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Summary  

The Fragile X Premutation is a complex genetic anomaly which affects one in 260 females 

and 400 males and results in a broad range of symptoms and distinct conditions. The 

premutation phenotype involves cognitive and motor impairment as well as increased risk 

of developing the neurodegenerative movement disorder Fragile X Associated Tremor 

Ataxia Syndrome (FXTAS). FXTAS is characterised by clinically significant cognitive and 

motor impairments as well as balance deficits, subsequently leading to falls, injuries, and 

even hospitalisation. However, due to the relatively recent discovery of FXTAS and the 

premutation phenotype, the pathophysiology and progression of motor symptoms towards 

the development of FXTAS are not clear and current evaluations of motor and neurological 

health involve subjective rating scale based assessments or time-consuming neuroimaging 

techniques, therefore there is an urgent clinical need for objective, time-efficient clinical 

assessments of patient health to allow for early interventions.  

In this thesis, a protocol, with foundations based on posturography based measures of 

stability, was developed to objectively assess balance and postural control in younger 

Premutation Carriers without FXTAS. Posturographic measures were recorded during 

altered cognitive and sensory conditions to emulate situations experienced during daily life. 

Both clinically interpretable measures of postural sway were assessed as well as more 

complex entropy-based measures of postural control. Furthermore, electrophysiological 

imaging methods were employed to investigate potential alteration in neural activity which 

may underlie the changes in motor functioning, providing new insight into the Fragile X 

Premutation related pathomechanisms of instability. The central aim of this thesis was to 

employ a multimodal approach to objectively assess and characterise premutation related 
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cognitive and motor symptoms in younger, seemingly asymptomatic Fragile X Premutation 

Carriers. 

The main findings of the studies presented in this thesis suggest that the protocol developed 

is effective in probing deficits in cognitive and sensory functioning experienced by carriers 

to elicit decreased stability in younger female Premutation Carriers, and that classical sway 

parameters, alongside entropy-based measures of sway, are effective in detecting 

disparities in postural control of Premutation Carriers and unaffected Control subjects. 

Furthermore, the relationship between activation of specific electrophysiological frequency 

bands and postural performance, which has been established in unaffected control subjects, 

was lacking in Premutation Carriers, suggesting altered neural activation connectivity in 

carriers may contribute to aberrant postural control. It was shown that a combination of 

cognitive, posturographic and electrophysiological based methods provide an objective and 

information-rich assessment of motor functioning and neurophysiology of Fragile X 

Premutation Carriers. This highlights the efficacy and utility of a multimodal approach to 

assessments in clinical practice. 

In conclusion, the original contribution to knowledge of this thesis lies in the development 

of a simple but comprehensive, easily administered, protocol for the objective assessment 

of stability and postural control and neurological health of young, asymptomatic Fragile X 

Premutation Carriers. The main findings of this thesis, therefore, can provide significant 

value for future research into the effects of the Fragile X Premutation. The cognitive, 

posturographic and electrophysiological based methods described in this thesis may yield 

information which can then be used to instigate conversations with patients surrounding 

health-related behaviours, personalised strategies for behavioural changes and preclusive 

measures to potentially delay onset or progression of symptoms, subsequently improving 

quality of life.  
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Chapter 1. Introduction 

Fragile X conditions encompass a family of conditions caused by mutations within the 

Fragile X Mental Retardation 1 (FMR1) gene and result in a wide range of phenotypes.  

The genetic mutation and Fragile X Syndrome were first discovered in 1943 by Trinity 

College Dublin graduate, Julia Bell and her colleague James Purdon Martin. Initially 

termed, Martin-Bell syndrome, the name was later changed to ‘Fragile X’ Syndrome due 

to the ‘Fragile site’ on the X chromosome at which the mutation occurs. It is now 

understood that Fragile X mutations result in a family of conditions, including Fragile X 

Syndrome (FXS), Fragile X Primary Ovarian Insufficiency (FXPOI), Fragile X Associated 

Neuropsychiatric Conditions (FXANC) and Fragile X Associated Tremor/Ataxia 

Syndrome (FXTAS).  

 

 Fragile X: A Family of Conditions  

Fragile X Syndrome (FXS), possibly the most widely known of these conditions, is 

characterized by mild to moderate intellectual disability and is the leading genetic cause of 

Autism Spectrum Disorder (ASD) [4, 5]. Those with FXS exhibit distinct traits, including 

physical features, such as a long narrow face, large ears, and flexible fingers, cognitive 

features, such as a global developmental delay, as well as behavioural characteristics, 

including hyperactivity, gaze aversion, and behaviours often associated with ASD such as 

hand flapping. FXS is caused by a trinucleotide repeat expansion, specifically, a CGG 

repeat expansion, in the 5’ untranslated region (UTR) of the FMR1 gene, located on the X 
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chromosome. Repeat counts of between 5 and ~55 [CGG5 to (CGG)~55] repeats are 

considered normal, between 45 and 55 repeats is known as the ‘Grey Zone’, the 

implications of which have not yet been fully explored [6], between 55 and 200 repeats is 

known as the Fragile X Premutation [(CGG)5 to (CGG)~55], and an excess of 200 repeats 

[(CGG)+200 ], results in FXS [7]. FXS occurs in 1 in 2500 births, within the general 

population and each individual with the syndrome has at least one parent who carries the 

Fragile X Premutation.  

The FMR1 or Fragile X Premutation is, therefore, more prevalent in the population, with 

approximately 1 in 260 females and one in 400 males carrying the genetic premutation [8]. 

Originally these carriers were believed to be unaffected by genetic premutation, and 

subsequently ‘phenotype free’, however recent research has identified several conditions 

with wide-ranging clinical implication, unique to Fragile X Premutation Carriers. For 

example, between 20 and 25% of female carriers are at risk of developing FXPOI, a 

condition characterized by reduced function of the ovaries, reproductive issues, early 

menopause, and hormonal imbalance [9]. Moreover, while mood disturbances and other 

associated autoimmune, sensory and social conditions have long been reported in 

Premutation Carriers, they have only recently been recognized as a distinct condition, 

which had been defined in 2018 as ‘Fragile X associated Neuropsychiatric disorder’ 

(FXAND) [10]. More recently in 2020, the term FXAND has been replaced due to the 

unjust and overtly negative connotations of the word ‘disorder’ and the broad definition 

which included autoimmune conditions. The term ‘Fragile X Associated Neuropsychiatric 

Conditions’ (FXANC) had been proposed in its place [11]. A study showed 70% of carriers 

experience some form of anxiety disorder [12], while carriers have been reported to have a 

40 to 65% lifetime prevalence of depression [13]. Finally, Premutation Carriers are at risk 

of developing the neurodegenerative movement disorder FXTAS. This neurodegenerative 

condition is characterized by axonal loss, extensive neural atrophy and intranuclear 

inclusions present within astrocytes and neurons, subsequently resulting in motor issues 

such as intention tremor, ataxic gait, and balance issues, as well as progressive cognitive 

decline, particularly in domains such as executive functioning [5, 14, 15]. Since its 

characterization as a distinct Fragile X related disorder in 2002 [16], it has been reported 

that between 8 and 16% of female carriers and ~50% of male carriers over the age of 50 

develop FXTAS [17, 18], with these figures rising to approximately 75% of male carriers 

over the age of 70 [19].  
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Although the prevalence of the neurodegenerative disorder is high, particularly in male 

carriers, there is as yet, no clear understanding of why only a certain proportion of the 

population of Premutation Carriers go on to develop FXTAS and there is a paucity in 

prognostic markers for early degenerative signs of the onset of FXTAS. Therefore, through 

the investigation of younger FMR1 Premutation Carriers, a greater understanding of 

pathology and progression of FXTAS and other premutation related disorders might be 

gained.  

 

 

 Molecular Mechanisms of FMR1 premutation 

The molecular mechanisms which underpin the Fragile X phenotype vary, based upon the 

degree of CGG repeat expansion. In instances where repeat expansion exceed 200 repeats, 

also known as the full mutation, the FMR1 gene loses function due to irregular or 

disproportionate methylation of the FMR1 locus, subsequently leading to the silencing of 

FMR1 gene transcription [20]. The abolition of gene transcription, in turn, leads to the loss 

of mRNA generation and a reduction or cessation of FMR protein (FMRP) production. See 

Figure 1.1 for illustration. FMRP is a transcriptional regulator ubiquitously expressed at 

high levels throughout the brain and involved in a wide range of functions. FMRP plays a 

vital role in neuronal and synaptic maturation and plasticity [21]. The loss or absence of 

FMRP is believed to result in the behavioural and cognitive features seen in FXS [7].  

Figure 1.1 Illustration of CGG repeat length and the corresponding phenotype 
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Interestingly, the premutation allele remains unmethylated, therefore, transcriptionally 

active and so encodes a functional transcript of FMRP. Both patient studies as well as CGG 

Knock-in (KI) mouse models of the premutation, have exhibited an increase of FMR1 

mRNA, between 2 and 8 times the level observed in non-carriers, yet lower basal levels of 

FMRP [22, 23]. The exact mechanism by which the increase in permutated mRNA 

containing an expanded number of CGG repeats is pathogenic remains unclear, however, 

there are two proposed models. The first model suggests that a toxic gain-of-function 

mechanism in which mutant RNA containing expanded CGG repeats sequesters or 

misfolds specific RNA binding proteins, resulting in the development of intranuclear 

inclusions, cell dysfunction and death, therefore, contributing to the neurodegenerative 

process seen in premutation related conditions such as FXTAS [24-26] The second model 

is based on the repeat-associated non-AUG (RAN) translation of the CGG repeat expansion 

into toxic proteins including polyglycine (FMRpolyG) and polyalanine (FMRpolyA) [27]. 

Such proteins may induce oxidative stress by binding mitochondrial ribosomal proteins 

[28] The decrease in FMRP has been associated with inefficient translation caused by 

secondary RNA structures disrupting ribosomal scanning resulting in stalling at the 

expanded CGG repeat [29]. See Figure 1.2.  

There is also a growing body of evidence to suggest the involvement of additional genes in 

the pathogenesis of FXTAS. As mentioned, only 40% of male carriers develop FXTAS, 

this combined with the variation in phenotype presentation of both FXTAS and FXS have 

led researchers to consider alternative genes such as ASFMR1, whose name derived from 

its Antisense orientation at the FMR1 locus [30]. Additionally, the ASFMR1 displaces 

premutation specific alternative splicing, a molecular marker unique to FXTAS [30]. 

Similar to FMR1 mRNA, ASFMR1 has been involved in the production of intranuclear 

inclusions through the effects gain-of-function toxicity, sequestering and/or misfolding of 

cellular proteins [31]. A recent study conducted by Todd and colleagues also describe toxic 

proteins such as RAN translated FMRpolyG within inclusions adding further support to 

RAN translation and mRNA toxicity to the pathogenesis of FXTAS [27].  

In addition to changes in protein function, studies examining the molecular mechanisms of 

the FMR1 premutation suggest changes in CGG expansion size may alter chromatin 

structure, therefore allowing increased access to transcription modulators of the FMRP 

gene [32]. This may be the source of increased FMR1 mRNA transcripts in Premutation 

Carriers. The exact impact of repeat length on mRNA and FMRP production is still 
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debated. Several reports indicate a positive relationship between transcription levels and 

repeat length, however, this does not appear to be linear[33]. Moreover, the relationship 

between repeat length and FMRP production has been described as nonlinear. Despite 

exhibiting premutation phenotypes, carriers with mid-sized repeat lengths (80-89) were 

reported to have comparable levels of FMRP to non-carriers, while those with greater or 

fewer repeat lengths exhibited significantly lower levels of FMRP [34, 35]. 

 

Another aspect by which the FMR1 premutation contributes to the phenotype, observed 

only within female Premutation Carriers, is known as the activation ratio. The importance 

of this in the severity of premutation related effects in female Premutation Carriers is 

beginning to be uncovered. Female carriers may be at greater risk of presenting with 

Figure 1.2 Schematic diagram illustrating the neuropathological mechanisms of FXTAS. 
The molecular consequences of trinucleotide expansion between 55 and 200 repeats lead to the variety of 

symptoms seen in FXTAS and older FMR1 Premutation Carriers. Adapted from Brown et al. [1] 
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premutation related symptoms if the second X chromosome is preferentially methylated, 

or inactive (XCI). Some debate surrounds the extent of the compensatory mechanisms 

provided by the normal X chromosome. Johnston-MacAnanny et al. reported a case of 

mono-zygotic sisters, carrying the premutation, who exhibited discordant phenotypes for 

FXPOI, with no evidence of a role played by XCI [36]. While, conversely, studies 

examining FXTAS phenotypic presentation was reported to be associated with XCI [35, 

37]. Similarly, due to the findings of several larger scale, non-familial studies, it is now 

generally accepted that the severity of both cognitive and motor symptoms, is inversely 

related to the activation ratio for the normal FMR1 allele [38-41]. 

 

 Neuroradiological Features of the Fragile X 

Premutation  

The complex molecular pathways disrupted by the Fragile X Premutation result in 

widespread neuropathology and alterations to neural circuitry. FXTAS is often mistaken 

for other idiopathic neurodegenerative disorders such as Alzheimer’s Disease or 

Parkinson’s Disease, due to overlap in cognitive and motor symptoms. There are, however, 

distinct neurological features unique to Premutation Carriers and FXTAS 

 

1.3.1 Intranuclear Inclusions 

A particularly noteworthy neuropathological feature of the premutation is the formation 

approximately spherical, eosinophilic, ubiquitin-positive intranuclear inclusions. These 

inclusions are broadly distributed throughout the cerebrum and brain stem. Tassone and 

colleagues revealed the presence of intranuclear inclusions throughout ependymal cells, 

lining the ventricular system of the brain, subependymal cells which include multipotent 

stem cells with the capacity to become neurons, astrocytes, and oligodendrocytes, as well 

as epithelial cells lining the choroid plexus, responsible for the secretion of cerebrospinal 

fluid [2]. See Figure 1.3. Post-mortem studies have also shown that cells throughout the 

basal ganglia particularly the substania nigra, as well as the dentate nuclei of the cerebellum 
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are affected, while the greatest density of intranuclear inclusions have been reported as 

occurring in the hippocampus [42]. A possible contributor to the development of such 

inclusions may be accumulative cytotoxic stress as a result of elevated FMR1 mRNA, while 

a gain-of-function toxicity within inclusions is believed to be mediated by proteins such as 

lamin A/C, αΒ crystallin and RNA binding proteins such as Sam68 [24, 26, 43]. Therefore, 

it was initially suggested that premutation mRNA serves as a hotbed for the formation of 

inclusions through the sequestration and binding of specific proteins into these aggregates.  

 

1.3.2 MCP sign  

 A radiological hallmark of FXTAS is distinct hyperintensities of the middle cerebellar 

peduncles, also known as the MCP sign [44]. Magnetic resonance imaging (MRI) is a vital 

tool in the diagnosis of FXTAS and can be used to identify symmetrical increases in T2 

weighted signal intensity in the middle cerebellar peduncles (MCP) and neighbouring 

cerebellar white matter [31, 45, 46], as seen in Figure 1.4 below. The MCPs are the primary 

afferent pathway into the cerebellum from the pons, specifically through the pontine 

nucleus which communicates with the primary motor cortex through corticopontine fibres. 

It has been proposed that such degenerative changes observed in FXTAS patients may 

reflect early damage to pontine neurons or afferent neurons [47]. The unusual radiological 

feature is rarely seen in Premutation Carriers who do not exhibit the clinical phenotype 

associated with FXTAS, however, it is also not ubiquitous in the FXTAS population. 

 
Figure 1.3 Images of Intranuclear Inclusions. 

The left image shows neuronal and astroglial intranuclear inclusions stained with eosin and Haematoxylin. The 
right image depicts intranuclear inclusions stained with anti-ubiquitin antibodies in astroglial neurones. Images 

adapted from Tassone and colleagues [2]. 
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Although the MCP sign serves as a useful and widely used diagnostic feature of FXTAS, 

it is only present in approximately 13% of female patients, and 50- 60% of male patients, 

and so, the absence of an MCP sign does not rule out a positive diagnosis of FXTAS [19, 

44, 48, 49]. The MCP sign is also not unique to FXTAS and has also been reported in other 

neurodegenerative diseases such as spinocerebellar ataxia and sporadic 

olivopontocerebellar atrophy [45, 50, 51].  

Other radiological features include hyperintensities of the corpus callosum splenium, the 

region which plays a role in somatosensory information transfer between parietal 

hemispheres and as well as the visual cortex [52]. These particularly hyperintensities are 

observed in FXTAS, almost as frequently as the MCP sign, and so they provide additional 

support to diagnosis when the MCP sign is not present [52]. However, corpus callosum 

hyperintensities are not uncommon in unaffected older individuals and are, therefore, often 

considered a minor diagnostic criterion [44]. More recently Shelton and colleagues 

proposed an alternative measure of the MCP which could be included as a novel MRI 

biomarker of FXTAS [53]. During a two-point cross-sectional study comparing 

Premutation Carriers who had developed FXTAS and those who had not, a decrease in 

MCP width was delineated as a sensitive marker for conversion to FXTAS in Premutation 

Carriers most at risk of developing the disorder [53]. Such studies suggest that radiological 

markers of FXTAS and their development in FMR1 Premutation Carriers may serve as 

useful prognostic markers for identifying individuals most at risk of developing the 

neurodegenerative conditions, and that such as prognostic markers of FXTAS onset and 

progression are constantly evolving. 

1.3.3 Volumetric changes and White matter degeneration 

Global structural and volumetric changes have been observed in carriers both with and 

without FXTAS. Numerous MRI studies have illustrated the impact of the premutation, 

particularly on the cerebellum, with moderate cerebellar and cerebral atrophy has been seen 

in 75% of patients with FXTAS while 20% exhibit severe volume loss [31]. However, 

many studies have focused primarily on male carriers due to the prevalence of FXTAS, and 

reduced cerebellar volume has consistency been observed in male FXTAS patients [45, 48, 

54-58], with the extend of atrophy correlating with symptoms severity, particularly with 

regard to motor symptoms and balance deficits [59, 60]. Although intranuclear inclusions 



 9 

are rarely present within Purkinje cells, particularly in the cerebellum, this cell type is 

subject to severe atrophy resulting in neurodegeneration [58]. This Purkinje cell atrophy 

within the cerebellum is particularly devastating due to their role in maintaining a 

connection between the superior cerebellar peduncles and the cerebellar cortex and 

constitute the sole output of all motor coordination in the cerebellar cortex. 

 

 

A voxel-based morphology study of grey matter loss in FXTAS showed reduced grey 

matter in the cerebellum, particularly within the anterior, superior and posterior lobes, and 

vermis, as well as throughout the cerebrum in regions such as the anterior cingulate cortex, 

dorsomedial prefrontal cortex, precuneus, lateral prefrontal cortex insula, and amygdala 

[54]. Again, such changes in the cerebrum were associated with symptomologies such as 

depression and obsessive-compulsive behaviours [54]. In many studies, a greater number 

of CGG repeats were associated with more severe atrophy and white matter degeneration 

[54, 55, 59, 60].  

 Figure 1.4 Middle Cerebellar Peduncle (MCP) sign and global neurodegeneration. 
Axial Fluid Attenuated Inversion Recovery (FLAIR) MR imagines of a patient with FXTAS. 

The image on the left shows the characteristic hyperintensities of the MCP sign and the image 
on the right shows global neuronal atrophy and scattered white matter hyperintensities. 

Adapted from Hall and O’Keefe [3]. 
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The literature surrounding the neurological and radiological impact of the premutation on 

female carriers has not been so comprehensively explored. While Adams et al. observed 

cerebellar atrophy in males, it was also reported, however, that female Premutation Carriers 

with FXTAS exhibited less pronounced cerebellar atrophy than males and there was no 

link between symptom severity and volume [61]. Adams et al. postulated that a protective 

effect conferred by neighbouring neurons and astroglia with a normal X chromosome, in 

proximity to cells containing the active mutated X, may limit structural damage caused by 

the premutation [61].  

 

 Imaging studies 

1.4.1 Structural Imaging studies  

Structural changes have also been observed in younger carriers prior to the onset of clinical 

symptoms of FXTAS. A large scale cross-sectional study carried out by Wang et al. [62] 

investigated cerebellar and brainstem volume in over 300 male carriers ranging from 8 to 

81 years. Their investigation found abnormal volumetric trajectories in the cerebellum, 

brainstem, ventricles, and cerebrum in carriers both with and without FXTAS. Although 

when age was centred around the youngest participant (8years), there was no difference in 

cerebellar volume between Premutation Carriers and Control subjects. However, Carriers 

demonstrated faster age-related decrease in volume, possibly suggesting structural 

alterations begin as early as childhood. Centred at age 50, the rate of atrophy had tapered 

off to match the rate of volume loss observed in healthy Controls, however, Carriers had 

already significantly reduced cerebellar volume compared to Controls [62]. Wang et al. 

therefore, propose that cerebellar atrophy may begin in childhood and accumulate over 

decades prior to the clinical manifestation of symptoms [62]. Likewise, Battistella et al. 

observed reduced cerebellar volume in younger asymptomatic carriers compared to a 

Control Group, which they attributed to neurodevelopmental changes resulting from the 

FMR1 premutation and extensive white matter disease throughout the cerebellum and 

cerebrum which they suggest was the result of neurodegenerative processes [57]. 

