by several 

weeks in R6/1 mice, and there is a slower progression of the symptoms, due to shorter CAG 
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repeats and lower expression rate of the mutant transgene (31% versus 75%) (Mangiarini et al., 

1996; Menalled, 2005).  

R6/1 mice exhibit age-related progressive changes in both motor and cognitive 

performance from as early as 2-3 months of age (Brooks et al., 2012) and age-related GM brain 

atrophy and mutant huntingtin accumulation (Bayram-Weston et al., 2012). However, 

compared to the R6/2 line and other lines, fewer descriptions of the progressive pathologies 

exhibited by R6/1 mice exist, and the association between the molecular and cellular 

neuropathology with brain atrophy, and with the development of behavioural phenotypes, 

remains poorly understood in this model of HD. Crucially, despite evidence for GM pathology 

in R6/1 mice, no studies published so far have performed an MRI characterization WM 

microstructure alterations in this model. One previous study looking at gross volumetric 

changes in R6/1 mice, reported sparing of WM in this model, with no detectable differences in 

CC volume at either 9 or 17 weeks of age (Rattray et al., 2013). Hence, because of the lack of 

literature on pathological changes in brain structure in this model, findings in the present study 

will also be interpreted in light of previous findings from the R6/2 line. 

The assessment of both macrostructural and microstructural changes in WM was performed 

ex vivo on the brains of 4 month old mice, to represent the early symptomatic stage of HD 

(Brooks et al., 2012; Rattray et al., 2013). Post-mortem imaging enabled longer scan times and 

limited the potential challenges commonly affecting live scanning, such as movement artefacts. 

This in turn allowed data to be acquired with higher resolution, signal-to-noise and contrast-

to-noise ratio (Holmes et al., 2017). An effort was made to ensure that processing and analyses 

approaches were as similar as possible to those used in the patient cohort in Chapter 3, to 

increase the translational validity of findings.  

Thus, WM microstructural differences in R6/1 mice were explored by combining FA, AD 

and RD from DT-MRI (Pierpaoli and Basser 1996), with MPF from qMT (Henkelman et al., 
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1993) as a proxy measure of myelin, and FR from CHARMED (Assaf & Basser, 2005) as a 

proxy measure of axon density (De Santis et al. 2014), in an attempt to disentangle the 

contribution of changes in axon microstructure versus myelin to HD pathology. Importantly, 

MPF from qMT allowed improved sensitivity to myelin compared to MTR, which was 

measured in premanifest HD patients in Chapter 3 (Thiessen et al., 2013; Turati et al., 2015). 

Similar to the patient study, the analyses comprised tractometry assessments (Bells et al. 2011; 

Jones et al. 2005, 2006) of different segments of the CC and whole brain investigations of WM 

carried out with both VBM and TBSS approaches. Additionally, a strength of the present 

experimental work involved the ultrastructural characterization of axons in the CC using TEM, 

with the aim to complement the MRI assessment and to further elucidate WM alterations in 

this mouse model. 

 

5.4. Materials and Methods  

 

5.4.1. Mice 

All experimental procedures in this study followed protocols in accordance with the United 

Kingdom Animals (Scientific Procedures) Act of 1986. All experimental procedures performed 

on mice were approved by Cardiff University Ethical Review Process Committee and carried 

out under Home Office License P49E8C976. 

Twelve (12 weeks old) female hemizygous R6/1 mice were purchased from Jackson 

Laboratories (Jax®, Bar Harbour, Maine, U.S.A.) to be scanned at 16 weeks of age. This age-

range was selected to represent the symptomatic stage of the disease. Twelve C57BL/6J female 

age-matched wild-type (WT) mice were purchased from Charles River.  

Prior to the experiment, all animals were housed in age- and sex-matched groups of 

between 1 and 5 mice, with mixed genotype. Mice were subject to a 12-hour light:12-hour dark 
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cycle with controlled room temperature (21 ± 3 °C) and relative humidity (60 ± 3%). Each cage 

contained modest environmental enrichment including play tunnels and nesting material. All 

animals were weighed on a weekly basis in order to monitor general health. A final sample of 

7 WT and 8 R6/1 mice was examined in this study, due to fixation artifacts present in the other 

samples, which made them inadequate for quantitative data analysis (Cahill et al., 2012). 

 

5.4.2. Perfusion 

Mice were terminally anaesthetised via intraperitoneal injection of 0.3 ml Euthatal and then 

perfused through the left ventricle with approximately 60 ml of phosphate buffered saline 

(PBS). This was followed by infusion with about 150 ml of 4% paraformaldehyde (PFA) in 

PBS (pH 7.3) at a flow rate of 30 ml/min. The temperature of the perfusates was maintained at 

room temperature and the pH of the PFA was 7.2–7.4. After decapitation, the skulls were de-

fleshed and post-fixed in 4% PFA in PBS overnight. They were then transferred to a 25% 

sucrose solution and stored at 4°.  

 

5.4.3. MRI tissue preparation 

Brains were scanned in-skull, in order to preserve neural structures. The skulls were soaked 

in chemical-grade PBS and washed daily for three days, to regain some signal due to tissue 

rehydration (Petiet et al., 2011). The skulls were then carefully wiped with tissue paper, and 

immersed in Galden, a proton-free susceptibility-matching fluid in a 15 ml syringe. The use of 

a syringe allowed any residual air bubbles to be pushed out, which might otherwise have 

affected MRI measurements. Immediately after scanning, skulls were returned to PBS and 

washed for three days, before being stored in a 25% sucrose - 0.1% sodium azide solution at 

4°, to ensure tissue preservation. 
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5.4.4. MRI data acquisition 

MRI acquisition was conducted ex vivo on a 9.4 Tesla (20 cm) horizontal-bore animal 

system (Bruker Biospin, Germany). This was equipped with BGA12-S (12cm inner bore size, 

integrated shims) gradients. A transmit 1H 500 Watt echo-planar imaging (EPI) volume coil 

was used with a phased array 4-channel surface coil and Paravision software (version 6.1, 

Bruker Biospin) were used for data acquisition.  

The magnetic field homogeneity was optimized with a localized shimming procedure 

(Fastmap, Bruker Biospin) on a volume of interest placed in the centre of the brain. A PRESS-

waterline sequence (Bruker BioSpin) was used with outer volume suppression without water 

suppression to evaluate water line width (TR/TE = 2500/20 ms respectively) to assess the shim 

performance and the peak line width of the water signal. Iterations were repeated until all line 

widths < 40 Hz.  

The acquisition protocol consisted of a T1-weighted FLASH sequence, a multi-shell dMRI 

acquisition for DTI and CHARMED, and an MT-weighted (MT-w) T1 FLASH sequence. 

Additionally, the longitudinal relaxation rate of the system was estimated by acquiring T1-maps 

using T1-weighted FLASH images. A description of the acquisition parameters for each 

sequence is provided in Table 20.  

 

Table 20. Scan parameters. 

All sequences were acquired at 9.4 Tesla. For each of the sequences, the main acquisition parameters 
are provided. MT: magnetization transfer; qMT: quantitative magnetization transfer. FoV: field of 
view; TE: echo time; TR: repetition time. 
 
MRI acquisition parameters description 
Anatomical scan  
Pulse sequence FLASH (3D) 
Matrix size 192×192×72 
FoV 19.2×19.2×18 
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Slice thickness (mm) - 
TE, TR (ms) 4, 30 
Flip angle (°) 36 
Acquisition duration 20 min 44 s 
DTI/CHARMED  
Pulse sequence RARE 
Matrix size 192×192 
FoV 19.2×19.2 
b-values (s/mm2) – gradient directions 0, 1200 – 50, 2400 – 50, 4000 - 50 
δ/Δ (ms) 6.8/16.3 
Slice thickness (mm) 0.4 

TE, TR (ms) 31, 3000 
Flip angle (°) 90 
Partial Fourier acceleration factor 1 
Acquisition duration 12h 14 min 
T1 map  
Pulse sequence FLASH (3D) 
Matrix size 192×192×72 
Fov 19.2×19.2×18 
Slice thickness (mm) - 
TE, TR (ms) 4, 30 
Flip angles (°) 13, 17, 24, 36, 48 
Acquisition duration 1 h 45 min 
MT/ qMT  
Pulse sequence FLASH 3D 
Matrix size 192×192×72 
FoV 19.2×19.2×18 
Slice thickness (mm) - 
TE, TR (ms) 5, 47 
Off-resonance pulses  
(Hz/°) 

0/350, 1000/350, 1500/350, 3000/350, 
6000/350, 12000/350, 24000/350, 1000/950, 
1500/950, 3000/950, 6000/950, 12000/950, 
24000/950 

Flip angles (°) 5 
Acquisition duration 9h 50 min 

 

5.4.5. Image processing  

Skull stripping was performed using the Rodent Bet Brain Extraction Tool, a modified 

version of the Brain Extraction Tool (BET; FSL v5.0) that can process rodent brains (Wood et 

al., 2013).  
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Anatomical data: T1 volumes 

Processing of T1 anatomical images was performed using SPM8 (Wellcome Trust 

Institute of Neurology, University College London, UK, www.fil.ion.ucl.ac.uk/spm) with the 

SPMMouse toolbox (http://spmmouse.org) for animal brain morphometry (Sawiak et al., 

2013). This toolbox extends SPM’s functionality with affine registration priors for mouse and 

marmoset brains.  

Specifically, a previously described mouse brain atlas (Sawiak et al., 2009) was used 

to register images from the brains of R6/1 mice with those of WT littermate controls. Following 

approximate manual registration using the SPM interface, images were bias-corrected and the 

affine priors supplied were used to register the images to the tissue probability maps. The 

registered images were then segmented to obtain GM, WM and CSF segmentations. The 

resulting WM segmentations were output in rigid template space and DARTEL (Ashburner, 

2007) was used to create both non-linearly registered maps for each subject, and common 

templates for the cohort of animals. The warped WM portions for each mouse brain were 

modulated with the Jacobian determinant from the DARTEL registration fields to preserve 

tissue amounts, and smoothed with a Gaussian kernel of 400 μm to produce maps for analysis 

(Gary et al., 2019).  

Diffusion data: FA, RD, AD and FR maps  

Pre‐processing of DWI data was performed with various tools including FSL (Smith et 

al., 2004), MRtrix3 (Tournier et al., 2019), ExploreDTI (v.4.8.3) (Leemans et al., 2009), and 

ANTS (Avants et al., 2011). Each diffusion dataset was denoised (Veraart et al., 2016) and 

corrected for field distortion (Andersson et al., 2003) and Gibbs ringing artefacts (Kellner et 

al., 2016). Diffusion tensors were estimated using non-linearly weighted least squares (for 

b < 1500 s/mm2 data) providing the following quantitative scalar measures: FA, AD and RD. 

Motion and distortion artefacts in the CHARMED data were corrected according to the 
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extrapolation method of Ben-Amitay, Jones, and Assaf (2012). FR maps (Assaf & Basser, 

2005) were computed by fitting the CHARMED model to the DWI data, with an in-house 

software coded in MATLAB (The MathWorks, Natick, MA). 

Quantitative magnetization transfer: MPF maps 

MT-w images were corrected for Gibbs ringing artefacts (Kellner et al., 2016) and co-

registered to the MT-w volume with the most contrast using an affine registration (FLIRT, 12 

degrees of freedom, mutual information). Subsequently, the MT-w images and T1-maps were 

modelled by the two-pool Ramani’s pulsed MT approximation (Ramani et al., 2002). This 

provided MPF maps, which were nonlinearly registered to the b = 0 s/mm2 image using the 

MT-w volume with the most contrast as a reference, using FNIRT (Andersson et al., 2007). 

Accuracy of all registrations was confirmed by visual inspection. 

 

5.4.6. Tractography of the CC 

Multi-shell, multi-tissue, constrained spherical deconvolution (MSMT-

CSD) (Jeurissen et al., 2014) was applied to the pre-processed images to obtain voxel-wise 

estimates of fODFs (Descoteaux et al., 2008; Tournier et al., 2004, 2007) with maximal 

spherical harmonics order lmax  = 8. The fODFs were generated using a set of 3-tissue group-

averaged response functions (Dhollander et al., 2016). Seed points were positioned at the 

vertices of a 0.2×0.2×0.2 mm grid superimposed over the image. The tracking algorithm 

interpolated local fODF estimates at each seed point and then propagated 0.05 mm along 

orientations of each fODF lobe. This process was repeated until the minimally subtending peak 

magnitude fell below 0.05 or the change of direction between successive 0.05 mm steps 

exceeded an angle of 40°. Tracking was then repeated in the opposite direction from the initial 

seed point. Streamlines whose lengths were outside a range of 2 mm to 30 mm were discarded. 
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To assess regionally specific effect of HD on the CC, tractography was performed in 

three different callosal segments (genu, body and splenium). 3D fibre reconstructions were 

performed interactively in the native space of each mouse in FiberNavigator (Chamberland et 

al., 2014) (Figure 31), using a combination of include and exclude ROIs, according to the 

following protocols: 

Genu: Two ROIs were placed anterolateral to the most rostral portion of the corpus callosum 

in each hemisphere. This approach was used to capture the anteriorly arching fibres of the genu 

(Catani and De Schotten, 2008). An exclusion ROI was used to exclude streamlines extending 

posteriorly to the genu on the sagittal plane, which make up the body of the CC. 

Body: Two ROIs were placed ventral to the location of the cingulum and medial to the lateral 

ventricles (one in each hemisphere) (Catani and De Schotten, 2008). Exclusion ROIs were used 

to exclude the genu and splenium (i.e., the anterior and posterior sections of the CC, 

respectively). 

Splenium: Two ROIs were placed posterolateral to the most caudal section on the CC in the 

left and right hemisphere(Catani and De Schotten, 2008). An exclusion ROI was used to 

remove streamlines extending anteriorly to the splenium. 

  



 

 175 

 

Figure 31. Tractography of the corpus callosum (CC). 

Left: Representative figure of manually delineated segments of the CC (genu, body, and splenium). 
Right: Coronal view of whole-brain tractography (top) and fibers travelling through the manually 
delineated region of interests (ROIs), in rostral, sagittal and coronal views (bottom). 
 
 

5.4.7. Ultra-structural analysis of axons in the CC using TEM 

An ultra-structural analysis was conducted to look at axon diameter and g-ratio in R6/1 

mice in the CC. The brains were embedded in TAAB embedding resin. Ultra-thin sections (50 

nm) were stained with aqueous 4% uranyl acetate and lead citrate. The sections were visualised 

on a transmission electron microscope (CM12, Philips, the Netherlands). For quantification, 

images were taken using an on-axis 2048×2048 charge-coupled device camera (Proscan, 

Schering, Germany). 

 

5.4.8. Statistical analysis  

Statistical analyses were carried out using RStudio v1.1.456 (Team, 2015), MATLAB (The 

MathWorks, Natick, MA), SPSS version 20119 (Armonk, 2011), FSL (Smith et al., 2004) and 

the SPMMouse toolbox (http://spmmouse.org) for animal brain morphometry (Sawiak et al., 

2013). 

 

GENU BODY SPLENIUM

Rostral Sagittal Coronal



 

 176 

Tractometry of the CC 

Microstructure differences were assessed in each of the three callosal segments. First, 

by taking each quantitative metric map (each registered to the b = 0 s/mm2 image during pre-

processing), samples of each metric were obtained at each vertex of the reconstructed 

segments, and segment-specific medians were derived for FA, AD, RD, FR and MPF in 

MRtrix3 (Tournier, et al., 2019). Next, the overall mean was calculated, so that each dataset 

comprised 5 MRI-derived measures, mapped along 3 callosal segments.  

Investigation of group differences in callosal microstructure 

To assess group differences in callosal microstructure, the correlation of microstructure 

outcome measures with ICV was first tested to decide if this variable should be included as 

covariate in the analysis. As no Pearson’s correlation coefficient greater than 0.3 was detected, 

this variable was not included in the analysis, and two-way mixed ANOVAs were run for each 

metric (i.e. FA, RD, AD, FR, MPF), with group as between-subject factor and segment as 

within-subject variable. The Tukey’s Honest Significant Difference method was used to 

compute confidence intervals to further explore significant effects (Miller, 1981). Additionally, 

results were confirmed by running a robust mixed ANOVA, using the “bwtrim” R function 

from the WRS2 package (Mair & Wilcox, 2020). This implements robust methods for 

statistical estimation and therefore provides a good option to deal with data presenting small 

sample sizes, skewed distributions and outliers (Wilcox, 2011).  

Across all analyses, outliers were first identified by examining box-and-whisker plots 

for each dependent variable, for WT and R6/1 mice separately. Outliers that were ± 3 standard 

deviations from the mean were then removed.  
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Automatic evaluation of WM atrophy using VBM 

A general linear model to assess group differences in WM volume was evaluated using 

SPMMouse (Sawiak et al., 2013). For this analysis, ICV was included as a covariate of no 

interest as this was shown to improve estimation of volume differences in previous literature 

(Sawiak et al., 2013). Specifically, ICV was calculated as the sum of voxels identified as GM, 

WM and CSF in native space for each animal, to model out the effect of different brain sizes. 

The sum of the WM tissue probability maps was used as explicit mask in the analysis. An 

adjusted p-value was calculated to control the voxel-wise FDR (Benjamini and Hochberg, 

1995). 

Assessment of brain-wise group differences in WM microstructure using TBSS 

In order to perform a whole-brain analysis of WM microstructure changes associated 

with HD, the TBSS protocol (Smith et al., 2006), modified for use in rodents (Sierra et al., 

2011) was used. All FA maps were submitted to a free-search for a best registration target in 

order to minimize the image warping required for each brain volume. Specifically, each volume 

was first registered to every other volume, and the one requiring minimum transformation to 

be registered to other volumes was selected as the best registration target. This target was used 

as a template into which the registration was performed. Following registration, a mean FA 

map was calculated, thinned to represent a mean FA skeleton, and an optimal threshold of 0.2 

was applied to the mean FA skeleton to create a binary WM skeleton mask. The application of 

such threshold allowed to exclude from further analysis areas of the brain of low FA, including 

peripheral small tracts, where there may be high between-subject variability and GM, and it is 

therefore unsafe to assume good tract correspondence across subjects (Smith et al., 2006). 

The local FA-maximum was projected onto this WM skeleton. Subsequently, the voxel 

location of the local FA maximum was employed to project the respective AD, RD, FR and 

MPF values from that voxel onto the skeleton. Differences in microstructure measures between 
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the two groups were assessed using voxel-wise independent t-tests, where two +/- +/-  different 

contrasts were used (WT > R6/1, and R6/1 > WT). The randomize function (part of FSL) was 

used, together with the TFCE algorithm (Smith & Nichols, 2009), generating cluster-size 

statistics based on 1000 random permutations. For multiple comparison correction, FWE 

correction was first used with a threshold of p < 0.05.  Subsequently, in order to investigate 

more subtle changes, the analysis was repeated with the less conservative FDR correction 

(Benjamini and Hochberg, 1995), which has been previously used in rodent imaging data (Sagi 

et al., 2012; Sierra et al., 2011). 

Ultra-structural analysis of axons in the CC using transmission electron 
microscopy 

Five regions across genu and body of the CC were taken for quantification from 

randomly sampled 16.193 μm2 electron micrographs (see Figure 36 for representative 

micrographs). The axon diameter of myelinated fibres and g-ratio (measure of myelin thickness 

relative to axon diameter) of myelinated axons were manually quantified using ImageJ 

(https://imagej.net) (Figure 32). Specifically, the inner and outer diameters were measured at 

the narrowest point of each axon, assuming them to be cylindrical, and thus having elliptical 

profiles. Where these were distorted, a best guess in the calculation was made. Two R6/1 brains 

were available for the analysis, and a total of 400 myelinated axons were analysed across these 

two samples.  

As no samples from WT littermates were available for the analysis because of tissue 

degradation, measurements taken from R6/1 brains were compared to values for adult WT mice 

provided in the literature (West et al., 2015). Specifically, West and colleagues (2015) 

performed a quantitative analysis of the CC in WT mice and provided morphometric analysis 

of 72 electron microscopy images, with measures of axon diameter and g-ratio for the genu 

and the body of the CC. Here, the availability of the parameters of the γ -distribution [i.e. 
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characteristic shape (k) and scale (θ)] they utilised to describe both axon diameter and g-ratio 

distribution in their samples, as well as information about the mean and standard deviation for 

these two measures, was exploited to perform a statistical comparison with the values obtained 

from R6/1 brains.  

First, it was tested whether the mean axon diameter and g-ratio for the two callosal 

areas obtained from R6/1 samples differed more than 2 times the standard deviation from the 

mean axon diameter and g-ratio reported in the study from West et al. (2015) [axon diameter: 

mean = 0.56 μm, standard deviation = 0.32 μm across all brains and image; g-ratio: mean = 

0.82, standard deviation = 0.07]. This was chosen as cut-off based on the common practice to 

utilise such threshold to identify outliers in small samples. Subsequently, Kolmogorov-

Smirnov (KS) tests were performed to assess whether the distributions of axon diameter and 

g-ratio values detected in this study were significantly different from the γ-distribution with 

shape (k) and scale (θ) as defined in West et al. (2015) for each callosal region in WT brains 

[genu: axon diameter, k = 9.4 and θ = 0.059; g-ratio, k = 305.1 and θ = 0.003; body: axon 

diameter, k = 8.7, θ = 0.069; g-ratio, k = 314.6, θ = 0.003]. 
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Figure 32. Schematic illustration of the axon and myelin sheath, measurement of the axon 
diameter and  g-ratio calculation. 

A total of 400 myelinated axons from 2 R6/1 brains were analyzed. 
 

5.5. Results  

 

5.5.1. R6/1 mice present alterations in apparent myelin and axon density 
across the CC 

The mixed ANOVA for FA showed no significant effect of group [F(1, 39) = 0.123, p = 

0.728]. On the other hand, a significant effect of segment [F(2, 39) = 6.508, p = 0.004] was 

detected, with the splenium showing significantly lower FA values compared to the genu (p = 

0.04) and body (p = 0.003). No interaction effect between group and segment was present [F(2, 

39) = 0.05, p = 0.952]. Results from the robust mixed ANOVA were consistent with the above. 

Specifically, there was no effect of group (p = 0.592) and no interaction (p = 0.991), but a 

significant effect of segment (p = 0.023). 

axon diameter

myelinated fibre 
diameter

G-ratio = 
axon diameter

myelinated fibre diameter
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The mixed ANOVA for RD showed no significant effect of group [F(1, 39) = 0.48, p = 

0.491], no significant effect of segment [F(2, 39) = 2.795, p = 0.072], and no interaction effect 

between group and segment [F(2, 39) = 0.178, p = 0.838]. The results from robust mixed 

ANOVA, however, showed a significant effect of segment (p = 0.003), indicating higher RD 

values in the splenium compared to the body. No significant effect of group (p = 0.69), nor a 

significant group-by-segment interaction (p = 0.750) were detected. 

The assessment of AD values did not show a significant effect of group [F(1, 39) = 0.487, 

p = 0.490], segment [F(2, 39) = 1.695, p = 0.197], or a group-by-segment interaction [F(2, 39) 

= 0.126, p = 0.882]. The results from robust mixed ANOVA, however, showed a significant 

effect of segment (p = 0.012), suggesting higher AD values in the splenium compared to the 

body. No significant effects of group (p = 0.732), or group-by-segment interaction (p = 0.661) 

were detected. 

Significant main effects of group [F(1, 39) = 19.07, p < 0.001] and segment [F(2, 39) = 

11.05, p < 0.001] on FR values were detected with the mixed ANOVA. Specifically, R6/1 mice 

presented overall higher FR values compared to WTs across all CC regions. The CC body 

presented lower FR values compared to the genu (p < 0.001), and the splenium presented lower 

FR values compared to body (p = 0.006). No significant group-by-segment interaction was 

detected [F(2, 39) = 0.328, p = 0.072]. Consistent with these findings, the results from robust 

mixed ANOVA showed a significant effect of group (p = 0.032) and segment (p < 0.001), but 

not a significant group-by-segment interaction (p = 0.782). 

Finally, a significant effect of group on MPF was detected [F(1, 39) = 9.21, p = 0.004], due 

to overall lower MPF values in R6/1 mice across the CC. No significant effect of segment was 

detected [F(2, 39) = 0.329, p = 0.722], nor a significant group-by-segment interaction effect 

[F(2, 39) = 0.152, p = 0.861]. The results from robust mixed ANOVA were consistent with the 
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findings by showing a significant effect of group (p = 0.052), but no effect of segment (p = 

0.171), nor a significant group-by-segment interaction (p = 0.881) (Figure 33).  
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Figure 33. Tractometry analysis of the corpus callosum (CC). 

Quantification of FA, RD, AD, FR, and MPF in the genu, body and splenium of the CC. FR values were 
significantly higher and MPF values significantly lower in the brain of R6/1 mice across the whole CC. 
No significant group effects were detected for the other measures. Abbreviations: FA: fractional 
anisotropy; RD: radial diffusivity; AD: axial diffusivity; FR: restricted volume fraction; MPF: 
macromolecular proton fraction. 
 
 

5.5.2. R6/1 mice present areas of increased WM volume 

Figure 34 shows regions where WM values were significantly higher in R6/1 brains 

than in WT controls (p < 0.05, FDR-corrected). Increased WM volume was detected in R6/1 

mice in several areas such as the posterior callosum, external capsule and olfactory bulb. 
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Figure 34. Group-differences in white matter volume.  

Top: Maximum intensity projections (MIPs). Bottom: Maps of the t-value (whole brain voxel analysis 
at p< 0.05 False discovery rate-corrected for multiple comparisons) overlayed on template white 
matter map, demonstrating increased volume in several areas across the brain of R6/1 mice. 
 
 
 

5.5.3. TBSS reveals widespread increases in apparent axon density in R6/1 
mice  

At first, a highly conservative FWE correction method was used for the TBSS analysis. 

This approach showed widespread increases in FR in the WM of R6/1 mice (Figure 35, top). 

When the voxel-wise analysis was repeated using a less conservative FDR correction of 5% 
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(Benjamin and Hochberg, 1995), additional WM changes were detected, including more 

extended increases in FR and some decreases in MPF in R6/1 brains (Figure 35, bottom). 

 

 

 
 
Figure 35. Tract-based spatial statistics (TBSS) analysis of white matter microsctructure in R6/1 
mice. 

White matter microstructural alterations were detected across the brain of R6/1 mice. Family-wise 
error (FWE) multiple comparisons correction was applied first, revealing widespread increases in FR 
(top raw). Subsequently, a less conservative false discovery rate (FDR) correction of 5% was used, 

0.95
FWE corrected p < 0.05

R6/1 > WT

FR

FR

MPF

0.95 1
FDR corrected p < 0.05

R6/1 < WT

Olfactory bulb

Olfactory bulb

Genu of the CC

Body of the CC

External capsule

0.95

Splenium of the CC

Anterior commissure

Fornix

External capsule

Optic tract

Internal capsule

Corticospinal tract

Optic tract

Cingulum

Stria medullaris

Anterior commissure

FDR corrected p < 0.05
R6/1 > WT

1

1



 

 186 

again revealing widespread increases in FR and some areas of decreased MPF (middle and bottom 
rows). Abbreviations: FR: restricted volume fraction. MPF: macromolecular proton fraction. 