Hashimoto and colleagues similarly described reduced fractional anisotropy in white 

matter cerebellar tracts, specifically the MCP and superior cerebellar peduncles, cerebral 

peduncles, fornix and stria terminalis in Carriers without FXTAS [56].  
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Leow and colleagues reported male Premutation Carriers exhibit smaller brainstems than 

Controls, while conversely, female carriers were described as having larger superior 

temporal and parietal gyri as well as enlarged right posterior cingulate [63]. The authors 

suggest that the increased development of these regions may be due to compensatory or 

protective mechanisms conferred by the second X chromosome [63]. 

There remains, however, a large paucity in research surrounding the neural structures 

affected by the presence of Fragile X Premutation, in younger asymptomatic Premutation 

Carriers prior to the development of neurocognitive and motor symptoms associated with 

FXTAS, as well as longitudinal research spanning several time points which may shed light 

on the development of FXTAS. Therefore, large scale longitudinal research is needed to 

understand the impact of the Fragile X Premutation both from a neurodevelopmental 

perspective as well as a neurodegenerative perspective, to gain a better understanding of 

the risk profile associated with FXTAS onset.  

 

Figure 1.5 Corpus Callosum irregularities in a FXTAS patient. 
 Arrows indicate hyperintensities of the splenium of the corpus callosum axial fluid attenuated inversion 

recovery (FLAIR) MRI. Adapted from Hall et al. [64]. 
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It is not uncommon for carriers of the FMR1 premutation to develop symptoms of other 

neurogenerative disorders alongside FXTAS. In such cases, additional brain pathology 

corresponding to the conditions is observed. For example, the substantia nigra, which is 

vital for the production of dopamine, is pale in carriers who also present with Parkinson’s 

disease [65]. Similarly, when Alzheimer’s Disease is concurrent, the extent of cortical 

atrophy is more pronounced than observed in FXTAS alone [42, 66-68]. Multiple sclerosis 

has also been observed in Premutation Carriers and in such cases, T2 weighted MRI has 

displayed a patchy alternative signal intensity throughout white matter and regions of 

demyelination following histological analysis [69, 70].  

1.4.2 Functional Imaging Studies.  

Functional Magnetic Resonance Imaging (fMRI) 

While structural imaging studies are useful in assessing gross changes across the brain, 

such methodologies cannot shed light on the neural and behavioural consequences of such 

structural changes. Functional magnetic resonance imaging (fMRI) studies, however, 

provide insight into subtle changes in neural activation patterns during specific tasks, by 

measuring the blood oxygen level dependent (BOLD) in specific regions of the brain at a 

given time, during a specific task.  

Many functional imaging studies employ cognitive tasks, engaging executive functioning, 

memory or emotional processing to assess neural activation in Premutation Carriers. Hessel 

and colleagues assessed amygdala functioning in male carriers using a series of fearful and 

scrambled faces [71]. The amygdala, a key region of emotion processing particularly fear 

and negative expressions, failed to activate in the Premutation Carrier Group, while the 

Control Group demonstrated robust bilateral activation. Similarly, the Control Group 

showed greater activation than Premutation Carriers bilaterally in the superior temporal 

sulcus, insula and orbital gyrus, regions involved in social and emotional cognition. 

However, Premutation Carriers responded to calm facial expressions with greater amygdala 

activation than the Control Group, suggesting the emotional dysfunction experienced by 

carriers is complex and may be related to social-cognitive impairments or deficits in 

processing negative emotions [71]. The same group then recreated the study including 

expressions of anger, with a newer MRI scanner with a higher signal to noise ratio and 
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reported similar results, substantiating their previous findings [72]. More recently, Brown 

et al. implemented a task assessing emotional processing in male carriers without FXTAS, 

through the presentation of images corresponding to various levels of emotional arousal 

[73]. This study described attenuated BOLD response in the primary and associated visual 

regions as well as superior parietal and somatosensory areas, providing further evidence of 

alterations in neural correlates of emotional processing [73].  

Studies investigating cognitive functioning have also availed of the spatial precision of 

fMRI to shed light on changes in the neural connectivity of Premutation Carriers. During a 

memory recall task, Koldywen et al. observed there was little to no activation in the 

hippocampal and parahippocampal regions of young, clinically asymptomatic male 

Premutation Carriers when compared with Control subjects [74]. This abnormal 

hippocampal activation was also associated with FMRP mRNA levels [74]. Contrary to 

these findings, Wang and colleagues, did not report a difference in hippocampal volume or 

activation in Premutation Carriers during an associative memory task, however, there was 

significantly lower connectivity between hippocampal regions and the ventrolateral 

prefrontal cortex and parahippocampus, which play vital roles in spatial attention and 

memory encoding [75, 76]. Interestingly, during a working memory based executive 

functioning task, Hashimoto and colleagues also described reduced activation in the 

inferior frontal cortex and premotor cortex of male carriers both with and without FXTAS 

compared to matched Controls despite comparable results on the memory task, adding 

further support to the hypothesis of compromised prefrontal regions in Premutation 

Carriers [55]. A study involving both male and female Premutation Carriers also observed 

alterations in the temporoparietal junction during retrieval of temporal information [77]. 

However, these results were based on all Premutation Carriers combined and not discussed 

in relation to each gender.  

Although motor impairments are a primary symptom of FXTAS and observed in younger 

male Premutation Carriers, there have been very few studies assessing neural structures 

involved in motor control of carriers. Brown and colleagues carried out a task involving 

random and sequential finger-tapping during an fMRI scan in a group of 17 carriers without 

FXTAS and observed that Premutation Carriers exhibited altered BOLD response in 

lobules V and VI of the cerebellum, regions involved in hand movement and cognition 

respectively [78]. This group also observed compensatory activity which was reflected in 

increased activation of temporoparietal regions associated with increased age of control 
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subjects, and a decrease in activation associated with increased age of Premutation Carriers, 

which the authors propose reflects degeneration of functional compensatory response to 

motor demands [78]. Although such studies shed light on the functional neural correlates 

of specific emotion processing, executive functioning and even minor motor tasks in male 

Premutation Carriers, prior to the onset of neurodegenerative processes, there is a 

substantial lack of research surrounding structural and functional changes in female 

Premutation Carriers both with and without FXTAS. 

Electroencephalography (EEG) 

While fMRI studies provide excellent spatial resolution of neural activation during a task, 

this comes at the expense of temporal precision. EEG, on the other hand, offers excellent 

temporal sensitivity through the use of non-invasive electrodes placed on the scalp to record 

voltage fluctuations resulting from ionic currents within neurons. Different neurons fire in 

synchrony at different frequencies, and so have been categorised into broad frequency 

bands in the power spectrum which are typically referred to as delta, theta, alpha, beta, and 

gamma waves. Each frequency band has been associated with level of arousal or 

engagement, for example, low frequency delta activity is most often observed in sleep 

while high frequency beta waves are associated with more focused attention and 

engagement in cognitive processes [79]. A summary of these frequency bands is given in 

Table 1.1. Another frequently used derivative of EEG method includes evoked potentials 

and event related potentials (ERPs) which refer to averaged EEG response that are time 

locked to the presentation of exogenous visual/auditory/sensory stimuli or of the 

endogenous complex processing of stimuli, respectively. ERPs tend to have a characteristic 

shape and deviations from the typical morphology, such as amplitude or latency, may 

indicate changes or disruptions in the neural processes which generate the ERPs [80].  

 
Table 1.1 EEG frequency bands and corresponding brain states. 

 

Frequency band Frequency Representative Brain states 

Delta (δ) 0.5-4 Hz Sleep 

Theta (θ) 4-8Hz Relaxed, inward focus 

Alpha (α) 8-12 Hz Relaxed, passive attention 

Beta (β) 12-35Hz Alert, Active, External attention 

Gamma (γ) >35 Hz Heighten perception, focused arousal 
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Despite the utility of EEG methods, there have been very few reports describing 

neurophysiological characteristics of the Fragile X Premutation. There have been a small 

number of case reports published in recent years that describe changes in EEG activity in 

FMR1 Premutation Carriers. For example, a 60-year-old female with FXTAS experienced 

an absence of the N400-repetition-effect ERP, when repeating semantically incongruous 

words [81]. Similarly, a case report of a 68-year-old male carrying the grey zone allele was 

described as exhibiting a “generalized slowing” of EEG signals [82]. While such case 

studies may be interesting, the individuals described often have concurrent issues. For 

example, the male subject described by Debrey et al., was diagnosed with Atypical 

Parkinsonism [82], while the female Premutation Carrier described by Seritan also received 

a comorbid diagnosis of major depressive disorder and conversion disorder [81]. Therefore, 

such findings are not generalisable to the broader FMR1 premutation population. 

However, a larger-scale study conducted by Yang and colleagues explored changes in 

ERPs of Premutation Carriers to characterise neural activity during sensory processing and 

executive function [83]. This study included 58 female Premutation Carriers, 33 of whom 

had a positive diagnosis of FXTAS, and 25 Controls and employed an auditory oddball 

paradigm. This oddball paradigm robustly elicits a positive potential 300ms (P300) 

following the presentation of a deviant stimulus within a stream of standard stimuli [84, 

85]. Premutation carriers both with and without FXTAS showed reduced amplitude of the 

P300 and Premutation Carriers with FXTAS also demonstrated reduced latency of the P300 

in frontal regions, compared with the Control Group. The authors suggested these 

irregularities in frontal P300 responses may provide evidence of neural dysfunction in 

frontal brain regions which underpin impairments in executive functioning and attention 

[83].  

Not only has EEG analyses been used to characterise the neurophysiological phenotype of 

the FMR1 premutation, it has also proved useful in assessing the impact and efficacy of 

pharmacological treatments on cognitive and neurological symptoms of FXTAS. A similar 

auditory oddball paradigm was used to assess the efficacy of Memantine on cognitive 

performance [86]. This study included 24 subjects with FXTAS in the treatment group and 

24 in the placebo group, however, the gender of participants was not described. In this 
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study, the P200 ERP was used as a neural marker of higher order perceptual processing 

modulated by attention. At baseline pre-treatment, both groups did not differ in amplitude 

or latency of the P200, however, following one year of Memantine treatment, the amplitude 

was enhanced in the treatment group and this increased amplitude was positively correlated 

with improved behavioural performance on working memory and attentional measures 

[86].  

 

 Premutation Phenotype 

 

 

1.5.1 Neuropsychiatric Conditions  

There have been discussions of neuropsychiatric conditions and mood disorders in female 

Fragile X Premutation Carriers as early as 1986 [87], although, such anecdotal reports of 

“shyness” were of limited scientific value. Since then, more rigorous, structured studies 

have consistently reported increased rates of depression, social avoidance and anxiety, 

Figure 1.6 Overview of a portion of  the FMR1 premutation phenotype.  
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particularly in females with the Fragile X Premutation [88-90]. However, earliest studies 

attributed such conditions to the psychosocial burden of raising a child with a 

developmental disability, rather than as a phenotype of the neurotoxic effect of the Fragile 

X Premutation. Only very recently has such neuropsychiatric involvement been recognised 

as a distinct Fragile X associated condition, FXAND or FXANC [10, 11]. The 

neuropsychiatric phenotype of the Fragile X Premutation spans a broad range of conditions, 

however, anxiety disorders are among the most common. Approximately 70% of 

Premutation Carriers met criteria for at least one anxiety disorder based on structured 

interviews following the Diagnostic Statistical Manual IV (DMS-IV) guidelines [12]. 

Specific anxiety disorders experienced by carriers include general anxiety disorder [12, 

91], panic disorder both with and without agoraphobia [12, 92], specific phobia, separation 

anxiety [12] as well as increases in self-reported episodes of obsessive-compulsive 

behaviours [71, 93]. This increased prevalence of anxiety in female carriers, in particular, 

was found to persist even in carriers without children affected by FXS, suggesting such 

anxiety prevails independent of the stress of parenting a child with a developmental 

disorder [94]. A comprehensive study by Cordeiro et al., including children as young as 

five years, suggested some anxiety-related conditions such as generalised anxiety disorders 

begin as early as childhood [12], while other studies report the onset of panic disorder and 

specific phobia in Premutation Carriers, as being later in life than what has been observed 

in the general population [71].  

Major depressive disorder is also commonly reported among both male and female 

Premutation Carriers. [95, 96]. Depression has been described in 40% of Premutation 

Carriers while there is a 65% lifetime prevalence a reported among those diagnosed with 

FXTAS, although symptoms of depression often manifest before those of FXTAS [97]. 

The relationship between repeat length and prevalence has yet to be firmly established, 

however, there have been several, albethey, conflicting reports on the subject. Several 

studies have reported that females with larger repeat lengths (over 100 repeats) scored 

higher on both subjective rating scales of depression and through interview-based 

diagnoses [98, 99]. However, Roberts et al. report a curvilinear pattern of prevalence, such 

that between 70 and 100 repeats present the highest risk of developing depression [96]. A 

similar pattern has been reported about other Fragile X associated conditions such as 

FXPOI [9, 100]. A study of 46 female Premutation Carriers report a high rate of comorbid 

anxiety and depressive disorders, with over half of the cohort experiencing both conditions 
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at some stage in their lives or as reoccurring episodes throughout their lives [99]. Female 

Premutation Carriers are believed to be particularly vulnerable to mood disorders due to 

the neuroendocrine alterations in both ovarian function and mood regulation, caused by the 

FMR1premutation [101]. 

Although depression and anxiety are the most frequently observed neuropsychiatric 

conditions reported in Fragile X Premutation Carriers, many other conditions have also 

been reported. A study examining female carriers reported 11% met the criteria for bipolar 

disorder type 1, [99], while there have also been reports of schizotypal personality features, 

as well the personality disorder itself, [91, 92] Schizoaffective disorder [102] Avoidance 

personality disorder [103], as well as increased rates of alcohol/substance abuse, [104-106] 

and hyperactivity, where up to 30% of male assessed by Bailey et al., were diagnosed or 

treated for Attention Deficit Hyperactivity Disorder [107].  

 

1.5.2 Cognitive Profile 

Unlike FXS, the Fragile X Premutation does not result in global developmental delays or 

learning difficulties. There have, however, been mixed reports regarding cognitive ability 

and general intelligence in carriers, prior to the development of FXTAS. Both case studies 

and larger scale research have reported lower verbal intelligence in male and female 

carriers based on Weschler scales of intelligence [48, 108-110]. Although many studies 

also report comparable levels of intelligence, [96, 111, 112] or even superior intelligence 

[108]. More recently however, it has been postulated that discrepancies or deficits in certain 

subdomains of intelligence may be underpinned by deficits in specific cognitive domains 

or functioning [5]. 

Executive Functioning and Working memory 

Several cognition faculties have come under scrutiny and been described as subtly impaired 

in Premutation Carriers. The extend of cognitive dysfunction spans memory, attention, 

response inhibition, information processing, declarative and procedural learning [5, 14, 

113-117]. However, deficits in executive functioning are particularly noteworthy as it is 

often initial cognitive domain to be affected by neurodegeneration in FXTAS. Executive 
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dysfunction is often evident prior to the motor symptoms of FXTAS and influences many 

of the behavioural characteristics of FXTAS, such as disinhibition and distractibility [5]. 

The cognitive phenotype observed in younger Premutation Carriers or those without 

FXTAS is more nuanced. Executive functioning refers to multiple processes including 

maintaining and updating information, goal directed attention, inhibitive responses, and the 

general capacity for self-regulation [118]. Therefore, there are numerous subdomains of 

executive functioning, including working memory, which has been the subject of debate 

with regard to the impact of the premutation. Many studies have reported equal 

performances between Premutation Carriers, both male and female, when compared to non-

carrier Controls on working memory tasks [5, 113, 119, 120]. However, others have 

reported pronounced deficits in performances [121]. Cornish and colleagues examined 

working memory performances of a group of 40 carriers across a range of ages and reported 

substantial deficits in working memory [113]. These results were further substantiated by 

the same group, who also observed that those who met the criteria for FXTAS and those 

with a great number of CGG repeats experienced a more severe age-related decline in 

working memory capacity [114, 122]. Non-executive aspects of memory have also been 

reported as comprised, including Declarative (semantic) memory, verbal memory, remote 

memory [116] as well as both long and short term memory [14, 123]  

Response Inhibition 

Reponses inhibition is another key aspect of executive functioning which is affected by the 

Fragile X Premutation. Many studies, employing the Haylings Sentence Completion Test 

to assess response inhibition, have consistently demonstrated poorer performance by 

Premutation Carriers of regardless of gender, age, and FXTAS status [113, 119-121, 124, 

125]. Performance on the test of response inhibition has also showed a strong correlation 

with white matter hyperintensities and decreased cortical volume of the left inferior parietal 

gyrus in a group of female Premutation Carriers [125]. A recent study examining cognitive 

dysfunction reported a greater vulnerability for disinhibition in carrier with between 80 and 

100 CGG repeats with a second range of vulnerability between 130 and 140 repeats [115], 

emphasising the complexity of the cognitive phenotype of the premutation  
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Attention 

Various facets of attention have also been reported to be deficient in Premutation Carriers 

with over 45% of males over the age of 6 years experiencing issues with attention [107]. 

Attentional control, selective attention and sustained attention are among the issues 

experienced by both male and female carriers, with and without FXTAS [14, 116, 121, 

125] Cornish and colleagues carried out a study examining cognition in male Premutation 

Carriers at various ages and observed that while selective attention was impaired in younger 

Premutation Carriers, it did not show selective aging effect [113]. This may suggest deficits 

in attention begin at an early age and persist throughout life, as a result of a stable 

neurodevelopmental effect the FMR1 premutation and may be spared from 

neurodegenerative decline. FXTAS results in substantial executive dysfunction and diffuse 

deficits in other cognitive functions while the cognitive deficits experienced by 

Premutation Carriers without FXTAS are a discrete echo of those reported in FXTAS 

patients. The selective nature of the cognitive impairments described in carriers suggests 

the neurotoxic effects of the premutation may be domain-specific, where particularly neural 

circuits are more vulnerable to its effects.  

 

1.5.3 Motor Symptoms and Postural Control  

Tremor is often the first motor symptom of FXTAS to manifest in Premutation Carriers, 

typically in their late 50’s early 60’s [38]. Action and intention tremors are among the most 

frequently reported while resting tremor has been reported in up to 26% coinciding with 

other tremors and postural, head and voice tremors have also been described [52, 126, 127]. 

Relative to unaffected Controls, younger Premutation Carriers without FXTAS also 

exhibited increased variability of force during a pinch grip task, accompanied by reduced 

cerebellar modulation of corrective motor commands [128] and reduced firing rate of 

multiple motor units during steady force finger abduction task [129, 130]. Such findings 

illustrate that although motor functioning declines during FXTAS, there is evidence that 

functional motor deficits may exist in Premutation Carriers prior to the onset of FXTAS.  
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Gait ataxia and balance deficits are the next major symptom to present in the progression 

of FXTAS, follow approximately two years after the initial presentation of tremor, 

subsequently leading to falls, injuries, increased frequency of hospitalisation and reliance 

on mobility aids [131]. See Figure 1.7. Gait ataxia and instability have a mean age of onset 

of 63 years [131]. Numerous studies have consistently reported abnormal gait and impaired 

postural control in Premutation carriers with FXTAS. Using a Swaymeter, affixed to a 

waist-height belt to quantify sway, Birch et al. reported that displacement of the FXTAS 

group was significantly greater than that of both healthy Controls, and unaffected 

Premutation Carriers during a range of balance conditions, including standing with reduced 

visual input and proprioceptive input [59]. See Figure 1.8 for illustration of the Swaymeter. 

These results were then replicated in both male and female Premutation Carriers with 

FXTAS using the Coordinated Ability Test System (CATSYS) [127, 132]. Although, many 

assessments of postural control have been carried out using Swaymeters and CATSYS, 

such methodologies are restricted in the level of detail of postural sway that can be obtained 

and limited to the examination of static balance, therefore, unable to assess postural 

adjustments and anticipatory postural control during more dynamic movement. Studies 

employing Computer Dynamic Posturography (CDP) equipment, reported that Premutation 

Carriers diagnosed with FXTAS have demonstrated reduced limits of stability and impaired 

directional control during dynamic balance tasks, and longer response latencies to 

perturbation [40] while, application of the Timed up and Go (TUG) assessments of gait, 

have highlighted issues with anticipatory postural adjustments during turns and increased 

gait variability, suggesting an inability to coordinate limb and trunk movement [133-135]. 

Although there have been very few studies which compare motor symptoms between male 

Figure 1.7 Progression of motor symptoms of FXTAS. 
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and female carriers it appears that male carriers are not only at greater risk of developing 

FXTAS, they are also likely to experience more severe motor symptoms than female 

carriers both with FXTAS and non-FXTAS carriers [40].  

In addition to the deficits reported in those with FXTAS, there have also been reports of 

subtle balance deficits in Premutation Carriers without FXTAS and those younger than the 

typical age of onset of FXTAS. However, there have been mixed reports on the extent of 

impairments. For example, several studies assessing sway area during static balance 

reported comparable postural performances between non-affected Premutation Carriers 

and Controls [59, 132] while gait also appears to be unaffected [133]. However, numerous 

studies report subtle but distinct impairments. For example, within a group of 64 male 

carriers, aged between 52 and 85, Allen et al. reported approximately 30% of Premutation 

Carriers without FXTAS displayed significant impairments in balance and stability, despite 

being unaware of such impairments themselves [136]. More recently, a study employing 

CATSYS, reported that female carriers, without FXTAS, consistently exhibited greater 

postural displacement than Controls, particularly when visual input was removed, although 

the difference in performances did not survive statistical corrections [127]. While O’Keefe 

et al., added further support to the findings of altered sensory processing in balance 

maintenance, reported disrupted sensory weighing during postural control and increased 

response times to balance perturbances [40]. This may suggest that postural sway measures, 

may be sensitive to the earliest premutation-related effects on motor control when stability 

is challenged through altered sensory inputs or the inclusion of dynamic postural 

adjustments.  



 23 

 

Figure 1.8 Illustrations of previously used methods of posturography. 
 Panel A) Depicts a Swaymeter where a rod is affixed to a belt tied around the waist of a participant. On 

the end of the rod is a pen which transcribes trunk movements which approximates the Centre of Pressure 
(COP). Panel B depicts the Sensory organisation test carried out during computerised dynamic 

posturography. Each sensory modality is altered in sequence and in combination to assess the influence of 
sensory input on postural control. Image A is adapted from Birch et al. [59] while image B has been 

adapted from O’Keefe et al. [40]. 
 

1.5.4 Dual-task Model of Postural Control 

The identification of certain aspects of motor impairment in Premutation Carriers has 

opened new avenues of research, specifically, by exploring the interaction between the two 

primary domains effected by the neurotoxic effects of the Fragile X Premutation: cognitive 

and motor impairments. Postural control not only requires motoric output and multisensory 

integration, but it also necessitates higher-order cognitive and attentional systems [137, 

138]. Several studies have noted cognitive capacity and postural control are interwoven 

with regard to stability maintenance in Fragile X Premutation Carriers. Both Premutation 

Carriers with and without FXTAS have demonstrated a correlation between poor 

performance on working memory tasks and impaired postural control, even though each 

domain had been assessed independently [139, 140]. More recently Hocking et al. further 

corroborated these findings and reported that white matter lesions throughout the 

infratentorial region of the cerebellum mediated impairments in both cognitive and motor 

domains [141]. Therefore, examining performances at the intersection of these two 

faculties through dual-task paradigms offer a sensitive and responsive approach to appraise 
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cognitive, attentional demands on motor control in Fragile X Premutation Carriers, when a 

secondary cognitive task is also introduced.  

There have been very few studies examining the effect of cognitive tasks on motor function, 

particularly with regard to balance and stability. Kraan at al. were the first to examine the 

dual-task effect on postural control and stability in female Premutation Carriers without 

FXTAS [142]. Examining stabilometric parameters, they reported no difference in balance 

between groups when standing with eyes open, closed, or when proprioceptive input was 

reduced, however, there was a marked deterioration in sway of carriers when 

proprioceptive input was altered and a verbal fluency task was simultaneously conducted. 

Similarly, the same group assessed executive motor control through a stepping task with a 

concurrent semantic memory task [143]. This study revealed greater dual-task cost 

experienced by carriers on a range of spatiotemporal gait parameters such as speed and 

stride length, which are commonly associated with high-level cortical control [144]. More 

interestingly, it was also reported that working memory capacity was strongly associated 

with interference in motor performance caused by the dual-task.  

Similarly, Hocking et al. examined anticipatory postural adjustments through a stepping 

task in a group of female carriers ranging in age from 22 to 50 years[41]. They reported 

higher intraindividual variability in motor performances and a significant dual-task effect 

on movement and reaction time of steps. Similar to the findings reported by Kraan et al., 

Hocking and colleagues also observed strong association between working memory 

capacity and dual-task interference in Premutation Carriers, which was absent in the 

Control Group, providing further support to the theory that core deficits in executive 

functioning may detrimentally affect postural control [41, 142]. The same experimental 

paradigm examining male Premutation Carriers, both with and without FXTAS, did not 

exhibit the same dual-task interference in postural adjustments and step performance. 

However, it was delineated that cerebellar volume mediated the relationship between 

mRNA and step performance [60]. Numerous Cerebellar regions such as the vermis are 

involved in motor coordination and balance through connections from cortical motor areas 

as well as corticocerebellar circuitry which connects to cognitive level cortical networks. 

Therefore, cerebellar atrophy has adverse effects on adaptive and anticipatory postural 

adjustments as well as interfering with connections with cognitive regions [145, 146]. Such 

findings begin to characterise the effect of combining motor and cognitive tasks to reveal 
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incongruities in automaticity and capacity of Premutation Carriers to efficiently divide 

attention between cognitive and postural tasks.  

 

 Summary  

In summary, the Fragile X Premutation results in a complex of dynamic cognitive, sensory, 

motor and neurological changes. The recent recognition of the distinct phenotypes and 

conditions associated with the premutation has resulted in a surge of research, however 

many avenues of research remain unexplored. Although each distinct faculty has been 

described in some detail, there has been little focus on the intersection of cognitive, motor, 

and neural domains. Without a definitive characterisation of neurophysiology which 

underpins cognitive and motor performances, the distinction between stable 

neurodevelopmental changes and neurodegenerative processes will remain unclear, 

limiting development of early diagnostics biomarkers and therapeutic intervention. A 

greater understanding of the pathophysiology of cognitive-motor impairments, will likely 

lead to more promising, tailored interventions in future. Therefore, the focus of this thesis 

is to probe these mechanisms in female Fragile X Premutation Carriers in an effort to gain 

an understanding of the role of cognition in balance and stability and delineate the neural 

mechanisms which underpin these, so that future research may develop biomarkers of 

FXTAS allowing earlier intervention and improved quality of life.  
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Chapter 2 Thesis Objective and Research 

This section details the specific research questions based on the literature review in 

addition to the primary aims of the research. 

 

 Research Questions.  

Following the analysis and review of the literature surrounding the Fragile X premutation, 

postural control and the neural networks involved in the maintenance of balance, it is clear 

that there remains a number of unanswered questions regarding the effects of the Fragile X 

Premutation and the development of the movement disorder Fragile X Associated 

Tremor/Ataxia Syndrome. 

1. Can a multimodal investigation be employed to successfully probe the 

pathophysiological effects of the Fragile X Premutation, specifically in terms of 

cognitive and motor domains? 

I. Using a combination of forceplate posturography, neurocognitive 

assessment and EEG, can we probe specific aspects of postural control 

known to be impaired in carriers, to elicit changes in postural performance, 

and then examine the potential brain regions underpinning such changes in 

balance.  
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2. Given findings of previous studies, primarily involving male Premutation Carriers, that 

subtle impairments in cognitive functioning are evident even before the typical age of 

onset of FXTAS, are there quantifiable cognitive changes in clinically asymptomatic 

female Premutation Carriers? 

I. Through the implementation of a battery of cognitive tests, is there a measurable 

difference in cognitive performance of seemingly asymptomatic Premutation 

Carriers when compared to unaffected Controls?  

II. Are there specific cognitive domains most affected by the premutation, for 

example, executive functioning and attention?  

 

3. Can force plate posturography be used to distinguish balance impairments of deficits in 

postural control of younger Fragile X Premutation Carriers? 

I. By probing altering visual and cognitive demands during a stability task is there 

a measurable difference in classical parameters of postural sway between 

younger clinically asymptomatic Premutation Carriers and control subjects? 

 

4. Given findings of previous studies that dual-task effects may exacerbate balance 

impairments of Premutation Carriers, are there quantifiable differences in balance and 

postural control of younger Premutation Carriers when standing while carrying out 

cognitive tasks? 

I. By probing cognitive domains previously reported as being impaired in 

Premutation Carriers without FXTAS, while carrying out a balance task, is there 

evidence of dual-task interference? 

II. Is there a difference between Premutation Carriers and Control Group in the 

performance of the cognitive task? Does the performance of this task deteriorate 

while simultaneous maintaining balance? If so, is this deterioration greater in 

Premutation Carriers compared with Control Group suggesting a greater effect 

of dual-tasking in Premutation Carriers?  

III. Is there a change in postural sway performance when concurrently completing 

a cognitive task, i.e. do sway parameters deteriorate while balancing and 
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performing a secondary cognitive task? Is this effect greater in Premutation 

Carriers compared with Controls? 

 

5. As postural control is inherently nonlinear and complex, are there nonlinear methods 

of analysis which are more sensitive to changes in postural sway?  

I. Can multiscale entropy analysis detect changes in postural sway which are not 

evident through classical sway parameters?  

II. How do entropy-based measures compare to current clinically measures of 

postural control, i.e. classical sway parameters? 

 

6. Given the range of time scales analyzed using multiscale entropy analysis, can entropy 

measures provide additional information on postural control measures compared with 

classical sway parameters.  

I. Can entropy-based measures provide information on the adaptive capacity of 

Premutation Carriers during balance tasks?  

II. Do genetic factors contribute to changes in Multiscale entropy measures of 

sway?  

III. Are entropy measures subject to a similar dual-task effects as is evident with 

classical sway parameters? 

 

7. Given the recent discovery of the effects of the premutation, there are very few 

publications focusing on electrophysiological, specifically electroencephalographical 

changes in Premutation Carriers. Can the implementation of EEG methods, provide 

insight into the neural mechanisms involved in cognitive and motor functions of 

asymptomatic Premutation Carriers?  

I. Using high-density EEG, during continuous postural balance tasks  

II. Are there differences in cortical markers of balance maintenance between 

Premutation Carriers and the unaffected Control Group?  
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III. Does neural activity alter during sensorimotor tasks? If so, are these changes 

more pronounced or diminished in Premutation Carriers?  

IV. Is there evidence of cortical interference of a secondary cognitive task during 

motor performance. If so, is this interference greater in Fragile X Premutation 

Carriers than Control Group?  

 

8. By examining dynamic sway, can we quantify changes in dynamic postural refinements 

and alterations in postural Control Group strategy of Premutation Carriers? 

I. Is there a difference in the limit of stability exhibited by Carriers compared with 

unaffected Controls?  

II. Is there a difference in control strategy to manage dynamic postural sway? I.e 

do carriers moderate sway velocity when moving towards the limit of stability 

or is there a delay in returning to a stable position?  

 

9. Can analysis of EEG data while conducting self-paced anterior-posterior sway show 

changes in cortical activity in Premutation Carriers and Control subjects, thus 

elucidating cortical mechanism contributing to instability and motor impairment in 

Premutation Carriers.  

I. There have been no EEG studies conducted which assess dynamic balance 

or motor control in Premutation Carriers. Are there differences in 

frequency-specific power between carriers and the unaffected Control 

Group at different stages of the sway cycle, for example, initiation of sway 

and the limit of stability. Specifically, theta activity in frontomedial regions, 

as it is believed to reflect error monitoring, and alpha activity which is 

believed to reflect relaxation and reduced focus? 

II. Movement-related cortical potentials have previously been examined during 

initiation of sway in other patient cohorts but have not yet been applied to 

those carrying the Fragile X Premutation. Can movement-related cortical 

potentials such as the Bereitschaftspotential, be reliably detected in people 

with the Fragile X Premutation while swaying?  
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III. Are there differences in amplitude and latency of evoked responses between 

Premutation Carriers and the Control Group? 

 

 Research Focus 

The main aims of the thesis are therefore as follows: 

• To design a study to quantitatively assess cognitive and motor function of Fragile 

X Premutation Carriers before the typical age of onset of FXTAS 

• To examine whether non-linear measures of centre of pressure data may be more 

sensitive to changes in postural control than classical sway parameters 

• To carry out a study examining changes in cortical activity which may underpin 

postural control during static balance as well as during dynamic sway. 

 

Many of the research questions in the chapters that follow have not previously been 

addressed in the literature, therefore the studies presented in this thesis are entirely novel 

in this cohort. The experimental methods described throughout these studies have been 

designed to test these specific hypotheses. While some of the findings are significant, the 

breadth of this thesis allowed many of these questions to be answered. However, many 

further research questions have arisen as a result of the findings of these studies. The 

paradigms designed to test these hypotheses and the equipment used have been chosen so 

that future studies may be undertaken using the same paradigms, allowing many more 

research questions to be answered in future studies. 
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Chapter 3 Characterisation of the Cognitive 

and Postural Phenotype of the Fragile X 

Premutation in young Female Carriers. 

 

The study presented in this Chapter addressed research questions 1-4 which have been 

outlined in Chapter 2. There is a substantial gap in the literature surrounding the effects of 

the premutation in younger female Premutation Carriers, therefore the primary aim of this 

study was to develop a protocol to measure subtle changes in cognition and postural 

control, which is objective, easily administered, and clinically interpretable. This study also 

aimed to delineate the cognitive profile and balance within this cohort to better understand 

changes which may, in future be used to discern carriers who may be at risk of developing 

FXTAS. Therefore, the study described in this chapter details the characterisation of the 

Fragile X Premutation phenotype through this objective protocol.  
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 Introduction  
FXTAS has been associated with neurophysiological changes such as reduced cerebellar 

volume and aberrant structural connectivity among the superior and middle cerebellar 

peduncles [75, 147, 148]. While up to 40% of carriers develop FXTAS, at present it is not 

yet understood why only a certain proportion of carriers are at risk of developing the 

neurodegenerative disorder while others are spared. No studies have yet been successful in 

distinguishing biomarkers to identify carriers at risk of developing the disorder, either 

through cognitive or motor investigations. As described in Sections 1.5.2 and 1.5.3 of 

Chapter 1, emerging evidence has shown that both male and female carriers with FXTAS 

and those younger than the typical age of onset, exhibited subtle changes in cognitive 

capacity [122, 149] and postural stability [40]. 

Several studies have reported the key role of cognition in balance maintenance and stability, 

and the association between cognitive deficits and instability in Premutation Carriers [140, 

141]. Previous studies have demonstrated the efficacy of dual-task paradigms in eliciting 

postural instability in Premutation Carriers through increased cognitive demand [41, 142]. 

Therefore, delineating the full cognitive profile of Fragile X Premutation and its 

relationship with postural motor performances may better characterise the neurotoxic effect 

of the premutation and may begin to elucidate discriminating factors which distinguish 

carriers at risk of developing FXTAS.  

The aim of this study was, therefore, to characterise the neurocognitive impact of the 

Fragile X Premutation through a battery of cognitive tests and to develop a protocol to 

assess postural stability, by probing cognitive and sensory faculties previously reported to 

be impaired in Fragile X Premutation Carriers. This study also aimed to effectively 

characterise the impact of increased cognitive load on postural sway in Premutation 

Carriers through forceplate posturography and the assessment of classical sway parameters. 

It was hypothesized that Premutation Carriers’ performance on cognitive tasks would be 

significantly attenuation when compared to Control Group, particularly with regard to 

executive functioning and attention. It was also hypothesized that Premutation Carriers 

would exhibit greater postural sway compared to the Control Group and that this may be 

exacerbated when cognitive load is increased. 
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 Methods 

3.2.1 Participants 

Twelve female Premutation Carriers and 15 healthy Control subjects were recruited 

through advocacy groups such as the Irish Fragile X Society, which provide support to 

children with FXS, as well as through social media outlets such as Facebook1. Participants 

of the Control Group were recruited in a similar manner. Inclusion criteria for Premutation 

Carriers included confirmation of the presence of the FMR1 premutation through genetic 

screening. Participants were required to have an IQ above 90, based on the Weschler 

Abbreviated Scale of Intelligence (WASI II) [150], to ensure all subjects had the cognitive 

capacity to comprehend the instructions and implications of participating in this research 

study. Exclusion criteria for the Control Group involved having a first degree relative with 

a neurodevelopmental disorder while Premutation Carriers were excluded from the study 

if they were currently receiving medical or rehabilitative treatment for a known movement 

disorder. Matching criteria was also applied to minimise the potential effects of 

demographic variables. Therefore, every effort was made to ensure both groups were 

matched in terms of age, weight, IQ and years in education.  None of the participants 

reported neurological or musculoskeletal disorders, including concussion or lower 

extremity orthopaedic surgery, which would alter their ability to maintain balance and 

subsequently prohibit their participation in the study.  

Informed consent was obtained from all participants and all procedures followed were in 

accordance with ethical requirements of the Tallaght Hospital and St. James’s Hospital 

Joint Research Ethics Committee as well as the School of Medicine Ethics Committee, 

Trinity College Dublin.  

 

3.2.2 Psychological Assessment.  

The Full-Scale IQ score of the WASI II, including all four subsets, was used to measure 

the IQ of subjects [150]. Each subset of the WASI II was administered in accordance with 

its required protocol and used an identical response paradigm, visual cues, and response 

 
1 https://www.facebook.com/IrishFragileXSociety/, https://www.facebook.com/AutismTCD/ 
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feedback. The performance results on the WASI II produced a combined IQ score based 

on two of the four subtests of the intelligence test, probing both performance and verbal 

domains of intelligence. 

 

3.2.3 Cognitive Assessment  

To assess potential differences in neuropsychological profiles in Premutation Carriers, 

various cognitive domains including attention, memory, and executive functioning were 

examined. Specific cognitive tasks were presented and data collected using the highly 

sensitive, well-validated computerized cognitive assessment system ‘Cambridge 

Neuropsychological Test Automated Battery’ (CANTAB) [151]. The CANTAB is 

administered using a portable tablet device and responses are provided through the touch 

screen or an auxiliary touchpad reponse device. Participants sat comfortably with the tablet 

placed on a table in front of them as instructions for each cognitive task were explained. 

See  

 

 

 
 
Table 3.1 for a summary of cognitive tests.  

Motor Screening Task (MOT).  

Participants were introduced to the CANTAB equipment through the Motor Screening 

Task. This task required subjects to touch a flashing cross when displayed in different 

locations on screen. This allowed participants to familiarize themselves with the CANTAB 

display and equipment while also assessing general comprehension of instructions. It also 

highlights any sensorimotor difficulties that may affect the recording of data, through the 

assessment of speed of responses in milliseconds (ms).  

Reaction time Task (RTI) 

The Reaction Time task assesses both motor and mental response speeds. The task 

comprised of five stages, each demanding increasingly challenging responses. In each 
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stage, a yellow circle appeared in the centre of the screen or one of five locations dispersed 

around the screen. See Fig 3.3 below. Participants began each trial by pressing and holding 

the index finger of their dominant hand on an auxiliary touchpad. Once the circle appeared 

on-screen participants had to release the touchpad and press the newly appeared circle on 

the screen as quickly and accurately as possible. The outputs of this task included reaction 

and movement time in milliseconds (ms) as well as accuracy in percentage. Movement time 

refers to the time taken to touch the stimulus after the touchpad has been released. Reaction 

time is the time with which the subject has released the touch button following the 

presentation of the yellow circle. Both movement and reaction times are further divided 

into simple -times where only a target appears in the same place on screen each trial, or 

five-choice- reaction/movement times where the target may appear in one of five places. 

Intra-dimensional/Extra-dimensional shift (IED) 

The ID/ED shift is a subset of the CANTAB used to assess the executive component of 

cognitive flexibility. In this task a series of coloured shapes and lines are presented as 

stimuli and participants must learn to respond to particular shapes and lines, through 

computer-generated feedback. Following a training exercise, two distinct shifts take place. 

The intra-dimensional shift, which involves the introduction of new lines and shapes, and 

the extra-dimensional shift, where lines become the significant response. The former tests 

perceptual plasticity while the latter tests conceptual flexibility [152]. The outcome 

measures of this task included the number of errors made in total, the number of errors 

made at each stage, and the number of stages complete. There are nine stages in total, with 

two key stages, the intra-dimensional shift (block 6) and the extra-dimensional shift (block 

8). See Figure 3.1 for illustration of task. 

 

  



 36 

Figure 3.1 Intra/Extra dimensional shift.  
Participants respond to a particular shape, e.g. the crosshatch lines, and select the box containing this 
shape until the ‘dimension’ shifts and the coloured shape becomes the principal target. They must then 

learn to respond to the new target. 

Stockings of Cambridge (SOC) 

The SOC is a well-accepted measure of planning efficiency and assesses the organization 

of goal-directed behaviour. In this task, participants were presented with three coloured 

balls in a particular configuration at the top of the screen and were asked to use identical 

balls at the bottom of the screen to match those in the upper display. See Figure 3.2 for 

illustration. Participants were instructed to match the goal using as few moves as possible, 

therefore necessitating the planning and execution of the optimum set of moves to rearrange 

the balls. Scores then suggested the participants’ ability to develop a problem-solving 

strategy at increasing levels of difficulty. 