 

5.5.4. The frequency distribution of myelinated axon diameters is skewed 
towards thinner axons in R6/1 mice 

In the present work, a mean axon diameter of 0.40 μm was detected for both the genu 

(standard deviation = 0.15 μm) and the body (standard deviation = 0.14 μm). Additionally, the 

mean g-ratio was 0.74 both for the genu (standard deviation = 0.07 μm) and for the body 

(standard deviation = 0.08 μm). None of these values differed more than 2 standard deviations 

from the mean measurements obtained in WT mice in West et al. (2015). On the other hand, 

the K-S tests revealed that the distributions of values were significantly different from the ones 

of WT mice for both axon diameter [genu: D  = 1, p < 0.001; body: D =  0.49, p < 0.001] and 

g-ratio [genu: D = 1, p < 0.001; body: D = 1, p < 0.001] (Figure 36), revealing that these 

distributions were left-skewed in R6/1 mice compared to WT mice. Additionally, the 

relationship between axon diameter and g-ratio exhibited a curved shape seen in previous 

studies (Little and Heath 1994; West et al. 2015). 
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Figure 36. Ultra-structural analysis of axons in the corpus callosum (CC) using transmission 
electron microscopy. 

Top: Representative electron micrographs of axons in the genu and body of R6/1 mice. Scale bars = 2 
μm. Middle: Axon diameter and g-ratio distributions in the genu and body of R6/1 and wild-type (WT) 
mice. The data for WT mice was taken from West et al. (2015). For visualization, the function 
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“rgamma” from R was utilized to randomly generate the γ-distribution with characteristic shape (k) 
and scale (θ), as provided in West et al. (2015). R6/1 mice presented a higher proportion of thinner 
axons and smaller g-ratio. Bottom: g-ratio versus axon diameter scatter plots from the genu and body 
of R6/1 mice. The relationship between axon diameter and g-ratio exhibited a curved shape seen in 
some previous studies (Little & Heath, 1994; West et al., 2015). 

 

 

5.6. Discussion 

The present Chapter describes a high-resolution ex vivo MRI assessment of 4 month 

old R6/1 mice and reports novel findings of WM alterations in this model of HD. While GM 

alterations, together with cognitive and behavioural deficits, have already been demonstrated 

and described (Bayram-Weston et al., 2012; Brooks et al., 2012; Rattray et al., 2013), this is 

the first study to characterize WM microstructure alterations in this HD model.  

An initial assessment of WM microstructural changes across the CC using a tractometry 

approach (Bells et al. 2011; Jones et al. 2005, 2006) revealed increased FR and decreased MPF 

in R6/1 mice, compared to WT littermates, across the callosum. The subsequent brain-wise 

assessment of WM changes with VBM showed areas of increased WM volume in R6/1 mice. 

This was accompanied by widespread increases in FR, together with some regional decreases 

in MPF, as detected with TBSS. In order to explore the cellular causes underlying the imaging 

phenotype, brain tissue ultrastructure from the R6/1 mouse line was analysed using TEM. This 

analysis indicated that the frequency distribution of myelinated axon diameters was skewed 

towards thinner axons in R6/1 mice. 

It is possible that shrinkage of the extra-axonal space in the absence of axonal loss led 

to an increase in apparent axon density in R6/1 brains. Accordingly, previous evidence has 

shown no cell death in R6/1 mice at 7.5 months of age, nor alterations in the density of the 

immunochemical staining for the NeuN protein (Fox-3, Rbfox3, or Hexaribonucleotide 

Binding Protein-3), considered to be a biomarker for neurons (Naver et al., 2003). Another 
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study demonstrated that R6/1 mice do not show neuronal loss before 19 weeks of age, and this 

loss predominantly affects male R6/1 mice (Rattray et al., 2013). Additionally, previous 

evidence has shown that, although the brains of 12 week old R6/2 mice weigh around 20% less 

than brains from WT controls, and the volume of the striatum is reduced by 17% in 18 week 

old R6/1 mice, this marked reduction in brain volume is not accompanied by cell death (Li et 

al., 2005). Furthermore, evidence from R6/2 mice (Rattray et al., 2013) demonstrated tissue 

atrophy, possibly caused by loss of microglia and extra-cellular matrix molecules (Ma et al., 

2003; Rattray et al., 2013), in the absence of neuronal loss.  

However, increased WM volume in areas partially overlapping with regions of 

increased FR was detected in R6/1 brains in this study. These findings indicate that WM 

atrophy is unlikely to explain the alterations in FR observed in R6/1 mice. Interestingly, the 

presence of brain oedema and tissue swelling, which occur in the disease (De Paepe et al., 

2019), has been shown to bias brain atrophy measurements (Andravizou et al., 2019). 

Accordingly, swelling of glial cells and neurons may explain the widespread increases FR 

observed in R6/1 mice, by reducing extracellular fluid and thus causing reduced diffusion in 

the extra-axonal space (Arfanakis et al., 2002; Stidworthy et al., 2003). Consistent with this 

suggestion, previous studies have demonstrated a striking increase in axonal swelling in a 

knock-in model of HD, showing to precede cell body, dendrite, and synapse degeneration 

(Marangoni et al., 2014). Although Marangoni and colleagues (2014) only detected a non-

significant trend in increased swellings in R6/2 mice, it might be that the slower progression 

of the disease in R6/1 mice allowed for morphologic signs of axonal degeneration to be 

detected in this study.  

Alternatively, increased FR and WM volume may be a reflection of increased axon 

numbers. However, the decrease in MPF detected across the R6/1 brains suggests that, if it is 

true that R6/1 mice present increased axon number, such increase either concerns unmyelinated 
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axons or it is accompanied by pathological de-myelination. Additionally, based on the TEM 

results, neurons in R6/1 mice present an increased number of thinner axons compared to WT 

littermates. These results are consistent with previous evidence of morphological alterations in 

the neurons of symptomatic R6/2 mice, which present smaller diameter dendritic shafts, 

smaller somatic cross-sectional areas, and decreased diameter of the dendritic fields (Klapstein 

et al., 2001).  

It might be that axons in this model develop normally but then shrink because of the 

disease process. However, it might also be that R6/1 mice present abnormalities in the postnatal 

development of axons and studies assessing axon microstructure in R6/1 mice earlier in 

development will be useful in assessing such possibility. Consistent with a developmental 

effect of the mutation, evidence shows that neurotypical development is associated with an 

increase in thick axons relative to thinner ones, which in turn tend to be present in a higher 

proportion early in life (Zikopoulos et al., 2018). Additionally, deficient myelination during 

the early postnatal period has previously been detected in the R6/2 mouse model of HD, 

suggesting that abnormalities in axon myelination occur very early in HD pathogenesis (Xiang 

et al., 2011). Critically, the observed decrease in MPF in the brain of R6/1 mice is consistent 

with evidence of myelin impairment in this model. This in turn suggests that the concomitant 

decreased g-ratio observed in R6/1 mice is not due to enhanced myelination. Rather, a skewed 

distribution towards smaller g-ratios might be due to an underrepresentation of large-calibre 

axons.  

To summarize, the present findings suggest that: i. R6/1 mice present thinner 

myelinated axons, ii. R6/1 mice may present swelling of glial cells and/or neurons, and/or iii. 

R6/1 mice present increased density of axons. However, the latter likely concerns unmyelinated 

axons, because of the concomitant decreases in MPF observed in R6/1 mice. It is possible that 

these findings reflect the outcome of pathological processes associated with the mutation; 
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alternatively, they might reflect abnormalities in the development of WM. Although this cannot 

be determined from the here presented cross-sectional data, the idea that mutant huntingtin may 

affect development is not new (Mehler & Gokhan, 2000; Nguyen et al., 2013). Therefore, 

longitudinal studies on this model are needed to replicate such results, and to establish the time-

course of these abnormalities in the disease process, together with their correlation with cellular 

and molecular changes, as well as behavioural impairments.  

Critically, these results extend findings obtained from previous research and from the 

studies on premanifest HD patients described in Chapters 3 and 4, all of which demonstrate 

alterations in WM microstructure as a significant feature of HD. Importantly, such alterations 

seem to involve both axon microstructure and myelin in this mouse model of HD. Convergence 

of human and rodent findings, together with their importance in terms of a translational 

approach to the study of WM changes in HD are further considered in the General Discussion. 

 

5.6.1. Methodological considerations 

The present data were obtained ex vivo from fixed tissue. As several factors, such as 

tissue fixation, sample temperature, and the acquisition scheme all have an effect on MRI 

measures, considerable care should be taken when extrapolating the present ex vivo findings to 

in vivo values (Antonsen et al., 2013). However, the observed group differences should be 

valid, since any bias in terms of methodology should have the same effect of the two groups 

compared. Furthermore, in the present study, several steps were taken with regards to the 

perfusion and tissue preparation protocols in order to obtain optimal tissue quality. Such 

procedures were based on previous literature (Cahill et al., 2012), and consisted in the 

utilisation of liquid, rather than powder, perfusates, as well as delivery of perfusate at a low 

flow rate, in order to avoid blockage of the capillary beds and vessels’ rupture. Additionally, 

the storage of tissue in a sodium azide solution enabled improved tissue conservation. 
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A direct comparison of TEM data between R6/1 and WT mice could not be carried out 

in the present study. Instead, comparisons were performed based on data available from 

existing literature (West et al., 2015). Although processing and analysis of TEM data in this 

study was carried out following West and colleagues (2015) protocols as closely as possible 

(e.g. section thickness, measures assessed), it is plausible that between-studies differences may 

have affected the TEM findings. Therefore, these results require replication with an appropriate 

WT control sample. 

It also has to be noted that, although FR has been referred to as a marker of apparent 

axon density in the literature (De Santis et al., 2014) and throughout this work, no formal link 

has actually been established between histological measures of axon density and FR. 

Additionally, as already mentioned in Chapter 3, the estimation of FR is affected by changes 

in T2 relaxation, meaning that a change in T2 relaxation (for example because of altered tissue 

water or myelin content) may be interpreted as a difference in FR when this measure was 

actually not altered. To gain a better insight into the axon microstructure changes observed in 

this study, future work could assess apparent fiber density changes at high diffusion-

weightings, to increase suppression of the extra-axonal signal. This approach was recently 

shown to enable a better characterization of microstructural changes, because of the improved 

correspondence with intra-axonal properties (Genc et al., 2020; Kleban et al., 2020; McKinnon 

& Jensen, 2019).
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Chapter 6  
Drumming motor sequence training induces apparent 

myelin remodelling in HD patients 
 

6.1. Chapter summary 

The aim of this final experimental Chapter was to investigate whether drumming training 

stimulates WM remodelling in manifest HD patients, and whether training-associated 

microstructural changes are related to improvements in motor and cognitive function. Patients 

with HD and age- and sex-matched controls undertook two months of drumming training 

exercises. WM microstructure, working memory and executive function were assessed before 

and after the training. Changes in WM microstructure were investigated with DT-MRI-based 

metrics (Basser & Jones, 2002; Pierpaoli & Basser, 1996), FR from CHARMED (Assaf & 

Basser, 2005) and MPF from qMT (Sled 2018). WM pathways linking the putamen and the 

supplementary motor area (SMA-Putamen), and three segments of the CC (CCI, CCII, CCIII) 

were studied using deterministic tractography. Baseline MPF differences between patients and 

controls were also assessed, using TBSS.  

 

6.2. Declaration of collaborations 

The work described in this Chapter was part of a broader project funded by a Wellcome 

Trust Institutional Strategic Support Fund Award (ref: 506408) to Dr Claudia Metzler-

Baddeley, Prof Anne Rosser, and Prof Derek K Jones. Recruitment of HD patients and matched 

healthy controls, as well as data collection for this study, were carried out by Dr Bourbon-Teles 

(Cardiff University). Dr Sonya Bells (Cardiff University) processed the qMT data.  
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6.3. Introduction 

HD is caused by a single-gene and is therefore an ideal model to study neurodegeneration 

as a whole, and test for possible beneficial interventions that can slow or suppress disease onset. 

Despite this, and numerous clinical trials, at present no disease-modifying treatment is 

approved for patients with HD. Recent developments in gene therapy targeting mHTT 

expression have generated much excitement. However, these have yet to be proved to lead to 

measurable changes in disease progression (Barker & Mason, 2019). Furthermore, a number 

of questions linger, for example on the relative strength of different approaches, the importance 

of specifically targeting mHTT and the possible side effects of each therapy (Shannon, 2020). 

Importantly, these treatments aim to modify and not cure the disease, and while symptomatic 

therapies for HD are present, and are used for treating chorea and some of the psychiatric 

symptoms, their effectiveness varies between patients, and may lead to clinically significant 

side-effects (Barker & Mason, 2019). This stresses the need to develop better symptomatic 

therapies to aid patients and manage HD symptoms.  

Environmental stimulation and behavioural interventions may have the potential to reduce 

disease progression and delay disease onset (Wood et al., 2011; Yhnell et al., 2016, 2018). 