Participants also completed a yoke control condition to offer baseline motor and execution 

times, independent of thinking latencies. Participants were presented with his/her solution 

to the task and were instructed to follow. The main outcome measures included latency 

(ms), the number of problems solved using the minimum number of moves, the initial 

thinking time before beginning rearrangement (ms), and the subsequent time to complete 

the arrangement (ms).  

Rapid visual information processing (RVP) 

This subset of the CANTAB is particularly sensitive to aspects of sustained attention. This 

task consisted of a white box at the centre of the screen in which numbers two to nine 

appeared in a quasi-random order. Numbers were presented at a rate of 100 digits per 

minute while the task itself required participants to identify specific sequences of numbers 

(for example 3-5-7 or 4-6-8) and indicate using the touchpad. The outcome measures of 

  

A B 
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this task include latency (ms), target sensitivity (ranging from 0.00 (always missed the 

target) to 1.00 (always detected the target)), and the probability of hit. See Figure 3.2. 

 

Match to Sample Task (MTS)  

The Match to Sample subset of the CANTAB was used to assess memory and attention of 

participants by evaluating their ability to recognize complex visual patterns. The task 

consisted of a target pattern displayed at the centre of the screen, followed by the 

presentation of one, two, four, or eight similar patterns. Participants were instructed to 

select the stimulus that was identical to the original target displayed. See Figure 3.3. The 

primary outcome measures of this task were movement time (ms) and reaction time (ms) 

when there are two, four, or eight options to choose from, and the percentage of correct 

responses.  

Figure 3.3 Reaction Time and Match to Sample Tasks. 
Panel A depicts RTI task where participants must hold their finger on the central button before moving it to 
the yellow circle as fast as possible. Panel B depicts the Match to Sample task whereby subjects must match 

the shape in the centre of the screen with one of the surrounding shapes. 
 

Spatial Working Memory (SWM).  

 This subset examined the participants’ ability to hold, manipulate and update information 

to alter immediate behaviour. During the task, participants are instructed to search through 

an increasing number of boxes (3, 4, 6, and 8) to find hidden tokens. See Figure 3.4. Each 

box contains one token per sequence, searching any box more than once in a particular 
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Figure 3.2 Rapid Visual Information Processing Task and Stockings of Cambridge Task.  
Panel A depicts the presentation of the RBP task. Participants view a series of numbers and press the button at 

the bottom of the screen when the target sequence of numbers displayed in the top right of the screen) has 
appeared. Panel B shows the SOC user interface where participants must move the coloured balls on the 

bottom of the screen to match the pattern displayed at the top of the screen.   
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sequence results in a ‘within search error’ while revisiting an emptied box results in a 

‘between search error’. The ‘strategy score’, was then calculated from the most difficult 

levels (6 & 8 box levels). This score reflected the participants’ ability to conduct a 

systematic search. The number of errors made, and response times (ms) were also recorded.  

 

 

 

Emotion Recognition Task (ERT)  

The Emotion Recognition Task was used to probe participants’ ability to identify six basic 

emotions (fear, anger, surprise, sadness, happiness, and disgust). Computer-morphed 

images of facial features were displayed on screen for 200ms and then disappeared. See 

Figure 3.5. A list of the six emotions was then presented and participants were instructed 

to select the corresponding emotion from the list provided. The percentage of correctly 

identified emotions and the mean response time for each emotion (ms) were the main 

outcome variables.  

   
Figure 3.4 Spatial Working Memory task. 

 Subjects searched boxes to find yellow tokens, without revisiting previously checked boxes. 
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Table 3.1 Summary of CANTAB tasks and outcome measures. 
 

Task Cognitive Domain 
tested 

Administration time Outcome Measures 

MOT Induction task 2 mins Reaction time (ms) 

RTI Motor speed 
Attention 5 mins 

Reaction time (ms) 
Movement time (ms) 

Accuracy 

IED 
Executive 

Functioning 
Cognitive Flexibility 

7 mins 

Errors made at each 
stage 

No. of stages complete. 
Latency (ms) 

SOC 
Planning 
Executive 

functioning 
10 mins No. problems solved a 

Latency measures (ms) 

RVP Sustained Attention 10 mins 
Latency measures (ms) 
Probability of hit (%) 

Target Sensitivity 

MTS Attention 9 mins 
Correct responses (%) 
Movement times (ms) 
Reaction Times (ms) 

SWM Working Memory 8 mins 
Errors 

Measures of strategy 
Latency measures (ms) 

ERT Social Cognition 10 mins Correct responses (%) 
Latencies measures (ms) 

aThe number of problems solved using the minimum number of moves feasible to solve the problem. 
Abbreviations; MOT= motor screening task, ERT = Emotion recognition task, IED= Intra/ extra-dimensional 

 

Figure 3.5 Emotion Recognition task. 
 Computer morphed images of the six basic emotions displayed using the CANTAB system. 
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shift, RTI= reaction time task. MTS= Match to sample, RVP= Rapid visual information processing, SOC= 
Stockings of Cambridge, SWM= Spatial working memory, ms= millisecond, %= percentage.  

 

3.2.4 Postural Sway Procedure  

Each participant underwent an examination of postural stability under various conditions. 

For each condition, subjects were asked to stand quietly in a comfortable bilateral stance 

near the centre of the 45cm x 45cm Biosignalsplux Force Platform [153], with arms at their 

sides. An outline of their feet was made on the forceplate to allow for consistent foot 

placement between trials. All tests were conducted in a closed room with blinds drawn to 

minimize noise and visual distractions. Participants conducted each test wearing only socks 

on their feet and were reminded at the beginning of each trial to be conscious of their 

balance and to try to remain steady. A visual reference was presented at eye level on a 

screen 1.5m from the forceplate . See Figure 3.6 for a depiction of equipment employed 

and the experimental setup.  

 

Figure 3.6 Experimental setup. 
Cognitive tasks are run on a laptop and projected to a screen at eye level 1.5m from the subject. Data is 

recorded from the forceplate and transmitted via Bluetooth to a laptop. 
.  

Eyes open and Eyes closed 

During the static balance task, participants were asked to stand quietly in two conditions: 
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stand with eyes open (EO) and stand with eyes closed (EC), to examine stability at baseline 

levels, without any sensory or cognitive alterations and to examine the impact of reduced 

visual input on postural stability. During the EO trial, participants were instructed to stand 

within the outlines drawn of their feet. For the duration of the trial, participants looked 

straight ahead at a visual reference displayed on a screen. They were then asked to repeat 

the procedure with their eyes closed. Each condition, both EO and EC, were repeated three 

times to avoid inter-trial variability, and each trial lasted 90 seconds. 

 Dual-task: N-Back task 

Also, while standing on the forceplate, participants performed a letter variant N-back task 

[154]. This task was employed to engage, maintain, and constantly update working memory 

and therefore, increased cognitive load while standing. In this condition, a series of letters 

were presented in a pseudo-random order with a stimulus duration of 500ms and 

interstimulus interval of 1000ms. The participants were instructed to indicate if a letter 

presented (the ‘target’ stimulus) was the same or differed from a letter that had previously 

been presented (the ‘cue’ stimulus). In this study, participants were required to decide 

whether each letter stimulus in the sequence matched the letter previously presented (1-

back). Participants were instructed to provide their responses using the handheld touchpad. 

The total duration of the task was 4 minutes.  

Dual-task: Sustained Attention to Response Task (SART) 

Participants also completed a visual Sustained Attention to Response Task (SART) task 

[155] while standing on the forceplate in a quiet bilateral stance. The SART task was 

utilized to assess the impact of sustained attention on postural sway. In this task, a series of 

digits between 1 and 9 were displayed in numerical order at the centre of the screen for a 

duration of 1000ms and an interstimulus interval of 1300ms. Through a handheld touchpad, 

subjects were instructed to respond to every number that appeared, except for the number 

three. The total duration of the SART condition was 6 minutes per trial. Outcome measures 

included errors of omission, where participants did not respond when one was required, i.e. 

no response given after a number that was not three, and errors of commission, where a 

response was given inappropriately i.e. after a three.  
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Table 3.2 Summary of Postural Sway tasks 
 

Task Domain tested Duration  

Eyes Open Baseline Static balance 90s x 3 trials 

Eyes Closed Reduced visual input 90s x 3 trials  

N-Back task Stability with cognitive load- working memory 4mins 

SART task Stability with cognitive load- Sustained attention 6mins 

 

3.2.5 Processing of Postural Data  

To investigate postural control during quiet standing, measurements of displacements of 

the centre of pressure (COP) or the centre of gravity (COG, which coincides with the centre 

of mass; COM) are often used, as well as derivatives of these measures The COG is the 

point from which the weight of a body or system may be considered to act. The centre of 

pressure, on the other hand, refers to the application point of the resultant ground reaction 

forces [156] and therefore, conveys more information than the COG. As well as the ground 

reaction force, which holds the COG against gravity, the COP reflects joint torques by 

which the individual manoeuvre the COG to remain within the base of support [157]. And 

so, the COP may evince dynamic facets of stability, for example, overcoming body inertial 

through ankle torque, as well as static torque from the ankle to overcome gravitational 

effects of COM excursions. The COP is easily derived from force plate recordings while 

calculating the COG requires knowledge of the position and mass of each body segment, 

which may vary greatly across subjects, and so is not directly determined from the force 

plate. 

Therefore, postural stability was determined using the centre of pressure (COP) and 

postural sway measurements. Data were collected through the ‘Biosignalsplux Force 

Platform’ at a sampling frequency of 1000 Hz. The COP location was identified from 

voltage signals collected from four load cells positioned at each corner of the forceplate. 

When pressure was applied, each load cell generated a reaction force e.g. F1, F2, etc. Force 

data were then converted to mass (kg) for each channel at each sample point using equations 

(1) below. 

  

G=
100#Ω + &!

&!
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Where VCC is the operating voltage of 3V, RG denotes the sensor gain resistance of 203.83 

Ω, VFS refers to the operating voltage @ 200Kg, which is specific to each cell, nbits is the 

number of bits of the channel which was in this case 16, and ADC refers to the value 

sampled from the channel. The subsequent mass per sample point was then converted to 

COP measurements, with regard to directional subcomponents-mediolateral (ML) and 

anterior-posterior (AP), or FX and FY, respectively. The formula for calculating the COP 

is as follows, where width is the distance between sensors. TR is the top right channel, BR 

is the bottom right TL is the top left, BL is the bottom left channel.  

 

9: = 	;<=>ℎ2 + (@& + A&) − (@B + AB	)@& + A& + @B + AB (,,) 

 

9C = 	;<=>ℎ2 + (@& + @B) − (A& + AB	)@& + A& + @B + AB (,,) 

 

The time series was then downsampled to 50Hz [158]. Data were further prepared for 

analysis by applying a 4th order low pass Butterworth filter, with a cut off frequency of 

10Hz, to remove noise introduced during data measurement. 10Hz was selected as it was 

proposed as a standard cut-off frequency of force plate measures from the sensitivity 

analysis by Schmid et al. [159]. The first and last 15 seconds of each trial were also removed 

to avoid initial transient, anticipatory, and impact effects. During each trial, the tasks briefly 

exceeded the measured samples to avoid any detectable end effects. Although the N-back 

and SART had a duration of 3 and 5 minutes respectively, only the second 60 seconds of 

(1
) 

(2
) 
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each cognitive task was used for analyses, to ensure each time series was of equal length 

as well as to mitigate practice and fatigue-related effects.  

 

3.2.6 Classical Sway Parameters  

To analyse postural instability, excursions in COP were assessed through main postural 

sway parameters in the AP and ML direction using MATLAB  R2016A. Parameters 

included mean COP distance, path length and sway area (as measured by the area of the 95 

% prediction ellipse) as well as root mean squared (RMS) and mean path velocity which 

was analysed with respect to anterior-posterior and mediolateral directionality. See Table 

3.3 for MATLAB commands to carry out this analysis and explanation of metrics. Increases 

in these traditional metrics of postural sway were interpreted as a decrease in overall 

postural stability, whereas smaller measurements are believed to reflect greater stability. 

Table 3.3 Variables obtained from COP and MATLAB commands to calculate them. 
 

Nomenclature 
 

Definition MATLAB Command 
 

Mean COP 
distance  

Mean distance traveled 
by instantaneous COP 
from the mean COP 

>> mean((sqrt(FX.^2+FY.^2))); 
 

COP length   Length of COP 
trajectory on base 
support 

>>sum(sqrt(diff(FX).^2+diff(FY).^2)); 
 

95% 
prediction 
eclipse area  

Area of the smallest 
ellipse that will cover 95 
% of the points of the 
COP  

>> [vec,val]=eig(cov(FX,FY)) 
>> pi*prod(2.4478*sqrt(svd(val))) 
 

Mean path 
velocity  

Determine speed of 
COP displacements  

>>sum(abs(diff(COP.^2)*fs/length(COP))) 
fs = sample rate 
 

Root mean 
squared 
distance 
(RMS) 

If the COP signal has 
zero mean, RMS and 
standard deviation 
provide the same result.  

>>sqrt(sum(COP.^2)/length(COP)); 
 

Abbreviations; COP= Centre of Pressure. FX = COP data in ML direction across X axis, FY = COP data in 
AP direction across Y axis. Adapted from Duarte and Freitas. [160]  
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3.2.7 Statistical Analysis 

Independent t-test were used to assess differences in cognitive performances on measures 

of overall latency or errors. Repeated measures ANOVAs were employed to assess 

performance between groups on measures with a number of stages with increasing 

difficulty.  

Due to the non-normal distribution of some variables and the limited sample size. Non-

parametric analysis was employed to assess classical sway parameters. Therefore, Mann-

Whitney U tests were carried out to assess differences between performance of the 

Premutation Carrier Group and the Control Group, while separate Freidman’s ANOVAs 

were carried out to determine changes in classical sway parameters across balance 

conditions. Spearman’s Rho Rank Correlation Coefficient analysis was carried out to assess 

relationships between postural sway parameters and performance on cognitive tasks age 

and CGG repeat length. Correlations were interpreted as significant if ∣rs∣ > 0.5.  
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 Results  

3.3.1 Participants  

Participants were comparable in terms of the number of years spent in education, full scale 

IQ and sub-domains of IQ including verbal and performance IQ, and weight. There was a 

significant difference in age between groups were the Control Group were slightly younger 

than the carrier group. With the exception of age, the effect most demographic variables 

fell within the moderate or moderate to large (small effect size: 0.0 – 0.3, moderate: 0.3-

0.6, large: 0.6). See Table 3.4 below for summary demographics.  

 
Table 3.4 Summary of demographics data. 

 

 PM Carrier Group 
 (n=12) 

Controls Group 
(n=15) 

P-value Cohen’s 
D 

Age (years)  41.91(3.12)  37.07 (5.54)  0.012* 1.07 
Education (years) 17.66 (3.72) 19.2 (2.51) 0.24 0.48 

VIQ 114.33 (15.28) 123.0 (12.63)  0.119  0.62 
PIQ 102.41 (16.24) 114.2 (19.66) 0.108 0.65 
IQ 109.6 (16.35) 118.73 (14.81) 0.14 0.58 

Weight (Kg) 75.15 (20.77) 65.80 (9.51) 0.136 0.57 
CGG repeat 

length 
83.36 (8.44) - - - 

Abbreviations: FSIQ = Full Scale Intelligence Quotient; PIQ= Performance Intelligence Quotient, SD = 
standard deviation; VIQ = Verbal Intelligence Quotient; Education in years *p<0.05 
 

3.3.2 Cognitive Results  

MOT  

A comparison of the mean latency and the mean number of errors during the MOT task did 

not reveal a significant difference in performance between Premutation Carriers and 

unaffected Control Group (mean latency: t(25)= 0.697, p= 0.492 and mean error t(25)= -

0.698, p= 0.492).  

RTI 

Analysis of the RTI task did not reveal a group by task difficulty effect on reaction time 

(F(1,25)= 0.136, p= 0.716). In terms of main effects, task complexity did have a significant 
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effect on reaction time (F(1,25)= 16.947, p< 0.0001). Post hoc analysis revealed reaction 

times was significantly longer during the five-choice condition (p< 0.0001) when compared 

with the simple single choice task. In both the simple and 5 choice conditions, Premutation 

carriers were slightly slower to respond than the Control Group, however, this did not reach 

the limit of statistical significance (p> 0.05). 

There was no significant interaction effect on movement time F(1,25)= 0.704, p= 0.409) 

nor did the complication of 5 location choices add to the movement time (F(1,25)= 0.424, 

p= 0.521). There was, however, a significant group effect whereby Premutation Carriers 

were significantly slower to move than the Control Group when there were five locations in 

which the target may have appeared (p= 0.04). See Figure 3.7.  

 

 
Figure 3.7 Reaction time and movement time during RTI. 

Median and interquartile range of reaction times to during both the simple target condition and the 5-
choice location condition. Reaction time of both groups increased during the 5-choice condition. 
Premutation carriers were significantly slower to move when the target appeared in one of five 

locations, compared to the movement time of the Control Group. Brackets denote statistical 
differences between conditions, the bar denotes differences between groups. *p<0.05, ***p<0.001 

 

IED  

During the IED task, all participants progressed through every stage, completing the task. 

A Mixed measure ANOVA was used to assess interaction effect of group and stage level 

on the number of errors made, however, there was no interaction effect observed (F(1.723, 

75)= 0.924, p= 0.392). There was a significant stage effect on the number of errors made 

(F(1.723, 75)= 20.756, p> 0.00001). Post hoc analysis revealed that stage eight, the 
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penultimate stage where the extra-dimensional shift occurred, had a significantly greater 

number of errors when compared with stages six, seven and nine (p>0.0001 for all). 

Although carriers were overall, slightly slower to responds to the stimuli, a comparison of 

mean latency in response time did not reveal a significant difference between groups 

(t(25)= 1.232, p= 0.198). See Figure 3.8 for results.  

SOC 

A mixed-model ANOVA was used to assess the effect of task difficulty (the number of 

moves needed to complete the task) on the initial thinking time prior to making the first 

move at each stage. There was no significant group by stage interaction effect 

(F(1.458,48)= 0.385, p= 0.682), however, there was a significant stage effect (F(1.458, 

48)= 7.566 p= 0.004), where there was a significant increase in the time taken to plan the 

moves from the 3-move to the 4-move task (p= 0.002) and 3 to 5 move tasks (p= 0.01). The 

subsequent thinking time across tasks was also assessed between groups using a mixed 

model ANOVA. Again, there was no significant interaction effect on subsequent thinking 

time (F(2.26,75)= 1.186, p= 0.318). However, thinking time did increase as the number of 

moves needed to complete the task increased from 2 to 4 moves (p= 0.001), 2 to 5 moves 

(p= 0.003) the subsequent thinking time to complete a 3-move task was also less than that 

of the four move task (p= 0.03) and the 5 move task (p= 0.004). See Figure 3.9. Although 

the subsequently thinking time of Premutation Carries were consistently longer than that 

of controls across each stage, there was not a significant difference between groups 

(p>0.05). There was also no statistically significant difference between groups in terms of 

the number of trials completed within the minimum number of moves (t(25)= -0.845, p= 

0.406). 

RVP  

A two-tailed independent t-test to compare means performance of both groups during the 

RVP task. Both groups were equally likely to respond when the target sequence appeared 

(t(25)= 1.02, p=0.316). The number of false alarms experienced by each group was also 

statistically equivalent (t(25)= 0.423, p= 0.676) and mean response latency on recognition 

of the target sequence was also comparable (t(25)= -0.154, p= 0.879). 
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MTS 

A repeated measures ANOVA was carried out to assess differences in mean movement 

time when there were two four and eight choices to distinguish. There no evidence of an 

interaction effect by group and difficulty level (F(2,50)= 1.462, p= 0.24). The level of 

difficulty did have a significant effect on movement time (F(2,50)= 8.55 p= 0.001). Further 

Figure 3.8 Results of the Intra/Extra Dimension shift task. 
The panel on the right illustrates response times to target stimuli, through the median and interquartile range. 

The panel on the left depicts the number of errors made per block. Each ascending block increased in task 
difficulty, however, block 8 was associated with the greatest number of mistakes for both groups. Brackets 

denote significant differences across block. *** denotes significance to the level of p>0.001. 
 

Figure 3.9 Initial and subsequent thinking time during the Stockings of Cambridge (SOC) task.  
The panel on the left depicts initial thinking time before the first move was made, while on the right depicts the 
thinking time taken to complete the task after the first move is made. Brackets illustrate statistical difference 

between stages ** denotes significance to the level of p>0.01.  
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analysis revealed that movement time was significantly increased when there were 8 

patterns presented compared with two patterns (p= 0.014) or four patterns (p= 0.032). There 

was no significant difference between groups in movement time (p= 0.05).  

A comparison of the reaction time for correct matches indicated that Premutation Carriers 

(mean= 1951.06, std= 371.68) took significantly longer to correctly select the 

corresponding pattern when compared to the Control Group (mean= 1562.8, std= 335.87, 

t(25)=2.847, p= 0.009). Both groups were, however, comparable in terms of accuracy in 

identifying the matching pattern, selecting the correct image in 97% of trials (t(25)= 0.837, 

p= 0.411). See Figure 3.10. There was no difference between groups in the reaction time 

when incorrect patterns were selected (t(25)= 1.09, p=0.291). 