Furthermore, previous studies have detected training-related changes in the WM of both 

healthy controls (Caeyenberghs et al., 2016) and clinical populations, including HD patients 

(Metzler-Baddeley et al., 2014). For example, DT MRI studies have shown microstructural 

WM changes following balance training in healthy (Taubert et al., 2011) and traumatic brain 

injury young adults (Drijkoningen et al., 2014). Other imaging studies have shown DT MRI 

changes as a result of juggling (Scholz et al., 2009), abacus training (Hu et al., 2011), extensive 

piano practice (Bengtsson et al., 2005; Han et al., 2009), working memory training (Takeuchi 

et al., 2010), reasoning training (Mackey et al., 2012), and meditation training (Tang et al., 

2012). 
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Converging evidence implicates myelin plasticity as one of the routes by which experience 

shapes brain structure and function (Caeyenberghs et al., 2018; Gibson et al., 2014; Lakhani et 

al., 2016; Mensch et al., 2015; Sampaio-Baptista et al., 2013; Scholz et al., 2009). Plastic 

changes in myelination may be implicated in early adaptation and longer-term consolidation 

and improvement in motor tasks (Costa et al., 2004; Shmuelof & Krakauer, 2011; Steele et al., 

2013; Yin et al., 2009). Changes in myelin-producing oligodendrocytes and in GM and WM 

microstructure have been reported within the first hours of skill acquisition (Sagi et al., 2012; 

Xiao et al., 2016), implying that experience can be quickly translated into adaptive changes in 

the brain. 

This Chapter presents experimental work assessing whether two months of drumming 

training can trigger WM microstructure changes, and potentially myelin remodelling, in 

individuals with HD. The present training intervention was designed to exercise cognitive and 

motor functions, including sequence and reversal learning, response speed and multi-tasking 

(Metzler-Baddeley et al., 2014), all of which rely on healthy functioning of cortico-basal 

ganglia loops that are known to be impaired in HD (Han et al., 2010; Papoutsi et al., 2014). In 

brief, the intervention involves practising drumming patterns in ascending order of difficulty 

over a two-month period, and was previously found to induce WM changes in HD (Metzler-

Baddeley et al., 2014). Based on reports of larger training-associated changes in structural MRI 

metrics in patient populations than in healthy subjects (Caeyenberghs et al., 2018), I 

hypothesised that changes in microstructural metrics would be more marked in patients than 

in healthy subjects. 

Previous WM plasticity neuroimaging studies (Giacosa et al., 2016; Scholz et al., 2009) 

have predominantly employed indices from DT-MRI (Pierpaoli & Basser, 1996). To improve 

compartmental specificity beyond DT-MRI, the present study explored changes in the MPF 

from qMT (Sled, 2018) and FR from CHARMED (Assaf & Basser, 2005). FA and RD from 
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DT-MRI (Pierpaoli & Basser, 1996) were included for comparability with previous training 

studies (Lövdén et al., 2010; Scholz et al., 2009; Zatorre et al., 2012). 

 The MPF has been proposed as a proxy MRI marker of myelin (Serres et al., 2009). 

Accordingly, histology studies show that this measure reflects demyelination accurately in 

Shiverer mice (Ou et al., 2009), is sensitive to de-myelination in multiple sclerosis patients 

(Levesque et al., 2010) and reflects WM myelin content in post-mortem studies of multiple 

sclerosis brains (Schmierer et al., 2007). FR, on the other hand, represents the fraction of signal-

attenuation that can be attributed to restricted diffusion, which is presumed to be predominantly 

intra-axonal, and therefore provides a proxy measure of axonal density (Barazany et al., 2009). 

Training effects were investigated in WM pathways linking the putamen and the 

supplementary motor area (SMA-Putamen), and within three segments of the CC (CCI, CCII, 

CCIII). The SMA has efferent and afferent projections to the primary motor cortex and is 

involved in movement execution; previous work has reported altered DT-MRI metrics in the 

putamen-motor tracts of symptomatic HD patients (Poudel et al., 2014). The anterior and 

anterior-mid sections of the CC contain fibres connecting the motor, premotor and 

supplementary motor areas in each hemisphere (Hofer & Frahm, 2006). Previous work has 

demonstrated a thinning of the CC in post-mortem HD brains (Vonsattel & Difiglia, 1998), 

altered callosal DT-MRI metrics in both pre-symptomatic and symptomatic HD patients (Rosas 

et al., 2010; Phillips et al., 2013), and a correlation between these metrics and performance on 

motor function tests (Dumas et al., 2012).  

Given previous reports of an effect of motor learning on myelin plasticity (Lakhani et 

al., 2016), changes following training were expected to be more marked in MPF, as compared 

to the other non-myelin sensitive metrics assessed in this study. Additionally, the relationship 

between training-associated changes in MRI measures, and changes in drumming performance 

and cognitive/executive function was also investigated. Finally, as previous evidence has 
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shown widespread reductions in MPF in premanifest and manifest HD patients (Bourbon-Teles 

et al., 2017), TBSS (Smith et al., 2006) was employed to investigate patient-control differences 

in MPF before training, across the whole brain; this aided the interpretation of the detected 

post-training microstructure changes.  

 

6.4. Materials and Methods  

 

6.4.1. Participants 

Fifteen HD patients and thirteen age, sex, and education-matched healthy controls were 

recruited. The study was approved by the local National Health Service (NHS) Research Ethics 

Committee (Wales REC 1 13/WA/0326) and by the Cardiff University School of Psychology 

Ethics Committee, and procedures were carried out in accordance with the 1964 Helsinki 

declaration. HD patients were recruited from the Cardiff HD Research and Management clinic 

and the Bristol Brain Centre at Southmead Hospital. Healthy controls were recruited from 

Cardiff University, the School of Psychology community panel, and from patients’ spouses or 

family members.  

In order to be included in the study, subjects had to be drumming novices and to not 

have taken part in the previously-reported pilot study (Metzler-Baddeley et al., 2014). 

Additionally, they needed to have no history of head injury, stroke or cerebral haemorrhages, 

and to be eligible for MRI scanning i.e. to not present contraindications such as pacemakers, 

metal clips, stents or significant chorea which would have prevented them from lying still in 

the scanner. Control participants were excluded if they had a history of neurological or 

psychiatric conditions, and patients if they had a history of any other neurological condition.  
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Similar to the studies described in Chapters 3 and 4, consent was taken upon arrival at 

the imaging centre, where the information sheets were discussed and an opportunity to ask any 

further questions was provided, before participants were asked to read and sign the consent 

forms. Participants were informed of their right to withdraw from the study at any point without 

giving a reason, and were informed that they could request that their data be destroyed and not 

included in the study.  

Of the recruited sample, two patients were not MRI compatible, four withdrew during 

the study and one patient’s MRI data had to be excluded due to excessive motion. Therefore, 

while drumming performance and cognitive data from 11 patients were assessed, only 8 

patients had a complete MRI dataset. One control participant was excluded due to an incidental 

MRI finding, two participants dropped out of the study and a fourth participant was not eligible 

for MRI. In total, drumming and cognitive tests performance was assessed in 8 controls, while 

MRI data from nine controls were available for analyses. Table 21 summarizes patients 

demographic and background clinical characteristics. Most patients were at early disease 

stages, however two were more advanced, as shown by their Total Motor Score (TMS; 69 and 

40, respectively) and Functional Assessment Score (FAS; 18 and 17, respectively). Table 22 

summarizes demographic variables and performance in the MoCA (Nasreddine et al., 2005) 

and the revised National Adult Reading Test (NART-R) (Nelson, 1991) for patients and 

controls. While the groups did not differ significantly in age, controls were on average slightly 

older, performed significantly better on the MoCA, and  had a significantly higher NART-IQ 

than patients. 

 

Table 21. Demographics and background clinical information of the patients' cohort. 

Based on TMS and FAS, most of the patients were at early disease stages, however two of them were 
more advanced. Abbreviations: CAG = cytosine-adenine-guanine; TMS = Total Motor Score out of 
124 (the higher the scores the more impaired the performance); FAS = Functional Assessment Score 
out of 25 (the higher the scores the better the performance); SD = Standard Deviation.  
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 Age CAG 
 

TMS FAS 

Mean 
(Range) 

48.5 
(22-68) 

43.6 
(40-51) 

18.7 
(0-69) 
 

22.6 
(17-25) 

SD 15.6 3.5 24.7 
 

3.3 

 
 
 

Table 22. Demographics and general cognitive profile of patients and controls. 

Both groups were matched for age, sex and years of education but the patient group had a lower NART-
IQ and performed less well than the control group in the MoCA. Abbreviations: NART-IQ = verbal IQ 
estimate based on the National Adult Reading Test; MoCA = Montreal Cognitive Assessment score out 
of 30. 
 

Mean 
(SD, range) 

Patients 
(n = 8) 

Controls 
(n = 9) 
 

p-value 

Age 48.5 
(15.62, 22-68) 

52.6 
(14.56, 22-68) 
 

p > 0.5 

NART-IQ 106.3 
(13.13, 94-123) 

121.22 
4.32, 117-128 
 

p = 0.006 

MoCA 23 
(5.6, 14-29) 

27.67 
(1, 26-29) 
 

p = 0.036 
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6.4.2. Training intervention: Drumming-based rhythm exercises 

The rhythm exercise and drumming training described previously in Metzler-Baddeley et 

al. (2014) was applied. Participants were provided with twenty-two 15 min training sessions 

on CDs, a pair of Bongo drums and a drumming diary and could practise at home. They were 

asked to exercise for 15 min per day, 5 times per week, for 2 months and to record the date and 

time of each exercise in their diary. Each training session introduced a drumming pattern based 

on one of the following rhythms: Brazilian samba, Spanish rumba, West-African kuku and 

Cuban son. After a brief warm up, trainees were encouraged to drum along with the instructor, 

initially with each hand separately and then with both hands alternating, starting with the 

dominant hand first and then reversing the order of the hands. The first exercises were based 

on very simple, slow, and regular patterns but the level of complexity and speed increased over 

the training sessions.  

Importantly, each individual progressed through the training adaptively at their own pace 

i.e., as long as they exercised for the specified time, they could repeat each session as often as 

they felt necessary to master it. To maintain engagement and motivation, the training 

incorporated pieces of music based on rhythms participants had learned and could drum along 

to. The researcher (Dr Bourbon-Teles) supervised the first training sessions and then remained 

in regular telephone contact (at least once a week) with each participant throughout the 

intervention. Whenever possible, carers and/or spouses were involved in the study to support 

the training. Control participants started with Session 3 since the first two exercises were built 

on a very low level of complexity, with slow, regular patterns of movement required, and were 

therefore designed for patients 
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Figure 37. White matter pathway regions of interest. 

Sagittal views of the reconstructed white matter pathways displayed on a T1-weighted image for one 
control participant. (A) CCI, CCII, and CCIII (Hofer and Frahm, 2006): CCI is the most anterior 
portion of the CC and maintains prefrontal connections between both hemispheres; CCII is the portion 
that maintains connections between premotor and supplementary motor areas of both hemispheres. 
CCIII maintains connections between primary motor cortices of both hemispheres. (B) Supplementary 
motor aria (SMA)-putamen pathway: this pathway has efferent and afferent projections to the primary 
motor cortex and is involved in movement execution.  
 

6.4.3. Drumming assessment 

Progress in drumming ability was assessed by digitally recording participants’ drumming 

performance for three patterns of ascending levels of difficulty (easy, medium and hard), which 

were not part of the training sessions, at baseline and after the training. Each recording was 

judged by an independent rater, blind to group and time, according to an adopted version of 

the Trinity College London marking criteria for percussion (2016) (www.trinitycollege.com). 

 

6.4.4. Cognitive assessments 

Different aspects of cognition and executive function were assessed before and after 

the training as described in Metzler-Baddeley et al. (2014). Multi-tasking was assessed with a 

dual task requiring simultaneous box crossing and digit-sequences repetition (Baddeley, 1996). 

CCIII CCII CCI SMA-Putamen

128
128128

A. B.
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Attention switching was assessed with the trails test (VT) requiring the verbal generation of 

letter and digit sequences in alternate order relative to a baseline condition of generating letter 

or digit sequences only (Baddeley, 1996). Distractor suppression was tested with the Stroop 

task involving the naming of incongruent ink colours of colour words (Trenerry et al., 1989). 

Verbal and category fluency were tested using the letter cues “F”, “A”, “S” and “M”, “C”, “R” 

as well as the categories of “animals” and “boys’ names” and “supermarket items” and “girls’ 

names” respectively (Baldo et al., 2001). In total, 7 outcome variables were assessed (Table 

23), and percentage change scores in performance were computed for each of these variables. 

 

 

Table 23. Cognitive outcome variables assessed in this study. 

Tests were carried out before and after the training, and a percentage change score was computed for 
each variable. 
 
Task Outcome variables Description 

Simultaneous box 
crossing and digit 
sequences repetition 
(Baddeley, 1996) 

Correct digits recalled 
under single task 
condition; correct digits 
recalled under dual task 
conditions; boxes 
identified under dual task 
condition. 

Correct number of recalled digits in a 
standard digit span test; correct 
number of recalled digits in the dual 
condition; number of boxes identified 
in the dual condition. 

Stroop test (Trenerry 
et al., 1989) 

Stroop interference score. Calculated by subtracting the number 
of errors from the total number of 
items presented in the test. 

Trials test 
(Baddeley, 1996) 

Trail test switching. Performance accuracy: reflects the 
ability of moving flexibly from one set 
of rules to another in response to 
changing task requirements. 

Verbal and category 
fluency test (Delis et 
al., 2001) 

Verbal and category 
fluency. 

Number of generated words starting 
with the following letters: “F”, “A”, 
“S” and “M”, “C”, “R”; number of 
generated words belonging to the 
following categories: “animals” and 
“boys’ names” and “supermarket 
items” and “girls’ names”. 
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6.4.5. MRI data acquisition 

MRI data were acquired on a 3 Tesla General Electric HDx MRI system (GE Medical 

Systems, Milwaukee) using an eight channel receive-only head RF coil at the Cardiff 

University Brain Research Imaging Centre (CUBRIC). The MRI protocol comprised the 

following images sequences: a high-resolution fast spoiled gradient echo (FSPGR) T1-

weighted (T1-w) sequence for registration; a diffusion-weighted spin-echo echo-planar 

sequence (SE\EPI) with 60 uniformly distributed directions (b = 1200 s/mm2), according to an 

optimized gradient vector scheme (Jones et al., 1999); a CHARMED acquisition with 45 

gradient orientations distributed on 8 shells (maximum b-value = 8700 s/mm2) (Assaf and 

Basser, 2005); and a 3D MT-weighted fast spoiled gradient recalled-echo (FSPGR) sequence 

(Cercignani and Alexander, 2006). The acquisition parameters of all scan sequences are 

reported in Table 24. Diffusion data acquisition was peripherally gated to the cardiac cycle. 

The off-resonance irradiation frequencies (Θ) and their corresponding saturation pulse 

amplitude (ΔSAT) for the 11 Magnetization transfer (MT) weighted images were optimized 

using Cramer-Rao lower bound optimization (Cercignani & Alexander, 2006). 
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Table 24. Scan-parameters. 

All sequences were acquired at 3T. For each of the sequences, the main acquisition parameters are 
provided. T1-w: T1-weighted; MT-w: MT-weighted; FSPGR: fast spoiled gradient echo; SE: spin‐echo; 
EPI: echo‐planar imaging; SPGR: spoiled gradient recalled‐echo; FoV: field of view; TE: echo time; 
TR: repetition time. 
  

T1-w DTI CHARMED T1 map MT-w B0 map 

Pulse 
sequence 

FSPGR SE\E
PI 

SE\EPI SPGR  
(3D)  

FSPGR  
(3D)      

 SPGR     
(3D)         

Matrix 
size 

256×25
6 

96×9
6 

96×96 96×96×6
0 

96×96×60 128×12
8 

FoV  
(mm) 

230 230 230 240 240 220 

Slices 172 60 60 - - - 
Slice 
thickness 
(mm) 

1 2.4 2.4 - - - 

TE,TR  
(ms) 

7.8, 2.9 87, 
1600
0 

126, 17000 6.85, 1.2 2.18, 25.82 TE: 9 & 
7 
TR: 20 

Off-
resonanc
e pulses  
(Hz/°) 

- - - - 1000/332, 1000/333, 
12062/628,47185/62
8, 
56363/332,2751/628, 
1000/628, 1000/628, 
2768/628, 2791/628, 
2887/628 

- 

Flip 
angles 
(°) 

20 90 90 15, 7, 3 5 90 

 

6.4.6. MRI data processing  

The diffusion-weighted data were corrected for distortions induced by the diffusion-

weighted gradients, artefacts due to head motion and EPI-induced geometrical distortions by 

registering each image volume to the T1-w anatomical images (Irfanoglu et al., 2012), with 

appropriate reorientation of the encoding vectors (Leemans & Jones, 2009), all done in 

ExploreDTI (Version 4.8.3) (Leemans, Jeurissen, Sijbers, & Jones, 2009). A two-compartment 
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model was fitted to derive maps of FA and RD in each voxel (Pasternak et al., 2009). 

CHARMED data were corrected for motion and distortion artefacts according to the 

extrapolation method of Ben-Amitay, Jones, and Assaf (2012). The number of distinct fiber 

populations (1, 2, or 3) in each voxel was obtained using a model selection approach (De Santis 

et al., 2014) and FR was calculated per voxel with an in-house software (De Santis et al., 2014) 

coded in MATLAB (The MathWorks, Natick, MA). MT-weighted SPGR volumes for each 

participant were co-registered to the MT-volume with the most contrast using an affine (12 

degrees of freedom, mutual information) registration to correct for inter-scan motion using 

Elastix (Klein et al., 2010). The 11 MT-weighted SPGR images and T1 map were modelled by 

the two pool Ramani’s pulsed MT approximation (Henkelman et al., 1993; Ramani et al., 

2002), which included corrections for amplitude of B0 field inhomogeneities. This 

approximation provided MPF maps, which were nonlinearly warped to the T1-w images using 

the MT-volume with the most contrast as a reference using Elastix (normalized mutual 

information cost function) (Klein et al., 2010).  

 

6.4.7. Deterministic Tractography 

Training-related changes in FA, RD, FR, and MPF were quantified using a tractography 

approach in pathways interconnecting the putamen and the supplementary motor area 

bilaterally (SMA-Putamen), and within three segments of the corpus callosum (CCI, CCII and 

CCIII) (Hofer & Frahm, 2006) (Figure 37).  

Whole brain tractography was performed for each participant in their native space using 

the damped Richardson-Lucy algorithm (Dell’acqua et al., 2010), which allows the recovery 

of multiple fiber orientations within each voxel including those affected by partial volume. The 

tracking algorithm estimated peaks in the fiber orientation density function (fODF) by selecting 

seed points at the vertices of a 2×2×2 mm grid superimposed over the image and propagated 
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in 0.5-mm steps along these axes re-estimating the fODF peaks at each new location (Jeurissen 

et al., 2011). Tracks were terminated if the fODF threshold fell below 0.05 or the direction of 

pathways changed through an angle greater than 45° between successive 0.5 mm steps. This 

procedure was then repeated by tracking in the opposite direction from the initial seed-points.  

The WM tracts of interest were extracted from the whole-brain tractograms by applying 

way-point regions of interest (ROI) (Catani et al., 2002). These were drawn manually by one 

operator (Dr Bourbon-Teles) blind to the identity of each dataset on color-coded fiber 

orientation maps in native space guided by the following anatomical landmark protocols 

(Figure 38).  

Corpus callosum:  

Reconstruction of the CC segments followed the protocol of Hofer and Frahm (Hofer 

& Frahm, 2006) as illustrated in Figure 38 A. Segment reconstructions were visually inspected 

and, if necessary, additional gates were placed to exclude streamlines inconsistent with the 

known anatomy of the CC. 

SMA-putamen pathway:  

One axial way-point ROI was placed around the putamen and one axial ROI around the 

supplementary motor cortex (Leh et al., 2007) (Figure 38 B). A way-point gate to exclude 

fibres projecting to the brain stem was placed inferior to the putamen.   
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Figure 38. Sagittal views of the tractography protocols. 

(A) CCI, CCII and CCIII (B) SMA - putamen pathway. Booleian logic OR waypoint regions of interest 
gates are illustrated in blue; AND gates in green. M = Midline. Abbreviations: CC: corpus callosum; 
SMA: supplementary motor area. 
 
 

6.4.8. Statistical analyses 

Statistical analyses were carried out in R Statistical Software (Foundation for Statistical 

Computing, Vienna, Austria).  

Assessment of training effects on drumming performance 

Improvements in drumming performance were analysed with a two-way mixed ANOVA 

testing for the effects of group (HD/controls), time of assessment (before/after the training) and 

group by time interaction effects. Furthermore, results were compared to the ones obtained by 

running a robust mixed ANOVA, using the bwtrim R function from the WRS2 package (Mair 

& Wilcox, 2020). This implements robust methods for statistical estimation and therefore 

provides a good option to deal with data presenting small sample sizes, skewed distributions 

and  outliers (Wilcox, 2011). Significant effects were further explored with post-hoc paired 

and independent t-tests. The reliability of the post-hoc analyses was assessed with bootstrap 

analysis based on 1000 samples and the 95% confidence interval (CI) of the mean difference 

is provided for each significant comparison.   
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Assessment of group differences in the effect of training on cognitive performance 

Performance measures in executive function tasks have been shown to share underlying 

cognitive structures (Testa et al., 2012). Therefore, PCA was employed to reduce the 

complexity of the cognitive data and hence the problem of multiple comparisons as well as to 

increase experimental power. PCA was run on change scores for all participants across both 

groups. Due to the relatively small sample size, the suitability of the data for PCA was first 

confirmed with the Kaiser-Meyer-Olkin (KMO) test. Subsequently, guidelines were followed 

to limit the number of extracted components (Preacher & MacCallum, 2002; Winter, Dodou, 

& Wieringa, 2009), as follows: first, the Kaiser criterion of including all components with an 

eigenvalue greater than 1 was employed; second, the Cattell scree plot (Cattell, 1966) was 

inspected to identify the minimal number of components that accounted for most variability in 

the data; third, each component’s interpretability was assessed. A PCA procedure with 

orthogonal Varimax rotation of the component matrix was used. Loadings of >= 0.5 were 

considered significant.  

Next, group differences in the component scores were assessed with permutation analyses, 

to understand whether the training had differentially affected HD patients as compared to 

controls. Significant group differences were tested using 5,000 permutations. Permutation 

testing relies only on minimal assumptions and can therefore be applied when the assumptions 

of a parametric approach are untenable such as in the case of small sample sizes. Because of 

the small sample size, multiple comparison correction was based on a 5% false discovery rate 

(FDR) using the Benjamini-Hochberg procedure (Benjamini & Hochberg, 1995), a less 

conservative method compared to the Bonferroni procedure. 

Training effects on WM microstructure  

Median measures of FA, RD, FR and MPF were derived for each of the reconstructed tracts 

in ExploreDTI (Leemans et al., 2009)). A percentage change score in these measures between 
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baseline and post-training was calculated in each tract (CCI, CCII, CCIII, left and right SMA-

Putamen).  

Previous research has shown that variation in the microstructural properties of WM may 

represent a global effect, rather than being specific to individual tracts, and that WM measures 

are highly correlated across WM areas (Lövdén et al., 2010; Penke et al., 2010; Wahl et al., 

2010). Therefore, inspection of the inter-tract correlation for each of microstructural metric 

was carried out, revealing that MPF values were highly correlated, whereas this was not true 

for the other metrics. Hence, percentage change scores in MPF across the different tracts were 

transformed with PCA to extract meaningful anatomical properties, following the procedure 

described above for the PCA of cognitive change scores. PC scores for each participant were 

then used as dependent variables in a permutation-based analysis using 5,000 permutations to 

assess group differences in training associated changes in MPF. Finally, as a post-hoc 

exploration, between-groups differences in MPF changes in the individual tracts were tested 

using 5000 permutations.  

Training-associated changes in FA, FR and RD were investigated with permutation 

analyses separately for each tract. Significant group differences in these measures were tested 

using 5,000 permutations. Multiple comparison correction was based on a 5% FDR using the 

Benjamini-Hochberg procedure (Benjamini & Hochberg, 1995). 

Baseline differences in WM microstructure  

TBSS (Smith et al., 2006) was carried out to investigate baseline differences in MPF 

between HD subjects and healthy controls, to gain a better insight into differences in training-

associated changes. To produce significance maps, a voxel-wise analysis was performed on the 

MPF projected 4D data for all voxels with FA ≥ 0.20 to exclude peripheral tracts where 

significant inter-subject variability exists. Inference based on permutations (5,000 
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permutations) and threshold-free-cluster-enhancement was used. The significance level was 

set at p < 0.05 and corrected by multiple comparisons (family-wise error, FWE).  

Relationship between changes in MRI measures and changes in drumming and 
cognitive  performance 

Percentage change scores for the drumming performance were computed in the same way 

as cognitive change scores were calculated. Scores were computed for the easy test pattern in 

patients and for the medium test pattern in controls, as these training patterns showed a 

significant improvement in the two groups, respectively. Spearman correlation coefficients 

were calculated between drumming and cognitive performance, and microstructural 

components that showed significant group differences, to assess whether microstructural 

changes were related to any drumming and/or cognitive benefits of the training. 

 

6.5. Results  
 

6.5.1. Training effects on drumming performance  

The mixed ANOVA of drumming performance for the easy and medium test pattern 

showed a significant effect of group [easy: F(1,17) = 22.3, p < 0.001; medium: F(1,17) = 13.1, 

p = 0.002] and time [easy: F(1,17) = 12.83, p = 0.004; medium: F(1,17) = 13.4, p = 0.002] but 

no interaction (easy: p = 0.825; medium: p = 0.305). For the hard test pattern there was only a 

significant effect of group [F(1,17) = 9.95, p = 0.006] but not of time (p = 0.123) and there was 

no interaction (p = 0.432). Results from the robust mixed ANOVA were largely consistent with 

the above. Specifically, the easy and medium test patterns showed a significant effect of group 

(easy: p = 0.002; medium: p = 0.021) and time (easy: p = 0.041; medium: p = 0.049) but no 

interaction (easy: p = 0.452; medium: p = 0.691). The hard test pattern showed a significant 

effect of group (p = 0.021) but not of time (p = 0.222) and no interaction (p = 0.811). Figure 



 

 211 

39 summarises the average drumming performance per group and time point. Overall patients’ 

drumming performance was poorer than controls. Patients improved their drumming 

performance significantly for the easy pattern [t(10) = 2.7, p = 0.022; 95% CI of mean 

difference: 1.5 – 7.8] and controls for the medium pattern [t(7) = 3.8, p = 0.01; 95% CI of mean 

difference: 2.8 – 8.5]. 

 

6.5.2. Group differences in the effect of training on cognitive performance 

 
Three components, accounting for 79% of the variance in performance improvement in the 

cognitive tests were extracted. The first component loaded highly on performance changes in 

the dual task (total number of boxes identified under dual task condition), the Stroop task 

(Stroop interference score), and the trails making task (Trail test switching). Since these 

variables all measure executive functions including focused attention and distractor 

suppression, the first component was labelled “executive” component. The second component 

loaded on variables reflecting the ability to correctly recall digits sequences (i.e. number of 

correct digits recalled under single and dual task condition) and was therefore labelled 

“working memory capacity” component. Finally, the third extracted component loaded highly 

on verbal and category fluency and was therefore labelled “fluency” component (Table 25). 