 

 
Figure 3.10 Results of the Match to Sample task. 

 The panel on the left depicts the average movement time taken to select a pattern thought to match the 
sample pattern when there were 2, 4, or 8 samples to choose from The graph on the right depicts the 

average movement time taken to select the correct matching pattern. The time taken to make a selection 
increased significantly with task difficulty. Although carriers were consitently slower to make a choice, this 
difference in movement time was not statistically significant, however when assessing average movement 
time for correct responses only, Premutation Carrier were singificanly slower to move than the Control 
Group. Brackets denote differences between stages, a bar denotes difference between groups. * p<0.05, 

**p<0.01. 
 

SWM 

During the SWM task, there was no significant difference in search preparation time (t 

(25)=  -1.423, p= 0.152), the strategy score (t(25) = 0.802, p= 0.430) or the number of 

between or within search errors (t(25)= 1.354 p= 0.188 and t(16.82) =-1.423, p= 0.173, 

respectively). A mixed-method ANOVA was applied to examine the impact of the 

increased number of boxes to search on searching errors. This did not reveal a significant 
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interaction between group and the number of boxes, (F(1.764,48)= 1.544, p= 0.224). There 

was, however, a significant increase in the number of errors with the number of boxes 

presented (F(1.597, 48)= 10.49, p= 0.001), the most significant increase in the number of 

errors made was during when eight boxes were presented (p= 0.023). 

Emotion recognition task (ERT) Results  

Examination of the results of the ERT did not reveal a difference between Premutation 

Carriers and Controls in terms of the number of correctly identified emotions (t(25)=-1.442 

p= 0.163). A mixed-method ANOVA was used to assess potential differences between 

groups in the accuracy of responses across the range of emotions. There was no significant 

group by emotion interaction effect (F(5, 115)= 1.077, p= 0.377.) However, the emotions 

themselves had a strong effect on the percentage of correct responses (F(5,115)= 76.29, 

p<0.0001). Post hoc analysis revealed that happiness was correctly identified most often, 

significantly more than the other five emotions (p<0.0001 for all). Each participant 

correctly identified happiness upwards of 90% of the times it was presented. The second 

most accurately perceived emotion was 'surprise'. The number of correct responses for the 

surprise emotion was significantly greater than that of sadness, anger, fear, and disgust 

(p<0.001, for all). While disgust was the most ambiguously received, with the fewest 

correct responses, significantly less than that of all other happiness (p<0.0001), sadness (p= 

0.028), anger (p= 0.012), fear (p<0.0001) and surprise (p<0.0001). 

The time taken to respond to each emotion was also examined with regard to both groups. 

There was no significant group by emotion interaction effect, nor was there a significant 

group effect (F(3.665, 84.057)= 0.572, p= 0.721). There was, however, a significant 

difference in response times to each emotion (F(3.67, 84.06)= 12.016 p<0.0001). Post hoc 

analysis revealed that happiness was most quickly identified, with a significantly reduced 

response time compared to sadness, (p= 0.007), anger, disgust, fear, and surprise 

(p<0.0001). Surprise was the second most quickly identified emotion, significantly faster 

than anger (p= 0.006), disgust (p= 0.034), and fear (p= 0.001). While anger elicited the 

longest response time which was significantly slower than that of happiness and surprise, 

as mentioned, however, the response time for anger did not differ statistically from that of 

sadness, fear and disgust (p>0.05 for all). See Figure 3.11 below.  
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Figure 3.11 Results of the Emotion recognition task. 

Bar charts displaying the percentage of correct responses and the response time for each emotion. 
Premutation carriers are displayed in red, Controls in blue. Both groups were comparable in terms of the 

percentage of correct responses. While Control Group were consistently quicker to respond to each 
emotion, the difference between groups was not statistically significant. 

 

3.3.3 Dual-task: Cognitive Results  

The dual cognitive-motor tasks performed were subject to statistical analysis. The results 

of the N-back task revealed that both the Premutation Carriers and the Controls performed 

equally well. See Figure 3.12 below. There was no significant difference in the number of 

correct responses to target stimuli (t(25)= 0.222, p= 0.26) nor was did either group make 

more mistakes than the other over the course of the task (t(25)= 0.438, p= 0.663). The 

SART task yielded similar results. There was no statistically significant difference between 

groups in the number of errors of commission made (t(25) = 0.555, p= 0.584), nor was 

there a significant difference in the number of errors of omission (t(25)= 0.255, p=0.801).  
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3.3.4 Postural Sway results  

An illustration of postural sway performances can be seen in Figure 3.13. Mann Whitney-

U tests did not reveal differences between groups in postural stability. Path length and 

velocity were approaching the traditional level of statistical significance however did not 

meet the criteria of significance (p=0.08 ad p=0.057, respectively).  

Friedman's ANOVA revealed a significant difference in the performance of Premutation 

Carriers in terms of path length χ2(3)= 10.5, p= 0.015. Post-hoc analysis revealed a revealed 

significant increase in path length during the EC condition compared to the EO baseline 

condition (p=0.005). Control Group also exhibited a significant increase in path length as 

task demands were altered (χ2 (3)= 14.6, p= 0.002). Again, the Control Group demonstrated 

reduced stability during the EC condition compared to baseline (p= 0.001). Path length 

during the N-back task was also approaching the level of statistical significance (p=0.01) 

but did not survive correction for multiple comparisons.  

Sway Area did not differ significantly as stability was challenged (χ2(3)= 5.8, p= 0.122 for 

Premutation carriers and χ2 (3)= 2.28, p= 0.516 for the Control Group). Velocity in the AP 

direction did not change during with task difficulty for either the Premutation Group (χ2 

(3)= 2.0, p=0.572) or the Control Group (χ2(3) 4.428, p=0.233). ML Velocity was also 

consistent across tasks for both Premutation Carriers (χ2(3)= 5.3, p= 0.151) and the Control 

Group (χ2(3)= 5.88, p= 0.118). See Figure 3.14 below. Both groups exhibited consistent 

Figure 3.12 Results of cognitive performance during dual-task conditions.  
Performance during the SART task is measures through errors of commission and omission. The panel on 
the right displays the results of the N-back task in terms of the percentage of correct responses to target 

stimuli.  
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AP RMS across tasks (Premutation Carriers (χ2(3)= 0.9 p=0.825) and Control Group 

(χ2(3)=4.986, p=0.173). RMS ML was also consistent for both groups across tasks, as was 

ML RMS (χ2(3) = 2.6, p=0.457 for Premutation Carriers and χ2 (3)=3.734, p=0.292 for the 

Control Group). 

 

 

3.3.5 Correlation Analysis  

Correlation analysis of the cognitive and motor aspects of the dual-task did not reveal a 

significant association between postural sway parameters and performance of the N-back 

or SART tasks for Premutation Carriers (p>0.05 for all correlations). The performance 

during the N-back task of Control Group on the other hand, was correlated with several 

postural sway parameters. The number of mistakes made during the N-back task were 

associated with path length (rs(13)=0.733, p=0.001), sway area (rs (13)=0655, p=0.006), 

velocity in the ML direction (rs=0.722, p=0.002), AP RMS (rs(13)=0.572, p=0.027), and 

ML RMS (rs(13)=0.504, p=0.03). While the percentage of correct responses were 

negatively correlated with velocity in the AP direction (rs(13)=-0.655, 

p=0.005,) Velocity in the ML direction, (rs(13)=-0.61, p=0.01), path length (rs(13)=-0.563, 

p=0.018), and RMS ML (rs(13)=-0.53, p=0.026).  

Figure 3.13 Representative stabilogram of a single Fragile X Premutation Carrier.  
COP trajectory during the SART task is depicted in blue and Sway path of the EO condition depicted in red. 
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Several correlations were evident between cognitive capacity and postural sway 

performances. Measures of cognitive flexibility for the Premutation Group were strongly 

correlated with path length during the eyes closed (rs(10)= 0.721, p= 0.008) and SART 

conditions (rs(10)= 0.808, p= 0.001) as well as sway area during the N-back and SART 

conditions (rs (9)= 0.814, p= 0.001, rs(10)= 0.753, p= 0.005 respectively), where increases 

in sway parameters were associated with an increase in errors made during the IED task. 

No such correlation was evident for the Control Group.  

Similarly, error scores during the working memory task were strongly correlated with 

postural sway for the Premutation Carriers but not the Control Group. Poor working 

memory performance during SWM task was associated with decreased stability throughout 

all four balance task condition (EO: AP velocity rs (12)= 0.695 p= 0.018, path length rs 

(10)= 0.641 p= 0.03, EC: AP velocity rs (10)= 0.726 p= 0.01, path length rs(10)= 0.821 p= 

0.021, AP RMS rs 12)= 0.670 p= 0.024 and N-back: AP velocity rs(9)= 0.800 p= 0.003, 

path length rs(9)= 0.744 p= 0.009, AP RMS rs(9)= 0.802 p= 0.003 as well as SART: AP 

velocity rs(10)= 0.778 p= 0.005, RMS AP rs(10)= 0.760 p= 0.007). 

The Premutation Group also demonstrated an increase in path length during EO and EC 

which was associated with longer movement time during the RTI task. This was evident 

during both the simple movement time (EO path length rs (9)=-0.637 p=0.01, and EC path 

length rs (9)= -0.583 p= 0.02) and 5 point movement time conditions (EO path length rs 

12)= -0.530 p= 0.04, and EC path length rs(9)= -0.6814 p= 0.005). There was no significant 

correlation found for the Control Group. 

During the SOC task examining planning, interestingly the initial thinking time taken to 

plan the sequence of moves was correlated with AP velocity of the Control Group in each 

sway task (EO rs(13)= 0.766 p= 0.001, EC rs(13)= 0.802 p= 0.0001, N-back rs(13)= 

0.812 p= 0.0001, SART rs(13)= 0.775 p= 0.001), while the subsequent thinking time was 

strongly correlated with Premutation Carriers performance specifically AP RMS during all 

but the EO condition (EC rs(9)= 0.647, p= 0.03, N-back rs(9)= 0.671 p= 0.024, SART rs(9)= 

0.669 p= 0.025) and AP velocity during the dual task conditions (N-Back rs(9)= 0.668 p= 

0.025, SART rs(9)= 0.659 p= 0.027). 

There was no significant correlation between postural sway parameters and performance 

on tests of emotion recognition, pattern matching, or visual information processing. 
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There was very little evidence to suggest an association between cognitive capabilities and 

CGG repeat length. Outcome measures of many of the cognitive tasks did not demonstrate 

a link with repeat length, with the exception of the ERT task. The percentage of correct 

responses, specifically for the 'anger' emotion was inversely correlated with the number of 

repeats (rs(9)=-0.725, ap=0.009) and the response time for the happy emotion (rs(10)=-

0.726, p=0.009). In terms of postural sway parameters, a one tailed Spearman's correlation 

analysis did reveal a moderate positive association between CGG repeat length and postural 

performance, specifically sway area during the EO condition (rs(10)=0.548, p=0.032 and 

path length during the EC condition (rs(10)=0.527, p=0.039). 

Correlation analysis was carried out to assess the relationship between age and performance 

on each cognitive domain. There was no evidence of a link between performance during 

cognitive task and age, for either group (p>0.05). Nor was there evidence of an association 

between age and postural sway for either group (p>0.05).  
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Figure 3.14 Postural sway outcome measures.  
Each panel illustrates the outcome of each postural sway parameter for Premutation Carriers (red) and Control 
Group (blue) across the four tasks The horizontal line denotes the median value while the boxes on either side 

denote the interquartile range. EO= Eyes open, EC= Eyes Closed, SART= sustained attention to response task. 
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 Discussion 
The current study aimed to investigate and characterise the effect of the Fragile X 

Premutation in female Premutation Carriers. Specifically, the focus of this study was on 

understanding potential changes in cognitive functioning and postural sway, as well as 

exploring the relationship between these two faculties. A battery of seven cognitive tests 

was employed to assess an array of cognitive domains. Based on the sensory and cognitive 

deficits previously reported to be impaired in Premutation Carriers, a series of balance tasks 

were also implemented to assess postural control and stability under challenging 

conditions. The main findings of this study include subtle, discreet impairments in specific 

subdomains in executive functioning and potential abnormalities in facial or emotional 

processing, while postural control was found to be relatively unaffected by the premutation.  

Executive dysfunction is a devastating symptom present in the majority of those with 

FXTAS and subtle impairments or deficits have frequently been reported in younger 

Premutation Carriers without FXTAS. Therefore, executive functioning and its 

subcomponents, planning, cognitive flexibility and working memory, were assessed 

throughout the battery of cognitive tests. Although there were few statistically significant 

differences between the performances of each group, a distinct trend was evident 

throughout the data. While the time taken to plan the set of moves were comparable 

between groups, after the initiation of the first move, Premutation Carriers took longer to 

plan and execute the remaining actions to complete the task. Similarly, when matching 

patterns, Premutation Carriers were equally quick to react to the appearance of stimuli, 

however, they were significantly slower than the Control Group in selecting the correct 

response. This may suggest deficits in inhibitory control or effective planning, indicating a 

possible failure in response inhibition circuitry and goal-directed planning previously 

reported in male Carriers [114, 122]. The dorsolateral prefrontal cortex has been implicated 

as a key region involved in inhibition during a range of executive functioning tasks [161]. 

Interestingly, reduced activation in this region has also been reported in Premutation 

Carriers during working memory tasks, despite a commensurate performance [55]. Deficits 

in information processing may also provide an explanation for the pattern of results 

observed in this study. Although the Rapid Visual Information Processing task did not 

reveal a difference between groups in processing of visual information specifically, broader 

information processing systems may be compromised. Previous studies have reported 

deficits in information processing of those with FXTAS and have been linked with 
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disruption in within fronto-subcortical structures which attend to cognitive and motor 

functioning and reduced caudate volume, [5, 116, 117]. However, further research would 

be needed to confirm whether the results reported here relate to information processing or 

response inhibition. It must be noted that such discrepancies in movement time may relate 

to motoric issues or motor functioning rather than cognition. However, as reaction times of 

both groups were comparable throughout the assessment, this is unlikely.  

Interestingly, despite subtle differences in certain subgroups of executive functioning, other 

subdomains of executive functioning were intact. Working memory capacity, a domain 

which has frequently been described as diminished in younger carriers [5, 162], was intact 

within the cohort examined in this study. Similarly, cognitive flexibility was comparable 

between groups. There have been many inconsistencies in the reports of the effect of the 

Fragile X Premutation on cognition and the specific domains affected with some studies 

reporting normal executive functioning in female Premutation Carriers without FXTAS 

[95]. As the current study demonstrates deficits in certain areas while comparable 

performances in other areas of cognition, the results of this study reaffirm the selective 

nature of the effects of the premutation on cognition.  

There was no difference between groups during the emotion recognition task in terms of 

correctly identifying different emotions. Although there was not a statistically significant 

difference between groups, there was a trend in response times across emotions where 

increased within the Premutation Group. This was most pronounced for negative emotions 

such as fear, anger, and disgust. While these specific findings have not previously been 

reported in Fragile X Premutation Carriers, Cornish et al. reported a greater number of 

errors made when identifying emotions, specifically neutral expressions [15]. There have 

been reports of reduced amygdala activation mediated by FMRP levels, in male carriers 

during emotion-matching tasks [72]. Similarly, there have been a substantial number of 

reports describing abnormal facial processing and emotion recognition, with a bias towards 

negative emotions, in people with the full mutation, FXS [163, 164]. Therefore, the trend 

in response times of Premutation Carriers may suggest issues with facial processing or 

emotion recognition and possible overlaps with symptoms of the full mutation.  

Contrary to previous findings there was no difference between groups in many classical 

sway parameters during any of the four conditions. There was a trend in path length and 

velocity the mediolateral direction whereby carriers exhibited reduced stability compared 

with the Control Group throughout the four conditions. Numerous studies have linked 
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mediolateral sway with increased risk of falling within the ageing population and is a 

distinctive feature of postural sway in numerous clinical cohorts including Parkinson’s 

disease and MS [165-167]. Such a trend in the results of this study may suggest that subtle 

changes in postural control of Premutation Carriers are present but perhaps with a greater 

sample size or increased challenges to stability, such differences may become more 

pronounced or perhaps more sensitive measures of postural sway may detect subtle changes 

not evident through classical parameters. Both Premutation Carriers and the Control Group 

experienced a substantial reduction in stability when eyes were closed, reaffirming the key 

role of visual input in balance maintenance.  

The results of the dual-task conditions suggest that there were no differences between 

groups in balance with increased cognitive load. Both groups, however, exhibited a trend 

towards a reduction in stability, as measured by the classical sway parameters, when 

cognitive load was increased both through engaging working memory and sustained 

attention. This increase in postural control can be attributed to dual-task interference 

whereby two specific domains compete for limited attentional resources causing one or 

both tasks to suffer [138, 168, 169]. Both groups performed equally well during the 

concurrent cognitive task while balance suffered suggesting the cognitive tasks were 

prioritised over stability. However, these results must be interpreted with caution. While 

dual-task interference has been reported in healthy individuals [138, 168], it is often 

exacerbated in clinical cohorts. This is particularly evident in cohorts with cognitive 

deficits for example, Parkinson’s disease, where poor performance in a secondary cognitive 

task may compound deficits within already compromised cognitive or postural control 

systems [134]. Several studies have reported clinically asymptomatic Premutation Carriers 

displaying significant dual-task effect on postural stability [127]. However, other groups 

do not report such effects during simple standing tasks. Perhaps the comparable 

performance between groups may be due to the level of task difficulty involved, for 

example, by altering surface stability or increasing cognitive demand through more 

challenging tasks may result in more pronounced differences between groups’ 

performances.  

Maintaining balance and adjusting to postural perturbations requires attentional focus and 

response inhibition to filter out distractions to remain stable. Another interesting finding of 

this study was the link between certain cognitive parameters and postural sway. Although 

stability of both groups was altered by the dual task, working memory performance during 
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the cognitive battery was strongly associated with postural performance for the Premutation 

Group, as were parameters measuring planning while the Control Group’s performance 

was not. The findings of this study are in line with results previously reporting an 

association between gait and cognitive performance in female carriers without FXTAS 

[139] as well as in carriers with FXTAS [140, 141], while a link between falls and cognition 

has also been reported in patients with Parkinson’s disease and older individuals with mild 

cognitive impairment [170, 171].  

Although this study does not examine the neural correlates of postural stability during static 

balance or dual-tasks, previous studies have linked numerous brain regions with motor 

control of balance and stability. The cerebellum, particularly the middle and superior 

cerebellar peduncles, and corticocerebellar pathways are key regions in coordination and 

balance and have been found to be disrupted in Premutation Carriers due to the 

susceptibility of these regions to FMR1 mRNA toxicity and intranuclear inclusions [41, 47, 

55, 75, 172]. The link between dual-task interference and neural activity has not yet been 

elucidated in Premutation Carriers, however, studies have reported the involvement of 

frontal and prefrontal regions during dual-tasks [173-175]. Given the previous findings of 

decreased activation in such areas [161], as well as the disruption to corticocerebellar 

pathways, which connect these regions, it would be of interest to further examine neural 

activity within a cohort of Premutation Carriers during a dual cognitive-motor task.  

There was no evidence to suggest a link between symptom severity, in either the cognitive 

or motor domains, with CGG repeat length. This is contrary to previous research which 

suggests symptom severity covaries with repeat length. Greater CGG repeat length within 

the premutation range results in increased mRNA transcripts, sequestration of proteins and 

intranuclear inclusions throughout the brain, including cerebellar cells, therefore, 

disrupting neural networks and connectivity [47]. Also, there is not a significant age-

associated decline in performance amongst the cohort of female Premutation Carriers. 

Given the lack of association between age and CGG repeat length, the impairments in 

planning and inhibitory control may reflect neurodevelopmental changes which occurred 

at an early stage in the developmental trajectory, resulting in alterations to motor and 

cognitive systems. The Control Group also did not reveal an age-related decline in either 

cognitive or postural performance. This may be due to the relatively young age profile of 
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the cohort. However, It must also be noted that the Control Group was slightly younger 

than that of the Premutation Groups and, therefore, results must be interpreted with caution.  

 

3.4.1 Limitations and Future work 

The small sample size of exclusively female Premutation Carriers and cross-sectional 

design of the study limits the extent to which these results can be extrapolated to the 

understand effects of premutation over time, and the extent to which cognitive impairments 

and the balance deficits observed in young Premutation Carriers may represent an 

endophenotype of FXTAS. Similarly, it has not yet been established as to whether or not 

the sensory-motor impairments or the dual-task effect, which has previously been reported 

to impact carriers performance, may be subject to a more severe age-related decline in 

carriers at risk of developing FXTAS compared to those who will not go on to develop the 

neurodegenerative disorder. It must also be noted that the Control Group was slightly 

younger than that of the Premutation Group. Therefore, large scale longitudinal studies are 

vital in understanding the progression of FXTAS and provide context for the deficits 

observed in the Premutation Group, for example, to distinguish stable developmental 

changes arising from the premutation from the beginning of cognitive and motor decline, 

towards a diagnosis of FXTAS.  

The postural sway parameters employed in this study to assess changes in stability were 

selected as they are widely used in clinical settings and easily understood and interpreted. 

However, such parameters are limited to a single time scale and may not be sensitive 

enough to detect changes in the non-linear, dynamic aspects of postural sway, which occur 

over multiple time scales. Future studies would benefit greatly from incorporating more 

sensitive measures of postural control, which consider the non-stationarity and non-

linearity of COP movement during continuous balance. 

Although this study does not examine the neural correlates of postural stability during static 

balance or dual-tasks, previous studies have linked numerous brain regions with motor 

control of balance and stability. The cerebellum and corticocerebellar cerebellar pathways, 

involved in stability have previously been found to be disrupted in Premutation Carriers 

due to their susceptibility to FMR1 mRNA toxicity [41]. The link between dual-task 
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interference and neural activity has not yet been elucidated in Premutation Carriers, 

however, studies have reported involvement of frontal and prefrontal regions during dual-

tasks [173, 174]. Given the previous findings of decreased activation in such areas [161], 

it would be of interest to further examine neural activity within a cohort of Premutation 

Carriers during a dual cognitive-motor task.  

 

 Conclusion 
The findings of this study have provided further evidence of cognitive changes in young 

female Fragile X Premutation Carriers, particularly with regard to goal-directed planning 

and inhibitory control. Although there was limited evidence of changes in postural stability 

in Premutation Carriers, the analysis of postural control remains inconclusive, necessitating 

new avenues of exploration to further elucidate motor functioning in Premutation Carriers. 

The lack of age-related decline and CGG repeat length association may reflect stable 

developmental changes as opposed to neurodegeneration, yet further longitudinal research 

would be required to affirm this. Thorough characterisation of the Fragile X Premutation 

at various stages throughout the lifetime of carriers will create a clearer understanding of 

the developmental and neurodegenerative aspects associated with the genetic conditions, 

therefore providing context in which to view changes or abnormalities in cognitive or motor 

performances.  
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Chapter 4  Complexity Based Measures of 

Postural Stability Provide Novel Evidence of 

Functional Decline in Fragile X Premutation 

Carriers 

The study presented in this Chapter investigates research questions 3-6 which have been 

outlined in Chapter 2. The results presented in the previous Chapter describes the roll of 

cognition in postural control and stability and describe characteristics of sway in parameters 

in such a way which is easily interpreted in a clinical setting. However, broad 

characterisations of sway, such as area and path length, may lack sensitivity to more subtle 

and discreet changes in COP dynamics. Postural sway and centre of pressure data is 

inherently non-linear and information rich.Therefore, employing non-linear, entropy based 

meassures to assess COP trajectories may provide insight into subtlties of postrual control 

which are not detected through classicial sway parameters. In the study described in this 

Chapter, multiscale entropy analysis was employed to assess postrual sway The 

Complexity Index, derived from multi-scale entropy analysis was examined in each cohort 

across tasks to assess subtle changes in postrual sway. 

The studies presented in this Chapter have resulted in the following peer-reviewed 

publications:  
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 Introduction  
Postural control is a complex dynamic process regulated through multisensory 

integration, various cognitive functions, and musculoskeletal outputs, communicating 

through spinal and supraspinal circuits, each operating over different timescales[176, 177]. 

Therefore the postural control system is intrinsically non-linear. The influence of each of 

these cognitive and sensory inputs and muscular outputs are constantly reattuned and 

reweighted, to maintain stability [176, 178]. These continuous adjustments and changes in 

control strategy generate seemingly spontaneous fluctuations in postural sway. Multiscale 

Entropy analysis (MSE) employs Sample Entropy (SampleEN) to quantify the degree of 

irregularity or ‘complexity’ in a time series across multiple scales [179]. Postural sway 

complexity has been found to reflect an individual’s capability to respond and adapt to 

balance perturbations and stressors, such that greater postural sway complexity reflects a 

greater ability to adapt to such unexpected stressors [179, 180].  

Measuring such physiological complexity of postural sway will reveal the integrity of the 

postural control system. It may also better characterize the impact of the FMR1 premutation 

on balance and stability, subsequently enabling the detection of early changes in the motor 

system of Premutation Carriers. A loss or reduction in complexity is believed to stem from 

the degradation of the physiological systems underpinning postural control or deterioration 

in the efficiently of communication between these systems [181]. 

The aim of the current study was, therefore, to establish a standardised protocol probing 

sensory and cognitive deficits previously reported to be impaired in younger carriers, and 

to examine postural control in a cohort of young female Fragile X Premutation Carriers. 

This may then detect the subtle differences in postural stability and to gain better insight 

into the discriminating power of entropy-based measures of sway in order to identify 

parameter(s) which are sensitive to postural instability in the Fragile X Premutation 

Carriers. Previous studies have shown the degree of postural sway complexity to be largely 

independent of classical parameters [182]. Therefore, it was hypothesised that non-linear 

measures of postural sway more accurately reflect the integrity of the postural control 

system in younger Fragile X Premutation Carriers. Specifically, it was hypothesised that 

Premutation Carriers would exhibit reduced sway complexity compared to the Control 

Group and that the increased cognitive load associated with the dual-task paradigm would 

exacerbate differences in sway complexity in carriers.  
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 Methods 
 

4.2.1 Participants 

Twelve female Fragile X Premutation Carriers (37-45 years) were recruited through 

advocacy groups and social media. Inclusion criteria for carriers included a positive genetic 

test for the FMR1 gene premutation. Fifteen Controls (28-47 years) were recruited through 

similar means. See Table 4.1 for summary demographics. All subjects had normal or 

corrected to normal vision and no intellectual disability as assessed using the Weschler 

Abbreviated Scale of Intelligence (FSIQ>70) [150]. Subjects were excluded from the 

Control Group if a first-degree relative had a neurological condition. No subject reported 

any transient, neurological or musculoskeletal problem that may have affected balance. 

Informed consent was obtained from all participants and all procedures followed were in 

accordance with ethical requirements of the Tallaght University Hospital and St. James's 

Hospital Joint Research Ethics Committee as well as the School of Medicine Ethics 

Committee, Trinity College Dublin. 

 
Table 4.1 Summary of demographic data 

 

 PM carriers 
(n=12) 

Control Group 
(n=15) 

P-value 

Age 41.2 (3.12) 37.1 (5.5) 0.012* 
Education (years) 17.7 (3.7) 19.2 (2.5) 0.214 
FSIQa 109.6 (16.3) 118.7 (14.81) 0.14 
Verbal comprehensiona 114 (15.28) 123 (12.6.) 0.119 
Perceptual reasoninga 102.4 (16.24) 114.2 (19.66) 0.108 
Weight (Kg) 75.1 (20.77) 65.8 (9.51) 0.136 
CGG repeat length 83.1 (8.12) - - 
SART      Correct  (%) 89.44 (7.4) 89.84 (10.0) 0.909 
SART      No. Of Errors 6.45 (4.89) 6.6 (7.5) 0.663 
N-backb  Correct (%) 91.36 (11.3) 90.44 (10.26) 0.826 
N-backb   No. Of Errors 3.17 (3.43) 2.6 (3.22) 0.956 

aParameters derived from the WASI-II. bn=11 for PM carriers, values presented as Mean (SD), *p<0.05 
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4.2.2 Procedure  

Subjects stood in a comfortable bilateral stance near the centre of the forceplate with arms 

by their sides, 1.5m from a visual reference displayed on a screen. To ensure consistency 

between trials, an outline of their feet was made on the platform surface. Subjects were 

advised to be aware of their balance and to stand as still as possible for the duration of the 

trial.  

The four sway tasks are described in detail in Section 3.2.4 of Chapter 3. Three 90-second 

trials were conducted with eyes open (EO) another three with eyes closed (EC). Two dual-

task conditions were completed while standing: a three-minute letter variant N-back task 

)[154] and a number variant Sustained Attention Response Task (SART) [155]. The order 

of the cognitive tasks was randomised, with EO and EC trials repeated between each 

cognitive task. Subjects were encouraged to take a break between trials to avoid fatigue.  

Force plate data were acquired after the completion of each task trial to avoid any detectable 

end effects. The first and last 15 seconds of each EO and EC trial were removed to avoid 

initial transient, anticipatory and impact effects. Although the N-back and SART had a 

duration of 3 and 5 minutes respectively, only the second 60 seconds of each cognitive task 

was used for analyses, to ensure each time series was of equal length as well as to mitigate 

practice and fatigue-related effects.  

 

4.2.3 Data Processing and Analysis  

Postural data were collected using a Biosignals Plux Forceplat  [183] at a sampling rate of 

1000Hz.  The reaction force generated from the application of pressure to each of the four 

cells of the forceplate was converted to cartesian coordinates, each relating to directional 

subcomponents (Y-axis =Anterior-Posterior: AP; X-axis= Medio-Lateral: ML). See 

Section 3.2.5 of Chapter 3 for detailed description of forceplate data calibration and 

extraction process. 
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4.2.4 Classical Parameters of Sway 

Postural sway was characterized using classical, traditional sway parameters such as path 

length, sway area (as measured by a 95% confidence ellipse), as well as velocity in the 

anterior posterior and mediolateral directions (VelocityAP and VelocityML). Data collected 

from the forceplate were filtered using a 4th order low-pass Butterworth filter with a cut 

off of 10Hz and downsampled to 50Hz before sway parameters were calculated [184], as 

described in the previous Chapter. All analyses were carried out using Matlab_R2016a 

(The Mathworks Inc, Natick, MA). See Figure 4.4 for complete overview of postural sway 

proessing steps.  

 

4.2.5 Multiscale Entropy Analysis 

To quantify postural complexity, both the AP and ML subcomponents of the time series 

were subjected to MSE analysis. To ensure computations were robust while undergoing 

MSE analysis the original time series was downsampled to 250Hz. Prior to MSE analysis, 

empirical mode decomposition (EMD) was conducted based on the intrinsic characteristics 

of the data [185]. EMD divides the time series into intrinsic mode functions (IMF) so that 

high-frequency noise and low-frequency trends may be removed. See Figure 4.1 for 

illustration of EMD.  

The identification of the most suitable IMFs was based on several criteria. IMFs were 

divided into three distinct frequency bands. Low frequencies, ranged from 0-0.5Hz, are 

believed to account for visuo-vestibular processing; medium frequencies, between 0.5-

2Hz, reflect cerebellar regulation and high frequencies of greater than 2Hz, relate to 

proprioceptive regulation [186]. The lowest frequency suitable for inclusion in the analyses 

was determined by a previous study and implemented as per Equation (1) [187], whereby 

E,- refers to the number of data points at the final course grained time series, t specifies 

the duration of the task and m is the sequence length. The lowest frequency suitable for 

inclusion in the analysis was 1.04Hz. 

 

f. =	 /!"
0	×(45')×7 

 

(1) 
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Following an examination of each frequency band, IMFs 7-12 were found to fall within the 

frequency range suitable for analysis. Both AP and ML signals were reconstructed using 

these IMFs. To capture system dynamics over multiple time scales, a ‘course graining’ 

procedure was used to divide the time series into non-overlapping windows of duration 

equal to a scaling factor Ƭ, ranging from 1 – 40 data points. See Figure 4.2. As the second 

60 second epoch of each task was used for analyses, at the largest scale, each course-grained 

series contained 375 data points (15000 points/40). SampleEn represents the rate of 

generation of new information and is equal to the negative natural logarithm of the 

conditional probability that m consecutive points repeat themselves (including some 

tolerance, r). Based on previous recommendations, SampleEn was computed for each 

course grained time series, where m=2 and r=15% [179].  

To construct MSE curves, SampleEn was plotted as a function of time-scale Ƭ. The postural 

sway complexity Index (Ci) was measured as the area under the MSE curve, such that 

higher SampleEn values over multiple time series results in larger area, which reflects 

greater complexity, (see Figure 4.3). All data processing was carried out using Matlab 

Figure 4.1 Decomposition of AP sway of a single participant signal using Empirical Mode Decomposition  
Resulting Intrinsic Mode Function (IMF) components of the data. Between 13 and 20 IMFs were generated 

per individual. 
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R2013b (Mathworks, Natick, MA; [188]) and the Waveform database V.0.9.10 (Wfdb 

toolbox, [189]). 

 

 

4.2.6 Statistical analysis  

A Shapiro-Wilk test of normality was used to determined the distribution of the data. Mann-

Whitney U tests were used to compare mean performances of classical parameters between 

both groups and separate Freidman’s ANOVAs followed by Wilcoxon signed-rank test 

were used to conduct within-group comparisons, with Bonferroni corrections to adjust for 

multiple comparisons. Independent t-tests were used to assess between-group differences 

in complexity indices and oneway repeated measures ANOVA were used to assess within 

group differences with Bonferroni corrections to adjust for multiple comparisons, thus 

reducing the significance level to p<0.007. Pearsons correlations were used to assess the 

Figure 4.2 Illustration of the MSE course-graining procedure at scales 2 and 3. 

Figure 4.3 Representative MSE curves.  
MSE curves generated from AP sway time-series of a (a) single control subject and (b) Premutation Carrier. 
The shaded area represents the complexity index (Ci) for the EO condition, defined as area under the MSE 

curve where higher curves indicate greater complexity 
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relationship between age and repeat length and outcome variables. See Figure 4.5 for 

schematic diagram of analysis. 

  

Figure 4.4 Schematic diagram of statistical analysis of sway parameters. 

Figure 4.5 Schematic diagram of postural sway processing steps.  
Raw data is extracted from the forceplate, converted to Cartesian coordinates, from  there, two  
processing pipelines at work, the first to calculated classical sway parameters and the second to 

calculate entropy based parameters.. 
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  Results  

4.3.1 Intergroup comparison of demographic data 

Both groups were comparable in terms of demographic data. The Premutation Group was 

statistically significantly older than the Control Group, (p=0.012). Data from only 10 

Premutation Carriers were available for the N-back task due to an error in recording. There 

was no significant difference between Premutation Carriers and controls in terms of their 

performance during either SART or N-back task. See Table 4.1.  

 

4.3.2 Classical Parameters 

A detailed description of the classical sway parameters is outlined in Section 3.3.4 of 

Chapter 3. However, to summarise, Premutation carriers and the Controls Group did not 

differ in terms of sway area, path length, or velocity during the EO ad EC conditions, nor 

was there a difference in group performances during the dual task conditions (p>0.05). 

Assessment of classical sway parameters across conditions did not reveal a change in 

performance during the dual-task conditions based on sway area (χ2 (3)= 5.8, p= 0.122 for 

Premutation Carriers and χ2 (3)= 2.28, p= 0.516 for the Control Group), AP velocity 

(Premutation Group (χ2(3)= 2.0, p=0.572) and the Control Group (χ2(3) 4.428, p=0.233,)) 

and ML velocity for both the Premutation Carriers (χ2 (3)= 5.3, p= 0.151) and the Control 

Group (χ2(3)= 5.88,p= 0.118). However, both groups demonstrated a decrease in stability, 

as measured by path length, during the EC condition when compared to EO (p=0.005 for 

the Premutation carrier group, and p=0.001 for the Control Group).  

 

4.3.3 Complexity Index 

An independent sample t-test revealed no difference in Ci between groups either with EO 

or EC in the AP or ML direction (p>0.05). Ci of both groups were also also comparable 

during the SART task (AP: t(25)= -1.297, p= 0.184, d= 0.67; ML: t(25)= 0.601, p= 0.553, 

d= 0.23 ). Although the mean N-back AP Ci of the Control Group was greater than that of 

the PM group, this difference did not reach significance, (t(25)=-1.774, p=0.089, d=0.72). 

See Table 4.2 
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Table 4.2 Complexity indices of Premutation Carriers and Control subjects. 

 

 EO EC N-Back SART 

 AP  ML AP ML AP ML AP ML 

PM 26.2 
(6.7) 

24.6 
(5.71) 

27.6 
(4.78) 

28.7 
(6.78) 

29.53 
(4.8) 

25.57 
(5.68) 

27.31 
(5.13) 

30.04 
(5.79) 

Ctrl 24.8 
(24.8) 

26.43 
(4.63) 

28.5 
(4.4) 

27.7 
(6.25) 

33.9 
(7.96) 

29.33 
(8.21) 

30.88 
(8.33) 

28.24 
(3.96) 

p-value 0.64 0.38 0.62 0.71 0.09 0.19 0.18 0.55 

PM= Premutation Carriers, Ctrl= controls;. Values presented as Mean(SD), *p<0.05; 

 

Within-group analysis did not reveal a change in AP nor ML postural stability complexity 

between the EO and EC condition for Premutation Carriers or Controls. The ML 

complexity index of Premutation Carriers remained consistent across each task (F(3,27)= 

2.1, p= 0.124, ηp2= 0.19). Although the carriers’ ML Ci increased during the N-back task 

compared to EO (p= 0.029, d=0.41), this did not survive correction for multiple 

comparissons. The Control Group, however, did exhibit a change in complexity across 

conditions, specifically an increase in AP Ci during the N-Back task (p= 0.001, d=0.9). See 

Figure 4.6. The ML Ci of the Control Group did not differ significantly from the EO 

condition (F(3,42)=0.509, p= 0.67, ηp2= 0.1). 

 

4.3.4 Correlations 

Pearson’s Correlations were carried out to assess the relationship between performance on 

the cognitive dual-tasks and the complexity of postural sway. During the SART task, there 

was a strong positive correlation between AP Ci of carriers and the number correct 

responses (r=0.71, p=0.014) No such correlation observed in the Control Group or ML Ci 

for Premutation Carriers. There was no relationship found between the number of correct 

responses or error rate during the N-back task and Ci of Premutation Carriers in either AP 

or ML direction (p>0.05 for all correlations).  

Pearson’s Correlations were carried out to assess a strong inverse correlation between CGG 

repeat length and ML Ci during the N-back task, where Complexity decreased as repeat 
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length increased (r=-0.819, p=0.004.). See Figure 4.7. There was no correlation found 

between age and Ci of either the premutation or the Control Group.  

 

 

 

 

 

 

 

 

 

 

  

Figure 4.6 Complexity Index of sway for Premutation carriers and Controls.  
The graph on the left depicts the Complexity index of anterior-posterior (AP) sway during eyes open (EO) 

and eyes closed (EC) conditions, SART, and N-back dual tasks. The graph on the right illustrates 
Complexity index of postural sway in the mediolateral (ML) direction under all four conditions. All data 

expressed as mean ± standard error. ***p<0.001. Brackets indicate significant differences between 
conditions. 

Figure 4.7 Correlation between Complexity 
Index of ML sway and CGG repeat length.  

Correlation between Complexity Index of ML 
sway and CGG repeat length during the 

SART task. Mediolateral Complexity index 
was strongly correlated with CGG repeat 

length of the Premutation Group during the 
SART tasks (r=0.71, p=0.01**). 
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 Discussion 

This study employs multiscale entropy-based measures of postural complexity in 

FMR1 Premutation Carriers, across specifically designed balance tasks, including 

manipulated sensory and cognitive conditions. The current study aimed to employ a unique 

analysis of postural control in young female Fragile X Premutation Carriers to detect subtle 

differences and trends in postural stability which may distinguish younger carriers from 

control subjects. The findings of this study indicate differences between groups in the 

complexity index of postural sway, particularly with regard to dual-task interference, which 

were not readily apparent using only classical sway parameters. Additionally, the study 

also reaffirms the efficacy of the dual-task paradigm in distinguishing age or genetically 

modulated changes in stability of Premutation Carriers which may be useful in predicting 

the onset of FXTAS.  

Stability is based on complex interactions between the individual, the environment, and the 

task at hand [176]. During the eyes closed condition, reducing the visual information 

available to subjects did not reveal a change in sway complexity when compared with 

standing with eyes open. This suggests removing visual cues of stability did not produce a 

striking effect on the complexity of postural control systems, which reflects the findings of 

previous studies involving healthy subjects [190]. Classical sway parameters did reveal an 

increase in path length of both groups during the EC conditions. Taken together, the results 

of both Complexity based measures and the classical parameters suggest that although 

balance was challenged by reduced visual input, both groups were equally capable of 

adapting to this increased demand on the postural control systems.  

Classical measures of sway did not exhibit changes in balance or stability during either of 

the dual-task conditions. This is contrary to emerging reports on postural control in female 

Fragile X Premutation Carriers [142]. This may be due to the smaller sample size involved 

in this study or perhaps classical parameters were not sufficiently sensitive to detect subtle 

subclinical changes in stability. While MSE analysis revealed that the complexity of the 

Premutation Group was not significantly different from that of controls, complexity of 

carriers’ sway was less during the working memory based dual-task conditions. Such 

findings reported in other studies in similar cohorts, which have associated lower sway 

complexity with diminished capacity to adapt to environmental and cognitive stressors 
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[179, 191], as well as being linked to degradation of motor functionality including slow 

gait, frailty, and increased falls [192], all of which are common symptoms of FXTAS [133]. 