Differences between the two groups in terms of post-training cognition changes were 

tested by running permutation analyses on the individual scores for the three extracted 

components. The two groups differed in the executive component, t = -1.03, p = 0.008 , FDR-

corrected p = 0.024. However, no significant group differences were detected in the other two 

components (Working Memory capacity: t = -0.22, p = 0.329, FDR-corrected p = 0.329; 

Fluency: t = -0.39, p = 0.242  FDR corrected p = 0.329).  
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6.5.3. Training effects on WM microstructure 

Table 26 reports a summary of the training associated changes in FA, RD, FR and MPF, 

across the different tracts. 

Training-associated group differences in FA 

 Permutation analyses of FA changes across the different tracts revealed no significant 

differences between HD and control groups [CCI: t = 1.22, p = 0.912 (FDR-corrected); CCII: 

t = 2.65, p = 0.912 (FDR-corrected); CCIII: t = 0.325, p = 0.131 (FDR-corrected); right SMA-

Putamen: t = -9.54, p = 0.101 (FDR-corrected); left SMA-Putamen: t = 5.16, p = 0.772 (FDR-

corrected). 

Training-associated group differences in RD 

 There were no significant differences in RD changes following training between HD 

patients and controls [CCI: t = -0.48, p = 0.452 (FDR-corrected); CCII: t = -1.29, p = 0.451 

(FDM-corrected); CCIII: t = -1.04, p = 0.452 (FDR-corrected); right SMA-Putamen, t = 4.01 , 

p = 0.811 (FDR-corrected); left SMA-Putamen, t = -3.68, p = 0.391 (FDR-corrected). 

Training-associated group differences in FR 

 Permutation analyses of FR changes across the different tracts revealed no significant 

differences between HD and control groups [CCI: t = 3.39, p = 0.821 (FDR-corrected; CCII: t 

= -0.17, p = 0.821 FDR-corrected; CCIII: t = 3.08, p = 0.821 (FDR-corrected); right SMA-

Putamen: t = -5.24, p = 0.821 (FDR-corrected); left SMA-Putamen: t = 1.05, p = 0.821 (FDR-

corrected)]. 
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Training-associated group differences in MPF 

PCA of change scores in MPF revealed one single component explaining 70.2% of the 

variance. This component presented high loadings from all the tracts investigated. A significant 

group difference was found for the MPF change-score component, indicating that HD patients 

presented significantly greater MPF changes in response to training, as compared to controls 

[t(14) = -1.743, p = 0.032].  

Finally, I found a significant difference in mean MPF change scores between the two 

groups for CCII [t(14) = -20.72, p = 0.042], CCIII [t(14) = -25.87, p = 0.042], and the right 

SMA-putamen pathway [t(14) = -25.48, p = 0.042] after FDR correction, therefore indicating 

that there was a differential group effect of training on MPF within these tracts (Figure 40).  

 

 

Figure 39. Mean ratings for drumming performance. 

Drumming performance scores according to the Trinity College London marking criteria for 
percussion (2016) as a function of group and time point. Patients improved their drumming 
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performance significantly for the easy test pattern and controls for the medium difficult test pattern. * 
p < 0.05, ** p < 0.01, bootstrapping based on 1000 samples. 
 

6.5.4. Changes in microstructure do not correlate with improvement in 
drumming performance 

 
No significant association was found between the MPF component scores and 

improvement in drumming performance (r = -0.14, p = 0.079). Moreover, although no 

significant correlation was observed between the Executive and the MPF component scores, a 

positive trend was present (r = 0.348, p = 0.171). 

 

6.5.5. HD patients present reductions in apparent myelin before training 

Baseline MPF was reduced in the HD group compared to controls, in the midbody of 

the CC (t = 3.13, p = 0.052, FWE corrected). Figure 41 shows the areas with  reduced MPF in 

HD patients, in blue. 

 

Table 25. Rotated component loadings on change in the cognitive benchmark tests. 

Significant loadings (>0.5) are highlighted in bold. 
 
% Change Executive Working memory capacity Fluency 

Total box (dual) 0.864 0.022 0.419 

Stroop 
interference score  

0.811 -0.270 -0.267 

Trail test 
switching  

0.731 -0.470 0.162 

Correct digits 
under single task 
condition  

0.201 0.904 0.129 

Correct digits 
under dual task 
condition  

-0.193 0.855 -0.018 
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Category fluency -0.070 -0.138 0.817 

Verbal fluency -0.026 -0.232 -0.799 
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Table 26. Summary statistics for the permutation analysis of training effects on FA, RD, FR and 
MPF, across the investigated tracts. Abbreviations: FA: fractional anisotropy; RD: radial 
diffusivity; FR: restricted volume fraction; MPF: macromolecular proton fraction. 

 
FA t p FDR corrected p  

CCI 1.220 0.91 0.91 

CCII 2.650 0.91 0.91 

CCIII 0.320 0.48 0.91 

Left SMA-Putamen 5.160 0.77 0.91 

Right SMA-Putamen -9.54 0.02 0.11 

RD       

CCI -0.48 0.35 0.45 

CCII -1.29 0.22 0.45 

CCIII -1.04 0.30 0.45 

Left SMA-Putamen -3.68 0.08 0.39 

Right SMA-Putamen 4.010 0.80 0.80 

FR       

CCI 0.033 0.81 0.82 

CCII -0.001 0.49 0.82 

CCIII 0.03 0.82 0.82 

Left SMA-Putamen 0.01 0.58 0.82 

Right SMA-Putamen -0.052 0.29 0.82 

MPF       

CCI -12.06 0.08 0.10 

CCII -20.72 0.03 0.05 

CCIII -25.87 0.02 0.05 

Left SMA-Putamen -4.34 0.38 0.38 

Right SMA-Putamen -25.48 0.02 0.05 
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Figure 40. Training-associated macromolecular proton fraction (MPF) changes. 

Principal component analysis (PCA) scree plot (A); plot summarizing how each variable is accounted 
for in every principal component (PC) - color intensity and the size of the circles are proportional to 
the loading: PC1 loads on CCI, CCII, CCIII and right SMA-Putamen, while PC2 loads mostly on the 
left SMA-Putamen; the absolute correlation coefficient is plotted (B); correlation circle, interpreted as 
follows: 1) positively correlated variables are grouped together, 2) negatively correlated variables are 
positioned on opposite sides of the plot origin (opposite quadrants), 3) the distance between variables 
and the origin measures the quality of the variable on the factor map. Variables that are away from the 
origin are well represented on the factor map (C); Bar graph of the percentage change in MPF across 
the inspected tracts; Error bars represent the standard error; training was associated with a 
significantly greater change in MPF in CCII, CCIII, and right SMA-Putamen; * (p<0.05), results 
corrected for multiple comparisons with false discovery rate (FDR) (D).  
 

 

 

Figure 41. Tract-based spatial statistics (TBSS) analysis of baseline macromolecular proton 
fraction (MPF) values. 

 
(A). Light blue areas show a significant reduction of MPF in patients with HD compared to controls (p 
< 0.05, FWE corrected). The midbody of the corpus callosum (CC) was mostly found to be affected, 
which carries connections to the premotor, supplementary motor and motor areas of the brain. Tracts 
showing significantly greater MPF changes in HD patients post-training as compared to controls (B). 
Areas showing significant MPF reductions at baseline overlap with tracts showing significant changes 
post-training (i.e. CCII and CCIII). 
 

A.
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6.6. Discussion 

Based on evidence that myelin impairment contributes to WM damage in HD 

(Bartzokis et al., 2007), and the suggestion that myelin plasticity underlies the learning of new 

motor skills (Lakhani et al., 2016; Scholz et al, 2009), the present study explored whether two 

months of drumming training would result in changes in WM microstructure in HD patients. 

Specifically, greater changes in MPF, as marker of WM myelin plasticity, were expected in 

HD patients relative to healthy controls. 

Firstly, a behavioural effect of the training was demonstrated by showing a significant 

improvement in drumming performance in patients (easy test pattern) and controls (medium 

test pattern). No group differences in training-associated changes were detected in the diffusion 

based indices of FA, RD and FR. However, as hypothesised, a group difference in training-

induced changes in the MPF PCA component was found. Specifically, HD patients showed 

significantly higher increases in MPF relative to controls. Furthermore, through exploratory 

post-hoc investigations, significantly higher training-induced MPF changes within the CCII, 

CCIII and the right SMA-putamen pathway were shown in patients relative to controls. 

Additionally, TBSS analysis of baseline differences in MPF suggested a partial overlap of WM 

areas showing significant MPF reductions at baseline with areas showing changes post-training 

(i.e. CCII and CCIII).  

MPF can be affected by inflammation (Henkelman, Stanisz, & Graham, 2001) and in 

advanced HD it is likely that inflammation goes hand-in-hand with myelin breakdown (Rocha 

et al., 2016). However, a recent CSF biomarker study found no evidence of neuro-inflammation 

in early-manifest HD (Vinther‐Jensen et al., 2016). Furthermore, recent evidence shows that 

this measure may be inconsistent when investigated in relatively small WM areas, presumably 

because of the effect of spatial heterogeneity in myelin thickness (Wang et al., 2020). 

Nevertheless, the within-subjects design employed in the present study should have helped to 
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minimise noise due to the spatial inconsistency of this measure. Therefore, though preliminary 

and based on a small sample size, these findings suggest that two months of drumming and 

rhythm exercises may result in myelin remodelling in patients with early HD.  

It is plausible that this group difference arose due to WM microstructural differences 

between patients and controls before the training. Accordingly, the HD group showed a 

significantly lower baseline MPF, consistent with lower myelin content (Bartzokis et al., 2007). 

Furthermore, previous studies have reported that training-associated percentage changes in 

MRI measures tend to be higher in patients than in healthy subjects (Caeyenberghs et al., 2018). 

One possibility is that in the healthy brain,  neural networks may be optimally myelinated, and 

further increasing myelin may not improve performance (Chomiak & Hu, 2009; Kaller et al., 

2017; Rushton, 1951). Hence, the MPF changes in patients relative to controls might depict 

mainly a “catch-up effect” to the better baseline status of the control group. However, 

disentangling the impact of prior WM microstructural differences on microstructural plasticity 

during learning is beyond the scope of the current work.  

Notably, the behavioral effect of drumming training and cognition differed between 

patients and controls. Specifically, patients improved in the easy drumming test pattern, and 

controls improved in the medium test pattern. Furthermore, consistent with evidence from our 

pilot study (Metzler-Baddeley et al., 2014), patients showed increases in the executive function 

components whilst control participants did not show improvements in their cognition. 

Therefore, inter-group differences in microstructural changes might not only be due to baseline 

WM microstructural differences, but also to a different behavioral effect of the task between 

HD subjects and controls. For instance, control participants performed close to ceiling in the 

easy test pattern, and as the training was tailored to patients’ needs, some of the earlier practice 

sessions may not have optimally challenged them. The fact that the training seemed more 

taxing for patients than controls may also explain why improvements in executive functions 
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and changes in MPF were only observed for the patients.  

A critical question relevant to all training studies concerns the functional significance 

of any observed neural changes. If, and to what degree adaptive alterations in myelin content 

can facilitate behavioural change, remains poorly understood (Kaller et al., 2017). In the 

present study, no significant relationships between changes in MRI measures and changes in 

drumming proficiency or performance in cognitive tests were found. This might have been due 

to non-specific training-related neural responses. Specifically, while the training exercise 

might have triggered changes in brain structure, training-induced changes may not necessarily 

co-vary with improvements in performance. Alternatively, it might be that the study was 

insufficiently powered to detect brain-function correlations. The minimum sample size 

required to detect a correlation was calculated to be 64 people (α = 0.05; 80% power; medium 

effect size; GPower 3 software). Interestingly, a positive trend was detected between changes 

in the MPF component and those in the Executive component, both of which showed 

significant differences between HD patients and controls. Therefore, these results need 

replication in larger samples. A lack of correlation between structural and functional changes 

after training has been reported in other studies (including well-powered studies) and may 

suggest that these processes follow different time courses and/or may occur in different brain 

regions (Valkanova et al., 2014).  

It is important to note that this study did not include a non-intervention patient group. 

Within the 12 month time period of this study it was not possible to recruit a sufficiently large 

number of well-matched patient controls. Therefore, the effects of the training on WM 

microstructure cannot be disentangled from HD-associated pathological changes. However, 

given that HD is a progressive neurodegenerative disease associated with demyelination 

(Bartzokis et al., 2007), it is unlikely that increases in MPF observed in the patient group were 

due to the disease itself. Finally, while the majority of training studies assess brain structural 
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changes between baseline and post-training (Caeyenberghs et al., 2018), presumably on 

account of cost and participant compliance, it is suggested that acquiring intermittent scans 

during the training period could have helped to better capture and understand changes in WM 

microstructure observed in this study. Accordingly, future studies and more advanced 

statistical analyses might be able to give greater insights into the complex nonlinear 

relationships between structural changes and behaviour (Thomas & Baker, 2013). 

A final important point to note is the high drop-out rate observed during the training, 

with 4 patients and 2 controls withdrawing from the study. From the patients’ feedback it was 

clear that sometimes the training was too hard and sometimes too easy. The high drop-out rate 

is therefore likely to be due to a combination of Huntington’s disease with symptoms of apathy, 

low motivation and depression, and possibility of worsening of symptoms, and the fact that the 

training was not always optimally targeted to participants’ abilities.  Thus, future studies may 

improve the training by digitising it, hence enabling the implementation of an adaptive stair-

case procedure to ensure that everyone is practising at their optimally challenging level of about 

75% success rate. This in turn would help to avoid boredom and/or overchallenge/frustration. 