Increasing cognitive load with a dual-task paradigm adds stress to the postural control 

system. Performance of a secondary cognitive task causes a shift or division of attention 

between multiple competing demands, which resulted in a change in the postural 

complexity in the Control Group during the dual-task condition. This interpretation of 

change in complexity during dual-task is in line with the “facilitatory-control” view of dual-

task complexity [193]. This states that an increase in randomness of postural sway may 

stem from the reallocation of attention to facilitate the supraspinal cortical tasks, such as 

letter recall or sustaining attention as in the case of this study. The Ci of the Control Group 

increased during the working memory task, perhaps indicating the recruitment of additional 

attentional/postural resources to cope with the increase in cognitive demand during the 

dual-task [179]. The Premutation Group did not, however, show a change in complexity 

compared to baseline measures, suggesting a reduction in capacity to adapt to the increase 

in cognitive demand during the dual-task. However, as there was no difference between 

groups in terms of the cognitive performance, perhaps, indicating the carrier group 

prioritised performance of the cognitive task over postural performance. This may suggest 

an inability to divide attention efficiently between both tasks. Similar dual-task related 

impairments were reported in relation to gait parameters [194], balance and postural control 

[142] in younger carriers while carrying out memory-based verbal fluency task. Such 

results may be indicative of capacity interference in Premutation Carriers, whereby several 

competing demands contend for limited attentional resources. Similar dual-task 

methodologies in other cohorts have shown that a secondary cognitive task diverts attention 

from the primary motor task, compounding impairments in already weakened systems 

[138]. While the Control group may have been able to recruit additional resources to cope 

with challenges involved in both postural control and cognitive load combined, the 

Premtuation Group may not have been able to recruit such resouces. As such, Premutation 

Carriers may therefore be less able to adapt or cope with additional stressors, leaving them 

more vulnerable to falls or loss of stability if added pertubations were to be introduced.   

The differences in postural sway complexity, particularly during dual-tasks may, therefore, 

serve as a marker by which to distinguish Premutation Carriers from unaffected control 

subjects. However, large-scale longitudinal studies would be necessary to determine 
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whether these changes in complexity are the result of stable neurodevelopmental changes 

caused by the neurotoxic effect of the FMR1 premutation or are indicative of progressive 

neurodegeneration. Further exploration would be required to establish the efficacy of 

postural sway complexity as a biomarker for FXTAS.  

The results of this study did not reveal age-modulated effect on complexity scores of 

Premutation Carriers during either single or dual-task conditions. This is not consistent 

with previous findings that carriers experience worsening of symptoms with age [19, 64, 

127]. This is also not in line with the complexity theory of aging, which states that disease 

and age diminish the quality and/or quantity of inputs that regulate system behavior, 

subsequently reducing system functionality [191]. These antithetical findings may be due 

to the modest sample size employed in this study as well as the younger age of participants 

and the relatively narrow age range of those who took part.  

Our results do, however, indicate a link between CGG repeat length and postural 

complexity. This is in line with previous findings which suggest phenotype severity 

increases with repeat expansions [133, 136, 142]. Higher CGG repeat lengths are associated 

with increased levels of FMR1 mRNA, the proposed cause of neuropathology seen in 

FXTAS [18]. Larger repeat expansions have also been linked with a reduction in FMRP 

levels, a protein vital for neuronal maturation and plasticity. It is believed that decreased 

levels of FMRP found in Premutation Carriers, impacts cognitive development, therefore, 

underlining many of the cognitive issues associated with the premutation. The severity of 

the FMR1 phenotype has also been linked with activation ratio in female carriers (the ratio 

of cells with the normal allele present on the active X chromosome [38]. Higher activation 

ratios have been found to have protective or compensatory effects on both cognitive and 

motor symptoms in carriers. Future research would benefit from taking activation ratio data 

into account as this may shed additional light on such findings.  

 

4.4.1 Limitations and Future studies 

There are several limitations which should be taken into account when interpreting the 

results of this study. The length of the data is an integral factor in the frequencies which 

can be analysed by MSE analysis. The duration of data collected during this study restricted 
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the lowest frequencies which could be assessed without oversampling data in the final time 

scale, therefore excluding data below 1Hz. Data within the COP spectrum ranges from 

between 0.5Hz to 20Hz [185]. Paillard et al. suggests that COP data in the region of 0.5Hz 

tends to reflect the involvement of vestibular control of balance [195]. When visual input 

is limited, reliance shifts towards vestibular and proprioceptive information to maintain 

balance. Therefore, excluding data below 1Hz limits the information gained in relation to 

such vestibular involvement in postural control. However, while increasing acquistion time 

may mitigate the issue regarding frequency limits, it may lead to muscle fatigue or bordem 

during the single-task conditions, introducing confounding factors which may cloud 

subsequent interpretations of the data. Therefore a compromise was necessary between 

what is tolerable for participants and may provide valuable information regarding postural 

control.  

Future studies would of course benefit from addressing the limitations of this study, 

however, this results of this study also open new avenues for exploration. This study has 

demonstrated subtle changes in postrual control evident in younger Premutation Carriers 

but does not provide insignt into the cause of such changes. Examining the neural 

mechanisms governing postural control in Premutation Carriers may shed light on the issue. 

While MRI and fMRI provide useful information on structural alterations, they lack the 

temporal sensitivity to detect changes in real time. EEG on the other hand would allow for 

the examination of intantaeous changes in postural control and the neural activity which 

governs such processes. Therefore, future studies would benefit from employing EEG 

meassures to assess the complex processes inovolved in static and dynamic postural 

control.  

 

 Conclusion 
This study revealed novel evidence of differences in the physiological complexity of 

postural stability in female Premutation Carriers. Most importantly, the preliminary 

findings of this study demonstrate the feasibility and subtlety of multiscale entropy analysis 

in identifying distinguishing features of functional decline in younger Premutation Carriers, 

which may not be distinguishable by classical sway parameters. Given the primary motor 

features of FXTAS include balance and gait issues, early detection of these motor changes 
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will be vital for the detecting carriers who may be at risk of FXTAS, and monitoring 

progression before the onset of the disorder.  
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Chapter 5 Electroencephalographic 

Correlates of Continuous Balance Tasks  

The study described in this Chapter investigates research questions 1 and 7, as outlined in 

Chapter 2. The findings of Chapter 4 highlight the importance of objective non-linear 

measures of postural stability in detecting subtle changes in balance and postural control in 

younger Premutation Carriers. There is also a need to investigate the neural mechanism 

which governs such faculties and how they may be altered in Premutation Carriers. To date, 

few electrophysiology studies have reported changes in brain regions involved in motor 

coordination and balance and fewer still have explored the cortical activity of Premutation 

Carriers in such conditions. Therefore, the study described in this chapter involved 

electrophysiology-based measures in conjunction with posturography measures. Spectral 

properties of relevant EEG bands were examined across cohorts of FMR1 Premutation 

Carriers and unaffected controls, to assess potential changes in neural mechanisms 

governing postural control strategies. A pilot study was conducted to assess the efficacy 

and reliability of the experimental setup, equipment, as well as the analysis of recorded 

EEG data in this experiment. This pilot study can be found in Appendix E.  

The studies presented in this chapter have resulted in the following peer-reviewed 

publications:  

Carro Domínguez M, O’Keeffe C, O’Rourke E, Feerick N, Reilly RB, Cortical Theta 

Activity and Postural Control in non-visual and high Cognitive Load Tasks: Impact for 
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postural control clinical studies. Proceedings of the 41st IEEE Engineering in Biology and 

Medicine International Conference Proceedings, Berlin, Germany. 2019.  

O’Keeffe C, Carro Domínguez M, O’Rourke E, Lynch T, Reilly RB, (2020) Decreased 

Theta Power Reflects Disruption in Postural Control Networks of Fragile X Premutation 

Carriers, Proceedings of the 42nd IEEE Engineering in Biology and Medicine International 

Conference, Montreal, Canada. 
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 Introduction 
The results of the previous chapter have revealed subtle but distinct changes in postural 

control of younger female Premutation Carriers. However, there has been limited research 

reported in the literature, investigating changes in neural correlates of postural control that 

may cause these subtle differences. As discussed in detail in Chapters 1,3 and 4, postural 

control is a complex operation involving numerous sensory, motor and cognitive faculties 

working in concert to maintain stability. The coordination of sensory and proprioceptive 

input, musculoskeletal output, and attentional focus involves effective communication 

between a broad expanse of cortical and subcortical neural networks. While MR-based 

neuroimaging studies have been useful in assessing the structural integrity of the brains of 

FMR1 Premutation Carriers, they cannot provide temporal sensitivity during complex 

operational tasks such as standing and moving. Conversely, non-invasive EEG offers 

excellent temporal resolution to provide insight into the brain regions involved in 

maintaining balance and during a loss of stability in an ecological environment.  

The cerebellum is often considered the centre of movement coordination and balance 

control. A key structure within the cerebellum is the vermis, which is located in the medial 

longitudinal cortical zone. The vermis is divided into 10 lobules, of which, the superior 

lobules are believed to play a vital role in coordinating leg and trunk movement with respect 

to gravity [196]. The vermis also plays a role in sensory integration, particularly in the 

integration of proprioceptive information from the lower extremities and eyes [196, 197], 

keeping the body’s centre of gravity within the limits of stability [198]. Damage or atrophy 

in this region has consistently been associated with a lack of coordination and with balance 

deficits [100].  

In terms of output projections from the cerebellum, the Dentate Nucleus of the cerebellum 

has long been known to project to the primary motor cortex [199], however, more recently 

it has come to light that these projections also serve oculomotor, prefrontal, and posterior 

parietal regions of the cerebral cortex [200, 201], which contribute the visual, cognitive and 

sensory elements of postural control, respectively. The cerebellum is located in the 

hindbrain, hidden by large muscles in the neck making it difficult to collect reliable, 

information-rich, EEG data that has not been contaminated by muscle artefacts. The 

cerebellum has a very high density of neurons, also adding to the difficulty in interpretation 
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of electrophysiological data. Therefore, this chapter focuses on cortical regions 

downstream of the cerebellum, which have also shown to be involved in postural control.  

Regions in the frontal cortex, particularly fronto-central regions have also shown 

involvement in postural control [196, 202]. See Figure 5.1. The anterior cingulate cortex 

(ACC) is believed to be involved in action monitoring and error detection of postural 

control and stability, through the generation of ‘error signals’ [203]. During standing, 

Adkin et al.described an ‘error signal’ as increased theta activity when there is a 

discrepancy between actual and expected state of balance [204]. Numerous studies have 

described increased fronto-central and ACC activation during gait initiation, compensatory 

balance motions, and continuous balance tasks, attributing these increases to the detection 

of instability [175, 205, 206].  

Slobounov et al. conducted an fMRI study where 18 neurotypical participants viewed an 

animation of a body swaying in the anterior-posterior direction. Recognition of unstable 

posture induced activation in the ACC as well as bilaterally in the parietal cortex and the 

cerebellum [207]. Crucially, however, ACC activation did not differ from baseline measure 

when observing animations of stable balance positions, suggesting the ACC showed 

selective activation, specifically when balance was in danger. In a separate study, 

Slobounov and colleagues induced postural instability while standing using Virtual Reality 

(VR) projection of a moving room[208]. The investigators then had participants relive the 

VR experience during an fMRI-scan. They reported prefrontal, parietal cortices, and 

cerebellar regions exhibited increased activation during instances of perceived instability, 

further corroborating the involvement of regions such as the ACC and parietal cortex in the 

identification of unstable balance.  

While structural and functional imaging has proven useful in the understanding of which 

brain regions are active, it lacks ecological validity and the temporal resolution to determine 

the functional neural correlates of postural control in an upright stance. EEG offers a 

temporally sensitive alternative method of neuroimaging to measure transient changes in 

brain activation during tasks through assessment of neural activity in specific frequency 

bands. Sipp and colleagues assessed EEG activity while subjects walked on a treadmill 

mounted balance beam. They reported significantly greater theta spectral power in anterior 

cingulate, posterior parietal, and superior dorsolateral-prefrontal regions, with a further 

transient increase in theta power in the aforementioned regions during a loss of balance 
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[209]. Further validation of these results were reported when a group of 12 athletes 

demonstrated greater modulation of fronto-central theta activity prior to the onset of 

unpredictable balance perturbations [210]. Similarly, greater frontal and central theta 

spectral power observed during static balance tasks and increased with balance task 

difficulty such as unipedal stance on the non-dominant compared to the dominant leg [175]. 

Hülsdünker et al. posited that an increase in theta power reflected the increased effort in 

recruiting additional neural resources to cope with the unexpected postural demands and 

that theta oscillatory activity may subserve error detection and error processing during 

postural control [175]. 

 

Not only has activation been shown in frontal regions and the ACC, additional cortical 

regions such as the parietal regions have also been found to be involved in balance 

monitoring and maintaining stability [175, 209]. Specifically, the posterior parietal cortex 

(PPC), located just posterior to the primary somatosensory cortex, has been presented as a 

key region in postural control due to its involvement in sensory information processing and 

sensorimotor transformation processes [211]. The PPC receives and processes information 

from numerous modalities including visual, somatosensory, and vestibular systems, each 

of which contributes to maintaining an upright posture.  

Figure 5.1 Illustration of brain regions involved in balance maintenance. 
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As previously mentioned, increased theta activity has been observed in frontal and parietal 

cortex mainly located along the cortical midline, during balance beam walking and single-

leg stance, [175, 202, 209]. Sipp and colleagues postulated midline distribution of theta 

oscillatory activity indicates transfer of sensory information from parietal regions such as 

the PPC to anterior cingulate regions involved in processing and error detection [209]. 

Similarly, Adkin et al. reported parietal distribution of the N1 perturbation evoked cortical 

response in a group of healthy young adults [204]. Longitudinal studies on balance training 

lend further support to the importance of both frontal and parietal regions such as the ACC 

and PPC in balance control [212]. MRI scans of patients with Parkinson’s disease, who 

undertook 20 months of balance training showed improved balance was correlated with 

increased grey matter in the anterior cingulate, ventral premotor cortex, anterior precuneus 

and the posterior parietal cortex [212]. The cumulative pattern of the literature described 

above affirm and accentuate the importance of increased theta oscillatory activity in fronto-

central and parietal cortical regions in balance control.  

As outlined in Sections 1.3 and 1.4 of Chapter 1, FMR1 Premutation Carriers experience a 

wide range of structural and connectivity changes throughout the brain. The cerebellum is 

the primary region affected by FXTAS and the dentate nucleus is particularly affected by 

intranuclear inclusions [42, 58]. Extensive Purkinje cell atrophy also results in disruption 

of outflow projections from the superior cerebellar peduncles, the main output channel of 

motor communication to the cerebral cortex [58]. Previous studies have also reported white 

matter alterations including axonal damage and demyelination of afferent projections of 

the MCPs and SCPs in asymptomatic Premutation Carriers [56, 75]. 

Several studies postulate a link between potentially “at-risk” cerebellar profiles and motor 

tasks in younger carriers through surrogate biomarkers markers. For example, Kraan and 

colleagues suggest changes in dual-task postural displacement observed in female carriers 

stemmed from disruptions within cortico-cerebellar cognitive and motor networks. Kraan 

et al.also posited that such disruptions were due to FMR1 mRNA toxicity, as an increase 

in FMR1 mRNA was also observed in these carriers [142]. These findings were 

corroborated by Hocking et al, who also linked to FMR1 mRNA levels with disturbed step 

initiation as a surrogate marker of what they posit to be the cerebellar motor and cognitive 

networks, again, in female Premutation Carriers without FXTAS [41]. Hocking and 

colleagues further substantiated their claim by reporting reduced cerebellar volume in male 
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Premutation Carriers mediated the link between FMR1 mRNA and greater step initiation 

time during anticipatory postural response during a step initiation task. This study, 

however, included carriers both with and without FXTAS [60]. When subdivided into two 

distinct groups the trend prevailed for those with FXTAS but did not appear in those 

without FXTAS. Although these studies provide preliminary evidence of structural changes 

linked with subtle motor impairments in younger seemingly asymptomatic Premutation 

Carriers, these studies do not investigate directly the changes in neural activity, in real-time 

during motor tasks.  

Building on the findings of Chapter 4 there appears to be significant differences in postural 

control between carriers and controls. Therefore, in this chapter, we aim to combine force 

plate posturography with high-density EEG recording to characterise potential changes in 

neural mechanisms that govern postural control in younger Fragile X Premutation Carriers. 

Due to its location at the base of the skull behind muscles in the neck, and the neuronal 

density of the structure, EEG data from the cerebellum is notoriously difficult to record and 

interpret. Therefore, this study focused on collecting EEG data in regions downstream of 

the cerebellum to identify potential changes in cortical activity during balance maintenance. 

Based on previous reports and the findings of Chapter 4, it was hypothesised that 

premutation carries would exhibit decreased stability compared to the Control Group, 

particularly in more challenging postural conditions. It was also hypothesised that these 

changes in postural control will be reflected by a change in cortical activity in the theta 

band, in specific brain regions of interest. 
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 Methods 
 

5.2.1 Participants  

Twelve carriers of the Fragile X Premutation were recruited through advocacy groups such 

as the Irish Fragile X society which provide support to children with FXS, the Dublin 

Neurological Society’s Movement Disorder Clinic, and the Tallaght University Hospital’s 

Ataxia Clinic, as well as through social media outlets such as the Irish TCD Research: 

Autism and Related Neurodevelopmental Disorders Facebook page2 and the Irish Fragile 

X Society Facebook group3. Premutation status was confirmed by genetic screening which 

the participants had undergone prior to enrolment in this study. Through initial screening, 

no carriers reported issues of tremor, ataxia or overt balance deficits, although one 

Premutation Carrier had reported experiencing approximately four falls in the 12 months 

prior to their participation in the study. Fourteen control subjects, between the ages of 29 

and 56 , were also recruited through these social media outlets and word of mouth. All 

subjects had normal or corrected to normal vision. Both Fragile X Premutation Carriers and 

Control Subjects were excluded from participation if they had undergone lower extremity 

orthopaedic surgery, experienced a traumatic brain injury within the past year which 

resulted in disequilibrium, or if they were unable to stand unaided and ambulate 

independently. To reduce potential confounding effects of demographic variables, groups 

were matched based gender, age, height, weight, and the number of years in education. No 

participant had experienced any neurological or musculoskeletal condition which could 

impair gait or balance.  

The Premutation Carrier group consisted of one male and 11 female Premutation Carriers, 

while the Control Group consisted of three males and 11 females. To ensure the groups 

were homogenous and to reduce the confounding effects of gender, the male subjects were 

not included in the analysis. Also, one participant from each group was excluded from 

analysis due to unusable EEG which contained excessive noise and artefacts. Thus, data 

from ten subjects from each group were analysed in the present study.  

 
2 https://www.facebook.com/AutismTCD/ 
3 https://www.facebook.com/IrishFragileXSociety/,  
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5.2.2 Postural Task Data Acquisition and Processing.  

The postural task is as described in previous chapters. Subjects stood in a comfortable 

stance with arms by their sides. Participants stood quietly with their eyes open for 90s, and 

again with eyes closed as well as while completed a visual number-variant N-back and a 

visual letter-variant SART task, as described in Sections 3.2.4 of Chapter 3. Forceplate data 

were recorded and processed as described in Chapter 3 Section 3.2.5 and classical sway 

parameters were calculated. Figure 5.2 illustrates the complete experimental set up and 

equipment used.  
 

5.2.3 EEG Data Acquisition and Pre-Processing 

High-density EEG was recorded through a 24bit Biosemi ActiveTwo system using a 128-

channel electrode array (BioSemi B.V., Amsterdam, Netherlands). Data were sampled at 

2048Hz and electrode impedance was kept below 5kΩ. Pre-processing was performed 

separately for each participants’ data and was conducted offline using the EEGLAB 

toolbox [12] based on MATLAB R2018b (MathWorks, Inc., Natick, MA). See Figure 5.4 

for a schematic diagram of the processing pipeline.  

Figure 5.2 Illustration of experimental equipment set up.  
Participants stood on a force plate 1.5meters from a screen displaying visual markers, while EEG data 

were simultaneously recorded. One computer was used to record EEG data, while a second computer was 
synchronised to record force plate data. 
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The EEG data were resampled at 256Hz, followed by filtering using a bandpass filter with 

a bandwidth of 1-40 Hz. Noisy or ‘bad’ channels were removed to avoid the introduction 

of noise in all channels during the re-referencing step and to avoid a reduction in the signal-

to-noise ratio (SNR) during artefact rejection. Ocular and muscular artefacts were identified 

through independent component analysis (ICA) and by visual inspection and removed 

using the ADJUST plugin for EEGlab [213]. The removed channels data were then 

interpolated and referenced to the common average reference. Interpolation is a process in 

which data from the removed electrodes are estimated based on the activity and locations 

of other electrodes. In this study, a spherical spline method was employed. Common 

average referencing is based on the premise that cortical EEG activity exhibits an equal 

amount of positive and negative potential changes at any moment due to charge 

conservation, therefore scalp topography sums to zero [214]. This method of referencing is 

often recommended for high-density electrode array data [215].  