Digitisation would also allow objective assessment of adherence and training progress.  

To conclude, this study showed that two months of drumming and rhythm exercises 

result in a significantly greater change in a proxy MRI measure of myelin in patients with HD 

relative to healthy controls. Whilst the current results require replication in a larger patient 

group with an appropriately matched patient control group, they suggest that behavioural 

stimulation may result in neural benefits in HD that could be exploited for future therapeutics 

aiming to delay disease progression.  
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Chapter 7  
General Discussion 

 

7.1. Thesis overview 

The fact that HD arises from a known single genetic mutation means that we can 

investigate HD-associated brain changes from the earliest, premanifest stages of the disease. 

Subtle and progressive WM alterations (Dayalu & Albin, 2015) have been observed early in 

HD progression, before the onset of motor symptoms (Aylward et al., 2011; Ciarmiello et al., 

2006; Paulsen et al., 2008; Ruocco et al., 2008; Tabrizi et al., 2009), implying that WM 

disturbances might independently contribute to HD pathogenesis (Aylward et al. 2011; 

Bartzokis et al. 2007; Tabrizi et al. 2009). However, the aetiology of WM degeneration and its 

role in disease pathogenesis remain unclear. The assessment of early WM microstructural 

changes in the HD brain is therefore of fundamental importance. Understanding such changes 

might prove useful for the identification of disease-related biomarkers and in measuring 

responsiveness to pharmaceutical and other therapeutic approaches, such as environmental 

stimulation and behavioural interventions. Importantly, new MRI methods provide in-depth 

information about tissue integrity and organization at the microstructural and biochemical 

levels. Thus, the primary aim of this work was to exploit both ultra-strong gradients (300 

mT/m) and ultra-high field (7 Tesla, 9.4 Tesla) to assess WM microstructural changes in HD, 

using a variety of MRI techniques in premanifest and manifest HD patients, as well as a mouse 

model of the disease.  

This Thesis moved beyond the diffusion tensor framework for the investigation of WM, 

with the application of advanced microstructural imaging, including high b-value 

measurements of restricted diffusion, high-field assessments of susceptibility with frequency 

difference mapping, along with magnetization transfer measurements of apparent myelin.  
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Using these advanced MR techniques I was able to provide a comprehensive and 

detailed characterisation of WM microstructural differences in the HD brain. Specifically, I 

was able to better tease apart changes in apparent myelin content from alterations in axon 

microstructure allowing novel insights into HD-related WM differences that were not possible 

with standard DTI.  

Additionally, studying both human patients and a mouse model of HD with these 

advanced MRI techniques allowed for direct cross-species comparisons and bi-directional 

translation of results. This is important for gaining novel insights into human HD 

neuropathology, affording the foundation for translational research in the R6/1 mouse model, 

and for increased biological specificity of the work in the HD model that informs knowledge 

and research in the human condition.  

Finally, I was able to apply the improved compartmental specificity obtained by 

complementing standard DTI metrics with measurements from qMT and CHARMED, to study 

the effects of two months of a novel drumming training on WM plasticity in patients with 

manifest HD. This in turn allowed to assess whether tailored cognitive-motor stimulation may 

lead to neural benefits in early HD, that could be exploited for delaying disease progression.  

 In the following sections, I will first reiterate the major findings of this Thesis; I will 

then discuss their broader significance in the context of the current understanding of WM 

pathology in HD and in light of the Demyelination Hypothesis (Bartzokis et al., 2007). 

Subsequently, I will evaluate the translation of findings between patients and the R6/1 model, 

and consider the methodological limitations along with potential future directions that could 

provide greater understanding of WM pathological changes in HD. 
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7.2. Summary of findings 

Findings from this Thesis replicated evidence on HD already present in the literature. 

For example, they showed that premanifest patients present striatal atrophy (Aylward et al., 

2012; Paulsen et al., 2014a, 2014b; Tabrizi et al., 2012, 2013), which does not seem to extend 

to the thalamus (Furlong et al., 2020), and dysexecutive deficits (Mörkl et al., 2016; Papoutsi 

et al., 2014; Stout et al., 2016), which likely reflect impairments in the executive control and 

manipulation of information processing (Bourbon-Teles et al., 2019). 

Additionally, a range of significant changes in WM as detected with MRI were 

observed in premanifest and manifest HD patients, as well as in HD mice (Bartzokis et al. 

2007; Jin et al. 2015; Meng et al. 2017; Rosas et al. 2018; Rosas et al. 2006; Tabrizi et al. 2009, 

2011). However, the present experimental work also made novel contributions to 

understanding the effect of HD on WM microstructure, by disentangling the contribution of 

changes in axon microstructure versus myelin to HD pathology, and demonstrating significant 

differences in both apparent myelin and axon microstructure across the brain and the disease 

course. Importantly, in the premanifest stage of the disease these changes were present before 

morphometric alterations in WM could be detected, indicating that microstructural changes 

precede frank neurodegeneration and may reflect early neuronal dysfunction (Rosas et al., 

2010) or a neurodevelopmental component to the pathogenesis of HD (Jin et al., 2015). 

In Chapter 3, I first assessed cognition and subcortical GM and found deficits in the 

executive control and manipulation of information processing, as well as atrophy in the 

striatum, in premanifest HD patients. I then investigated region-specific changes across the CC 

using a tractometry approach (Bells et al., 2011; Jones et al., 2005b, 2006), as well as WM 

microstructural abnormalities across the whole brain with TBCA (Luque Laguna, 2019). 

Results from both approaches showed lower MTR in the posterior callosum of premanifest 

patients, in turn suggesting lower apparent myelin in this region. On the other hand, 
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premanifest HD patients presented significantly higher apparent myelin in the more anterior 

portions of the CC. Importantly, there was a positive association between apparent myelin  and 

cognitive performance, as well as between apparent myelin and CAG repeat length in patients. 

On the other hand, no association of apparent myelin in the CC with disease burden was 

detected, indicating that such changes in myelin might be a direct result of the disease mutation. 

With TBCA, I also detected clusters of significantly higher FA in the right fronto-striatal 

projections, and increased FR in the left CST in premanifest patients, indicating that WM 

changes in premanifest HD extend beyond the callosum. FR in the CST was significantly 

associated with MTR in the posterior CC and a trend was present for a positive association 

with cognitive performance, possibly reflecting compensation to myelin loss. 

In Chapter 4, I first showed that the executive updating of relevant information tends 

to deteriorate to a larger extent with age in premanifest HD patients, consistent with the 

cognitive deficits demonstrated in Chapter 3. I then validated the potential of a novel phase-

processing approach, FDM, and three-pool modelling of the mGRE signal, in gaining further 

insight into the biological basis of WM microstructural changes in the HD brain. Specifically, 

I estimated fm as a marker of myelin in the posterior callosum and observed significantly lower 

fm values in this area in premanifest HD patients compared to controls, suggesting, consistent 

with findings from Chapter 3, the presence of myelin impairment in this callosal segment. 

Interestingly, I also found that patients’ inter-individual variability in fm was positively 

associated with their executive performance, but detected no association between inter-

individual variation in fm and proximity to disease onset as measured with DBS. Both of these 

results are consistent with findings of Chapter 3 and suggest that myelin differences may 

precede the onset of clinical symptoms in HD and may not directly relate to disease stages. 

In Chapter 5 I performed an MRI characterization of WM microstructure in the 

transgenic R6/1 mouse model of HD. Such assessment was performed ex vivo on the brains of 



 

 228 

4 month old mice, to represent the early symptomatic stage of HD. Processing and analyses 

methods similar to those used in the patient cohort in Chapter 3 were employed, in the attempt 

to increase the translational validity of findings. An initial assessment of WM microstructural 

changes across the CC using a tractometry approach revealed increased FR and decreased MPF 

in R6/1 mice, compared to WT littermates, across this tract. The subsequent assessment of WM 

microstructural abnormalities across the whole brain with VBM showed areas of greater WM 

volume in R6/1 mice. This was accompanied by widespread higher FR, together with some 

decreases in MPF, as detected with TBSS. Importantly, decreased apparent myelin and 

increased FR are both consistent with what I observed in Chapter 3 in premanifest patients, 

although changes were more widespread in R6/1 mice, possibly because of differences in 

disease progression stages. Finally, brain tissue ultrastructure from the R6/1 mouse line was 

analysed using TEM, indicating that the frequency distribution of myelinated axon diameters 

was skewed towards thinner axons in R6/1 mice. 

Lastly, in Chapter 6 I investigated whether drumming training stimulates WM 

remodelling in manifest HD patients, and whether training-associated microstructural changes 

are related to improvements in motor and cognitive function. Firstly, I demonstrated a 

behavioural effect of the training by showing a significant improvement in drumming 

performance in patients and controls. I also found significantly higher training-associated MPF 

changes within the mid-anterior portion of the CC and the right SMA-putamen pathway in 

patients relative to controls. Additionally, TBSS analysis of baseline differences in MPF 

suggested a decrease in apparent myelin in the callosum of manifest HD patients, consistent 

with what observed in premanifest patients and R6/1 mice in the previous chapters. 

Importantly, I detected a partial overlap of WM areas showing significant MPF reductions at 

baseline with areas showing changes post-training, suggesting the presence of a training-

associated myelin remodelling in these areas.  
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7.3. Bringing it all together 

In this section I will be discussing the most interesting findings of this Thesis in the 

broader context of the existing literature, and I will explore how this experimental work has 

furthered our understanding of WM pathology in HD and stimulated further research.  

 

7.3.1. Myelin pathology in HD: excessive myelin or myelin breakdown? 

 
The work described in this Thesis provides supporting evidence to the suggestion that 

WM in HD is subject to alterations in myelin-associated biological processes (Bartzokis et al., 

2007; Gómez-Tortosa et al., 2001; Myers et al., 1991; Teo et al., 2016). In Chapters 3 and 4, 

decreased apparent myelin in the posterior portion of the CC was found in premanifest HD 

patients. Furthermore, findings from R6/1 mice, tested at 4 months of age to represent the early 

symptomatic stage of the disease, indicate that demyelination later in disease progression may 

be more widespread. Consistent with findings from HD mice, in Chapter 6 decreases in 

apparent myelin in symptomatic HD patients extended across the mid-anterior portions of the 

callosum, as well as the superior longitudinal fasciculus.  

The suggestion of a progressive spread of demyelination across the HD brain and of 

myelin impairment first starting in posterior, early myelinating areas of the brain is consistent 

with previous findings from human neuroimaging studies (Di Paola et al., 2012; Lee, 2016; 

Tabrizi et al., 2012). However, while previous suggestions have been based on DTI measures, 

which are inherently non-specific to subcomponents of WM microstructure (Alexander et al., 

2007; De Santis et al., 2014), the combination of standard tensor metrics with MTR and FR 

from ultra-strong gradient scanning, and fm from ultra-high field susceptibility measurements 

afforded in this work a more biologically-meaningful interpretation of microstructure changes. 

Accordingly, the present results indicate that changes in DTI measures observed in previous 
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studies in posterior WM areas of premanifest patients are indeed likely to be due to myelin 

alterations.  

Importantly, the present results are consistent with the Demyelination Hypothesis of 

HD (Bartzokis et al. 2007), and the suggestion that mHTT leads to premature myelin 

breakdown in HD. Consistent with findings from this Thesis, the Demyelination Hypothesis 

argues that early- and heavily-myelinated fibres, such as those in the callosal isthmus, are more 

susceptible to myelin breakdown in HD, and are thus affected first in the disease (Bartzokis et 

al., 2007), possibly because of metabolic dysfunction and alterations in energetics (Beal, 2005; 

Browne, 2008). The spatial pattern of pathology is in contrast with the “last-in-first-out 

hypothesis” that was proposed for degenerative processes of normal brain aging (Raz, 2000), 

which postulates that later-myelinating fibres are more vulnerable to insult in later life, as 

compared to earlier-myelinating ones. 

Unexpected was the detection of higher apparent myelin in premanifest HD patients 

compared to controls in anterior portions of the CC (Chapter 3). To explain such finding, I 

suggested two possible mechanisms: the first concerns the presence of toxic myelination levels 

in the premanifest HD brain because of pathologically-increased CAG repeat size; the second 

proposes the presence of homeostatic remyelination in response to the myelin breakdown 

associated with the mutation.  

The proposal of excessive myelination in HD is not consistent with previous 

histological findings from animal studies (Bardile et al., 2019; Blockx et al., 2012; Jin et al., 

2015; Teo et al., 2016; Xiang et al., 2011). Therefore, if considered in the context of the existing 

animal literature, findings of increased apparent myelin in the anterior callosum of premanifest 

HD patients are likely due to a dysregulation of the temporal profile of myelination and to 

deficient, rather than excessive, myelination as an important early pathogenic event in HD (Jin 

et al. 2015). However, most experimental evidence about histological abnormalities in HD is 
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based on mouse models (Xiang et al., 2011). Therefore, investigating WM microstructure in 

neurodegeneration in vivo through neuroimaging will be critical to better understanding myelin 

alterations in the premanifest stage of HD. 

 

7.3.2.  Axon pathology in HD: pathologically driven morphological 
alterations? 

 
In Chapter 3, a significant increase in FR was detected along most of the left CST in 

premanifest HD patients. Interestingly, the assessment of WM microstructural changes in the 

R6/1 mouse model of HD in Chapter 5 revealed widespread increases in FR across the brain. 

Though these findings need to be interpreted with caution as they are based on a mouse model 

rather than symptomatic HD patients, they suggest that, similarly to the alterations in apparent 

myelin, later in disease progression changes in axon density are more widespread, thus pointing 

to a progressive spread of alterations across the HD brain as the disease progresses.  

While FR from CHARMED can provide maps of the signal fraction of intra-cellular 

space (Assaf & Basser, 2005), this model represents axons as parallel cylinders and thus cannot 

recover the effect of axonal-orientation dispersion due to bending and fanning of axon bundles 

widespread throughout the brain (Bürgel et al., 2006). By relaxing this constraint, more recent 

models such as the neurite orientation dispersion and density imaging (NODDI) model (Zhang 

et al., 2012) support a more realistic description of WM beyond the most coherently-oriented 

structures and provide an estimate of orientation dispersion (OD). 

It is therefore plausible that the increases in FR observed in the present work both in 

premanifest patients and in R6/1 mice reflect a process of reorganization or selective pruning 

of fibres, such as pathologically-driven reduced collateral branching or morphological 

alterations of individual axons, rather than an actual increase in axon density. In agreement 

with this suggestion, Zhang and colleagues (2018) revealed increased coherence of axonal 
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organization in premanifest HD patients, as suggested by smaller OD, in tracts surrounding the 

basal ganglia and in the internal and external capsule, which form part of the CST. This in turn 

indicates the presence of compensatory pruning of axons in WM regions. Additionally, such 

suggestion is consistent with previous evidence of morphological alterations in the neurons of 

R6/2 mice, which present smaller diameter dendritic shafts, smaller somatic cross-sectional 

areas, and decreased diameter of the dendritic fields (Klapstein et al., 2001). TEM results in 

Chapter 5 indicated that neurons in R6/1 mice present an increased number of thinner axons 

compared to WT littermates, thus lending further support to the presence of a process of 

morphological alteration of fibres.  

Alternatively, increases in FR may reflect the presence of tissue swelling in the HD 

brain. This suggestion is supported by the animal work described in Chapter 5, which showed 

increased WM volume in areas partially overlapping with regions of increased FR. The 

presence of brain oedema and tissue swelling, which occur in the disease (De Paepe et al., 

2019), have indeed been shown to bias brain atrophy measurements (Andravizou et al., 2019). 

Accordingly, swelling of glial cells and axons may lead to increased FR by reducing 

extracellular fluid and thus causing reduced diffusion in the extra-axonal space (Arfanakis et 

al., 2002; Stidworthy et al., 2003).  

Accordingly, previous evidence demonstrated increased iron levels in the left CST of 

premanifest HD patients (Phillips et al., 2015), proposed to reflect an homeostatic increase in 

oligodendrocytes to repair myelin damage. In turn, myelin breakdown leads to axon swelling 

(Payne et al., 2012). Additionally, previous studies have demonstrated a striking increase in 

axonal swelling in mouse models of HD, that were shown to precede cell body, dendrite, and 

synapse degeneration (Marangoni et al., 2014). Overall, the presence of axon swelling due to 

myelin breakdown is consistent with the Demyelination Hypothesis of HD, and with the idea 
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that the premanifest HD brain is continually trying to remyelinate in a losing attempt to 

compensate for the disease-related myelin loss (Bartzokis et al., 2007). 

Generally, these findings indicate the presence of axonal alterations in the HD brain. It 

is possible that axons in HD develop normally but then undergo alterations associated with the 

disease process, or that such abnormalities arise in the postnatal development of axons. The 

trend for a positive association between FR in the CST and cognitive performance observed in 

premanifest patients suggests that, at least at the premanifest of the disease these alterations 

reflect a compensatory response rather than a disease-related change. However, findings of 

increased WM volume in R6/1 mice suggest the presence of axonal swelling, and thus of a 

disease-related response. Therefore, future studies are needed to clarify the neurobiological 

underpinning of these findings and how such changes relate to each other within the time course 

of HD and its clinical symptoms.  

  

7.3.3. FR from CHARMED and fm from FDM: novel HD imaging 
biomarkers?  

 
 For the first time in the HD literature, I have observed increased FR in the WM of 

premanifest HD patients. Crucially, findings from the R6/1 mouse model provided cross-

species convergence in also showing an increase in this measure. This points to the potential 

of FR as a novel MRI biomarker of HD-associated changes in WM microstructure.  

Biomarkers constitute the most important tool of translational science in medicine, thus 

the development of biomarkers that are useful and accessible in both animal models and 

humans affords improved translation of animal findings into humans and, likewise, the back-

translation of imaging methods from humans to animal models (Wendler & Wehling, 2010). 

Therefore, while inherent differences between species remain, and though the study on R6/1 
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mice was carried out ex vivo, the present findings may represent an important preliminary step 

in the establishment of FR as a novel in vivo imaging biomarker of WM pathology in HD. 

As well as FR’s potential for aiding understanding of HD pathogenesis and progression, 

and as a possible biomarker for clinical trials, the promise of fm from FDM for the in vivo 

quantification of myelin breakdown in HD was demonstrated in Chapter 4. Importantly, results 

obtained with fm converged with the MTR findings in Chapter 3 in suggesting a reduction in 

myelin content in the posterior callosum of premanifest HD patients.  

Quantitative MRI of myelin affords valuable insight into myelin alterations and is thus 

of particular interest for the evaluation of myelin changes in the HD brain. While previous in 

vivo investigations of WM changes in HD have predominantly employed indices from DT-

MRI (Pierpaoli and Basser 1996), or magnetization transfer ratio (MTR) imaging (Henkelman, 

Stanisz, and Graham 2001), these indices may be influenced by a multitude of processes 

affecting tissue microstructure and biochemistry (Beaulieu 2002; De Santis et al. 2014; Harsan 

et al. 2006; Wheeler‐Kingshott and Cercignani 2009). On the other hand, FDM and the three-

pool modelling of the mGRE signal afford improved WM compartmental specificity, and 

estimate fm as a marker of myelin content. Notably, histological evidence shows that this metric 

is less sensitive to concomitant pathological processes such as inflammation (Gareau et al. 

2000), suggesting that this may be a more specific measure of tissue myelination. This in turn 

stresses the strong potential of this method for better understanding HD-associated alterations 

in WM myelin. 

 

7.3.4.  Drumming rhythm training: possible therapeutic approach to 
symptomatic HD? 

 
Another important finding of this Thesis consisted in demonstrating the potential of 

two months of drumming and rhythm exercises to result in WM microstructural benefits in 
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HD, as indicated by a significantly greater training-associated change in apparent myelin in 

patients with HD relative to healthy controls. Whilst the current results require replication in a 

larger patient group with an appropriately matched patient control group, they suggest that that 

cognitive-motor stimulation may be exploited for future therapeutics aiming to delay disease 

progression.  

The development of symptomatic therapies to aid patients in managing their symptoms is 

of fundamental importance even in an era in which developments in gene therapy targeting 

mHTT expression have generated much excitement. Such approaches have indeed yet to be 

proven to lead to measurable changes in disease progression (Barker & Mason, 2019), with 

many doubts still lingering, for example on the relative strength of different approaches and 

the possible side effects of each therapy (Shannon, 2020). Crucially, these treatments aim to 

modify and not cure the disease, and while symptomatic therapies for HD exist, their 

effectiveness varies between patients and may lead to clinically significant side-effects (Barker 

& Mason, 2019). On the other hand, cognitive and motor training has no significant side-effects 

and could be used in combination with gene modifying, drug or transplant therapies. 

 

7.3.5.  The importance of a translational neuroimaging approach 

Findings from animal models of HD need to be considered while keeping in mind the 

inherent differences between these animal models and human patients. Specifically, the 

equivalent and divergent features of the brain for different species need to be understood to 

ensure that data extrapolation is performed rationally. Additionally, mouse models are simply 

models of disease, as demonstrated by the differences in neuropathology and phenotype across 

different models (Steventon, 2014). This in turn implies that results seen in HD patients might 

not be evident in, or relevant, in mouse models of the disease.  
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Nevertheless, work using HD mouse models does have translational potential. In this 

context, especially useful are techniques that do not require invasive procedures to be 

measured, and can be applied sequentially; this in turn reduces the sample size needed for 

conclusions to be drawn (Wendler & Wehling, 2010), and is therefore in good accordance with 

the 3Rs in preclinical research: refine, reduce and replace (Flecknell, 2002). Accordingly, 

small-animal preclinical imaging affords non-invasive, longitudinal studies, which in turn are 

associated with reduced biological variability and enable a substantial decrease in the number 

of animals without losing statistical power (Cunha et al., 2014; Koo et al., 2006). Additionally, 

preclinical imaging studies use almost the same technologies in terms of hardware and software 

settings as for human patients and hence, might result in a more rapid translation.  

In the present experimental work, an effort was made to ensure the pulse sequences 

were as similar as possible between HD patients and R6/1 mice in order for comparisons to be 

drawn. As shown in the above sections, a number of common findings emerged in patients and 

R6/1 mice, supporting the view that the HD gene affects WM microstructure at different stages 

in the disease course. This stresses the usefulness of examining consistencies across species 

with regards to the effects of the mutation, to then probe the biophysical basis of imaging results 

with in vitro techniques not possible in most human studies. Additionally, as most experimental 

evidence about histological alterations in HD is based on mouse models (Xiang et al., 2011), 

the ability to investigate WM microstructure in HD in vivo through neuroimaging is critical to 

understanding HD pathogenesis and progression (Estevez-Fraga et al., 2021). 

 

7.3.6.  Conclusions and future directions 

 
The conclusions of this Thesis can be summarized as follows: 
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• Measurable and significant differences in callosal microstructure are present in the 

premanifest HD brain, likely reflecting myelin alterations.  

• Callosal changes are present before alterations in proxy metrics of axon density can be 

detected in this tract, thus suggesting that WM impairment in HD unlikely reflects 

solely Wallerian degeneration or a secondary result of neuronal cell death in GM, and 

may instead represent an independent factor to HD pathology. 

• Results are broadly consistent with the Demyelination Hypothesis of HD (Bartzokis et 

al. 2007), and the suggestion that mHTT leads to premature myelin breakdown in HD, 

affecting early- and heavily-myelinated fibres, such as those in the callosal isthmus, 

first (Bartzokis et al., 2007). 

• Myelin alterations likely reflect a dysregulation of the temporal profile of myelination 

and are probably a direct result of the mutation, rather than just being a result of disease 

progression. 

• Outside the callosum, other alterations can be detected, likely reflecting axonal 

alterations such as axonal swelling and/or a process of compensatory reorganization or 

selective pruning of fibres, such as pathologically-driven reduced collateral branching 

or morphological alterations of individual axons. 

• Later in disease progression, WM microstructure changes seem more widespread, thus 

pointing to a progressive spread of alterations across the HD brain as the disease 

progresses. This finding is in agreement with the Demyelination Hypothesis (Bartzokis 

et al. 2007). 

• These changes may reflect early neuronal dysfunction (Rosas et al., 2010) and/or a 

neurodevelopmental component to the pathogenesis of HD, as precursor to the more 

global neurodegeneration process (Barnat et al., 2020; Jin et al., 2015; Nopoulos et al., 

2010; Phillips et al., 2014). 
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• Behavioural stimulation may be exploited for future therapeutics aiming to delay 

disease progression or as symptomatic therapy.  

 

Future studies could investigate the longitudinal evolution of changes in FR in the HD 

brain, to further understand axon microstructure changes in this disease. Following young 

premanifest subjects longitudinally will also help addressing the possibility of toxic myelin 

levels in the premanifest HD brain because of pathological CAG repeats size. Finally, future 

studies should attempt to apply fm to anterior callosal portions to clarify the finding of MTR in 

premanifest patients in this work.  

Overall, findings from this Thesis suggest that an enhanced understanding of the 

mechanisms underlying WM abnormalities could shed light on new therapeutic approaches for 

HD. Therefore, intervention strategies should be expanded from the current neuro-centric focus 

of most therapeutic strategies to include oligodendroglial targets (Bardile et al., 2019). Indeed, 

these data suggest that directly targeting WM pathology could be beneficial for HD. In many 

neurodegenerative diseases such as Alzheimer’s and Parkinson’s disease, WM disturbance 

starts before other pathological changes are evident (Bartzokis et al., 2007, 2010).  

Similarly, this work demonstrated that in HD, critical pathogenic events are present 

prior to clinical onset of the disease, and there might therefore be a decades-long period in 

which therapeutic intervention could change the course of the disease. Notably, though much 

of our understanding of HD pathology will increasingly rely on advanced neuroimaging 

techniques, this reliance also stresses the importance to remember and address the 

shortcomings of these approaches. 
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Appendix 1  
Solutions  

 

A1.1. Chemical-grade Phosphate Buffer Saline (PBS)  

§ 950 ml Distilled water 
§ 9.5 ml Sodium Phosphate Monobasic Dihydrate 0.2 M 31.2 g / l (Sigma) 40.5 ml 

Sodium Phosphate Monobasic Dihydrate 0.2 M 28.4 g / l (Sigma) 8.0 g Sodium 
Chloride (Sigma) 

§ 0.2 g Potassium Chloride (Sigma) 
§ pH 7.4 

 

A.1.2. Paraformaldehyde solution (PFA)  

§ 40g PFA (4%) 
§ 1 L Prewash buffer 
§ Heat to dissolve 
§ pH 7.3 (orthophosphoric acid)  

 

A.1.3. Sucrose solution  

§ 25 g sucrose (Fisher Scientific) 
§ 100 ml phosphate buffered saline (Sigma)  
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