 

Four regions of interest were defined based on recommendations by Slobounov et al.[216] 

and adapted to the 128 channel system. Regions of interest (ROI) included frontal (D1, C4, 

D4, C6,C10, D10, D11, C12, D12, C14, C20, C21,C22, D25, C26), fronto-medial (C13, 

Figure 5.3 EEG Electrode Placement and Regions of Interest.  
Illustration of the 128-channel electrode array. Regions of interest and channel labels are depicted as 

follows: Frontal region (green), Frontomedial region (blue), Central region (red), Parietal region 
(orange). 
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C18, C19, C20, C21, C23)Central (A1, A2, B2, C1, D1, D14, D15, D18, D19, B20, B21, 

B22) and parietal regions (B3, B4, A5, A6, A7,A17, A18, A19, A20, A30 A31 A32). See 

Figure 5.3 for illustration of electrode sites and ROIs.  

 

5.2.4 Time-Frequency Analysis 

The EEG data recorded during static balance tasks, such as EO, EC, and the dual-tasks, 

were divided into 2s epochs with a 50% overlap. The length of the epoch was chosen based 

on the trade-off between temporal and frequency resolution. Shorter time segments offer 

greater temporal precision at the expense of frequency resolution while segments with a 

longer duration provide greater frequency precision and resolution. Therefore, a 2s epoch 

was deemed suitable for frequency analysis over the course of the static balance tasks. 

Including a temporal overlap of epochs has the dual benefit of improving temporal 

resolution as well as mitigating the loss of signal as a result of tapering [215]. 

Spectral power (µV2) was calculated for the delta (1-4 Hz), theta (4-7 Hz), alpha (8-12 Hz), 

beta (12-30), and gamma (30-45 Hz) frequency bands, for each trial and was averaged over 

electrodes in each ROI.  

 

5.2.5 Statistical Analysis  

Shapiro-Wilks test of normality was carried out on the data to determine the normality of 

distribution. Outcome measures of cognitive tasks, the SART and N-back, were not 

normally distributed, therefore non-parametric statistics were used to assess the potential 

differences between groups. Mann-Whitney U tests were employed to assess differences 

between groups in terms of performance on cognitive tasks. The outcome measures of the 

SART included errors of commission and errors of omission as well as the total number of 

errors. The main outcome measure of the N-back task was the total number of errors. 

Statistically significant results were subjected to Bonferroni correction to reduce the likely 

hood of Type 1 error. Therefore, the p-value was set at 0.0125. 

Shapiro-Wilks test of normality was carried out on the postural sway parameters to 

determine the normality of distribution. A Linear Mixed Effects model was employed to 
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assess differences between groups for each postural sway parameter across the four 

conditions. A nested model approach was employed to compare two models. Model one 

included group (2 levels: Premutation carrier vs Control) and condition (4 levels: EO, EC, 

N-back, SART) as fixed effects and participants were assigned as the random factor to 

account for variability within subjects across conditions. The Control Group was used as a 

reference for the group effect, and the eyes open condition was used as a reference for the 

condition effect. For the second model, group and condition were assigned as fixed effects, 

as well as a group by condition interaction term (group*condition). A likelihood ratio test 

was then employed to determine whether the interaction effect was significant. Where the 

interaction effect was not found to be significant, results of the additive model (group and 

condition) were reported. All assumptions of the linear mixed effect model were verified 

for each measure of postural control.  

Due to the small sample size and non-normal distribution of some EEG parameters, non-

parametric statistics were carried out to assess changes in spectral power across conditions. 

A Freidman's ANOVA was used to assess changes in frequency band power between 

conditions. Where statistical significance was observed, Wilcoxon signed-rank tests post-

hoc analysis was applied for further investigation. The Bonferroni method was applied to 

correct for multiple comparisons. 

 Spearman's Rank-Order correlation analysis were carried out to investigate inter-

relationships between EEG power in each frequency band, and CGG repeat length. 

Spearman's correlation analysis also was employed to assess the relationship between 

classical sway parameters and CGG repeat length, as well as sway parameters and age. As 

symptom severity has been shown to increase with greater CGG repeat lengths, a one-tailed 

correlation analysis was employed. The relationship between neural activity in each 

frequency band and sway parameters were also assessed using Spearman's correlation 

analysis. Correlations were interpreted as significant if |r| >0.5 

 

 
 
 
 
 
 



 93 

 
 
 
  

Figure 5.4 Processing pipelines for EEG data. 
Raw data is pre-processed using the EEGlab plugin implemented in MATLAB. Raw data is filtered, 
noise and artefacts are removed, and then re-referenced to the common average. As shown in the 

panel on the right, the clean data is then epoched, divided into frequency bands and spectral power 
is calculated for each Region of Interest (ROI). 
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 Results  
 

5.3.1 Demographic results  

The demographic data for the Fragile X Premutation Group and the Control Group are 

outlined in Table 5.1 below. The Premutation Group consisted of 10 female participants 

between the ages of 38 and 50. The 10 healthy control participants had an age range of 28 

to 55. There was no statistically significant difference between groups in terms of age, 

height, weight, BMI, or years in education. Premutation Carriers reported CGG repeat 

lengths in the range of 69-98. One carrier was reported as having a repeat length between 

98 and 111, for the purpose of analyses, it was concluded that 104 repeats (the mean of 98 

and 111) would be associated with this individual.  

 
Table 5.1 Summary of demographic data. 

 

 Premutation 
Carriers 
(n=10) 

Controls 
(n=10) P-value 

Cohen’s 
D 

Age (years)  43.1 (4.012) 43.0 (9.67) 0.976 0.013 
Height (cm) 163.08 (4.79) 166.26 (8.51) 0.351 0.463 
Weight (kg) 76.55 (16.17) 68.01 (5.742) 0.113 0.704 
BMI  28.6 (6.598) 24.52 (2.47) 0.083 0.82 
Years in 
Education 

18.65 (2.65) 17.7 (4.35) 0.564 0.51 

CGG repeat 
length 

83.0 (11.10) - - - 

Values presented as Mean (SD) 

 

5.3.2 Dual-task: Cognitive tasks Results.  

A Mann-Whitney U test indicated that the total number of errors made by the Premutation 

Group was not significantly different from the number of errors made by the Control Group 

during the SART task (U= 49.0, p= 0.914). When the performance was assess based on 

errors of commission, there was no statistically significant difference between groups (U= 

49.0, p= 0.914), nor was there a difference between groups in terms of errors of omission 

(U= 42.0, p= 0.520). 
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A Mann-Whitney U test was also carried out to assess the performance of groups on the N-

back task. The number of errors made by the Premutation Group did not differ from that of 

the Control Group during the N-back task (U= 40, p= 0.351). 

 

5.3.3 Classical Sway Parameters 

The linear mixed effect model did not reveal a significant group by condition interaction 

for the path length (p= 0.336), therefore the results of the additive model were as follows. 

Although there was no significant group effect (F(1)= 0.31, p= 0.862). The balance 

condition had a significant effect on path length (F(3)= 5.603, p= 0.005). Path length 

increased significantly during the EC condition, (t(27.11) = 3.341, p= 0.002) and during 

the N-back task t(19.82) = 2.132, p= 0.042) when compared to the EO condition.  

There was no significant group by condition interaction effect on sway area (F(3)= 0.304, 

p= 0.304). The additive linear mixed effect model did reveal a significant condition effect 

on sway area (F(3)= 2.946, p= 0.04), whereby standing while simultaneously carrying out 

the N-back task resulted in a significantly greater sway area than the EO condition 

(t(23.873)= 2.415, p= 0.024). There was no significant difference in performance between 

groups (F(1)= 0.640, p= 0.428). 

Although there was overall, a significant group effect (F(1)= 7.714, p= 0.008) as well as a 

significant condition effect (F(3)= 3.354, p= 0.027) reported in sway velocity in the ML 

direction, there was not a significant group by condition interaction (F(3)= 1.243, p= 

0.306). When compared with the EO condition, velocity increased during the N-back and 

SART tasks (t(26.47)= 2.172, p= 0.039 and t(27.54)= 2.242, p= 0.033, respectively) while 

the increase in ML velocity during the EC condition was approaching statistical 

significance, (t(26.433)=2.022, p= 0.053). Velocity in the AP direction did not change 

significantly between groups or across tasks (p> 0.05 for all comparisons). See Figure 5.5.  
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Figure 5.5 Classical Sway Parameters across tasks.  
The top left t panel illustrates path length across four sway conditions. The top right panel displays sway 
area results while the bottom left and right panels illustrate changes in sway velocity in the AP and ML 

directions, respectively. Graphs depict the median and interquartile range of Premutation Carriers (red) 
and the Control Group (blue) 

. 

5.3.4 EEG Frequency Analysis Results  

A Friedman's test examining changes in frontomedial theta power across conditions was 

approaching the level of significance for the Premutation Group, (χ2(3)= 7.08, p= 0.06), 

however, did not meet the criteria for statistical significance. The Control Group did not 

show a change in theta power in the frontomedial region across condition (χ2(3)= 1.44, p= 

0.696). Frontal theta power did not change for either the Premutation Group (χ2(3)= 5.0400, 

p= 0.169) or the Control Group across conditions (χ2(3)=6.360, p=0.09). Both the 

Premutation Group and the Control Group exhibited consistent Central theta power across 

tasks (Permutation group: (χ2(3)= 6.6, p= 0.086, Controls: χ2(3)= 1.32, p= 0.724). Similarly, 

when compared to the EO condition parietal theta power did not change significantly across 
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the EC, N-back or SART conditions for the Premutation Group (χ2(3)= 4.9, p= 0.178) or 

the Control Group (χ2(3)= 0.00, p=1.0). See Figure 5.6 for a summary of theta power 

values.  

 

 

Alpha power in frontomedial regions changed significantly with balance stance condition 

for Premutation Carriers (χ2(3)= 16.8, p= 0.001), and was approaching the level of 

significance for the Control Group (χ2(3)= 6.8, p= 0.07). Wilcoxon signed-rank post-

hoc analysis revealed a significant increase in alpha activity during the EC condition 

 

Figure 5.6 Absolute theta power for each ROI across sway conditions. 
 The top panel illustrates absolute theta power of Premutation Carriers in frontomedial, frontal, central and 

parietal regions. The bottom panel illustrates theta power of the Control Group in each ROI. 
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compared to the EO condition for Premutation Carriers (Z= -2.803, p= 0.005). While the 

Control Group also exhibited an increase in alpha activity with EC (Z= -1.988, p= 0.047), 

however, this did not survive correction for multiple comparisons. There was no significant 

difference in alpha activity of controls during the N-back of SART task conditions when 

compared with the EO condition (p> 0.05 for all comparisons). 

Frontal alpha power was also significantly different across tasks (χ2(3)= 18.360, p=0.0003 

for the Premutation Group and χ2(3)= 10.20, p=0.017 for the Control Group). Post hoc 

analysis, again revealed a significant increase in alpha power during EC compared with EO 

for the Premutation Group (Z=-2.803, p=0.005) and the Control Group (Z= -2.090, p= 

0.037), however, following correction for multiple comparisons, the change in alpha power 

of the Control Group did not the meet criteria for statistical significance. 

A Friedman's ANOVA also revealed a significant change in central alpha power for the 

Premutation Group (χ2(3)= 16.68, p= 0.001, and the Control Group χ2(3)= 9.00, p= 0.029). 

Post hoc Wilcoxon test determined that alpha power was significantly lower during EO 

when compared with EC for the Premutation Group (Z=-2.803 p=0.005). The change in 

alpha power demonstrated by the Control Group did not survive correction for multiple 

comparisons (Z=-1.988, p=0.047). There was no change in alpha power for either group 

during the N-back or start conditions when compared to baseline EO task (p<0.05 for all 

comparisons).  

Parietal alpha power followed a similar pattern. A Friedman’s test revealed a significant 

change across conditions, however, in this region both groups demonstrated a significant 

change in alpha activity (Premutation Group: χ2(3)= 18.840, p= 0.0003 and Control Group 

χ2(3)= 11.88, p= 0.008). A Wilcoxon post hoc test revealed both groups exhibited higher 

alpha power during the EC condition compared with the EO condition (Z=-2.803, p= 0.005, 

for the Premutation Carriers group and Z= -2.701, p= 0.007, for the Control Group). See 

Figure 5.7 for results. 

There was no significant change in frontomedial beta power across tasks for the 

Premutation Group (χ2 (3) = 2.28, p=0.5416) or Control Group (χ2 (3) = 1.080, p=0.782), 

nor was there a change in frontal beta power for either the Premutation Group (χ2 (3) = 

1.92,p=0.589) or Control Group (χ2 (3) = 3.00, p=0.392). Central beta power of both groups 

remained consistent across tasks (Premutation Group: χ2 (3) = 1.082, p=0.782, and Control 
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Group: χ2 (3) = 4.440, p=0.218) Parietal power also did not differ significantly between 

conditions for either the Premutation Group (χ2 (3), 1.320, p=0.724,) or the Control Group 

(χ2 (3), 2.04, p=0.564). 

 

Mann Whitney U tests were employed to assess differences between groups in terms of 

spectral power in each frequency band at each region of interest. Under the EO condition, 

there was no significant difference between groups in theta power in frontomedial (U= 

45.0 p=0.705), frontal (U= 38.0, p=0.364), central (U=44 p=0.650) or parietal regions 

(U=37.0, p=0.326). Mann Whitney U test did not reveal a difference alpha activity between 

groups during the EO conditions for any ROI (Frontomedial: U=46, p=0.762, Frontal: 

 

Figure 5.7 Absolute alpha power for each ROI across sway conditions. 
 The top panel illustrates absolute alpha power of Premutation Carriers in frontomedial, frontal, central and 
parietal regions. The bottom panel illustrates theta power of the Control Group in each ROI. Brackets denote 

statistical significance. * p>0.05, ** p>0.01, *** p>0.005 
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U=45, p=0.705, Central: U=48.0, p=0.88). Similarly, there was no significant difference in 

spectral power within the beta or gamma frequency ranges between groups (p>0.05 for all 

comparisons).  

During the N-back task, differences in both alpha and theta spectral power in frontomedial 

regions between groups were approaching the traditional level of statistical significance 

(U=25, p=0.05 for both alpha and theta), however, this did not survive when adjusting the 

p-value to correct for multiple comparisons. There were no significant differences between 

groups in beta or gamma power in any of the ROIs during the N-back task (p>0.05 for all). 

Mann Whitney U tests did not reveal between-group differences in spectral power during 

the SART or EC conditions (p>0.05). 

 

5.3.5 Correlations Analysis  

There were several associations found between sway parameters and electrophysiological 

activity. There were no significant correlations found between velocity in either the AP or 

ML direction and theta power for either the Control Group of the Premutation Group 

(R<0.5, p>0.05). However, theta activity was found to be strongly correlated with path 

length and sway area during the EO, EC and N-back conditions for the control group only. 

See Table 5.2 for detailed results of the correlation analysis. Contrary to this, Premutation 

Carriers sway area and path length did not correlate with neural activity during the EO EC 

or N-back conditions. However, there was a significant negative correlation between 

frontal theta power and sway area (rs(8)=-0.636, p= 0.048) during the SART task. Parietal 

theta activity was also significantly negatively correlated with sway area (rs(8)=-0.661 p= 

0.038).  

Spearman’s Rank correlation analysis revealed a significant negative correlation between 

CGG repeat length and Sway area during the N-back task, where area decreased as CGG 

repeat length increased (rs(8)=-0.664, p=0.026). Anterior-Posterior velocity during the EC 

condition was also negatively correlated with repeat length ( rs(8)=-0.613, p=0.019). See 

Figure 5.8. There was no significant association between neural activity and CGG repeat 

length during any of the four balance tasks.  
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Figure 5.8 Correlation between CGG repeat length and Sway Parameters. 
 The left panel illustrates the negative relationship between CGG repeat length and sway velocity in the 

anterior-posterior direction during the Eyes Closed condition. The right panel also depict a negative 
relationship between CGG repeat length and Sway area during the N-back task. 
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Table 5.2 Correlation analysis between sway parameters and theta power across ROIs. 

. 
Bold denotes significance, ** p>0.05, ** p>0.01 ***p>0.001 
 

 

 Frontomedial theta Frontal Theta Central Theta Parietal Theta 

 Premutation 
group 

Control 
group 

Premutation 
group 

Control 
group 

Premutation 
group 

Control 
group 

Premutation 
group 

Control 
group 

EO 

Path 
length 

rs(8)=-0.152 
p = 0.676 

rs(8)=0.794 
p = 0.006** 

rs(8)=-0.200 
p = 0.580 

rs(8)=0.806 
p = 0.005 ** 

rs(8)=-0.321 
p = 0.365 

rs(8)=0.527 
p = 0.117 

rs(8)=-0.248 
p = 0.489 

rs(8)=0.806 
p = 0.005** 

Area rs(8)= 0.018 
p =0.960 

rs(8)=0.006 
p = 0.987 

rs(8)=-0.200 
p = 0.580 

rs(8)=0.164 
p = 0.651 

rs(8)=-0.285 
p = 0.425 

rs(8)=-0.018 
p =0.960 

rs(8)=-0.236 
p = 0.511 

rs(8)=0.164 
p = 0.651 

EC 

Path 
length 

rs(8)=0.091 
p =0.803 

rs(8)=0.842 
p = 0.002** 

rs(8)=-0.115 
p = 0.751 

rs(8)= 0.952 
p = 0.0002*** 

rs(8)=-0.103 
p =0.777 

rs(8)=0.782 
p = 0.008** 

rs(8)=0.055 
p = 0.881 

rs(8)=0.903 
p = 

0.0002*** 

Area rs(8)=-0.333 
p = 0.347 

rs(8)=0.661 
p = 0.038* 

rs(8)=-0.442 
p = 0.20 

rs(8)=0.745 
p = 0.013* 

rs(8)=-0.539 
p = 0.108 

rs(8)=0.648 
p = 0.043* 

rs(8)=-0.382 
p =0.276 

rs(8)=0.709 
p = 0.022* 

N-
Back 

Path 
length 

rs(8)=0.055 
p = 0.881 

rs(8)=0.903 
p = 0.0003 

rs(8)=-.176 
p = 0.627 

rs(8)=0.467 
p = 0.174 

rs(8)=-0.103 
p = 0.777 

rs(8)=0.418 
p = 0.229 

rs(8)=-0.176 
p = 0.627 

rs(8)=0.515 
p = 0.128 

Area rs(8)=-0.042 
p = 0.907 

rs(8)=0.915 
p = 

0.0002*** 

rs(8)=-0.188 
p = 0.627 

rs(8)=0.661 
p = 0.038* 

rs(8)=-0.176 
p = 0.627 

rs(8)=0.648 
p = 0.043* 

rs(8)=-0.164 
p = 0.651 

rs(8)=0.721 
p = 0.019* 

SART 

Path 
length 

rs(8)=-.479 
p = 0.162 

rs(8)=0.503 
p = 0.138 

rs(8)=-.527 
p = 0.117 

rs(8)=0.333 
p = 0.347 

rs(8)=-0.430 
p = 0.244 

rs(8)=-0.042 
p = 0.907 

rs(8)=-0.576 
p = 0.082 

rs(8)=0.236 
p = 0.511 

Area rs(8)=0.624 
p = 0.054 

rs(8)=0.576 
p = 0.082 

rs(8)=-0.636 
p = 0.048* 

rs(8)=0.418 
p = 0.229 

rs(8)=-0.503 
p = 0.138 

rs(8)=-0.067 
p = 0.855 

rs(8)=-0.661 
p = 0.038 

rs(8)=0.079 
p = 0.829 



 Discussion  
The aim of this study was to employ a multimodal approach, including cognitive, 

electrophysiological and posturographic data, to assess potential changes in balance 

maintenance in younger Fragile X Premutation Carriers. Although balance impairments 

have been well documented in the literature surrounding Premutation Carriers [40, 127, 

143], there have been very few studies reporting the electrophysiological changes which 

coincide with the premutation, particularly in relation to changes in balance and stability. 

The findings of this study may indicate subtle changes in neural mechanisms which govern 

postural control, particularly regarding theta and alpha band activity, and therefore, also 

demonstrating the practicality and value of investigating EEG measures during balance 

tasks.  

Balance and stability are complex, multifactorial processes which encompass, not only a 

range of cognitive faculties and extensive musculature, but numerous regions of the cortex 

and subcortical structures to coordinate and execute postural control. As mentioned, theta 

activity in the frontomedial region, stemming from the ACC, has been proposed to reflect 

an ‘error signal’ produced when balance is challenged or in jeopardy, and increased parietal 

theta and central theta have been proposed to reflect sensory motor transformation [204]. 

The results of this study did not demonstrate significant increase in theta power with task 

difficulty, in frontal, central or parietal regions. These contradictory results may be due to 

the use of summary measures to assess static balance. There are numerous event sensitive 

changes in theta power which may be missed by continuous frequency analysis. For 

example, fluctuations in theta analysis have been reported particularly with regard to 

predictability of perturbation, phase of imbalance, and the point at which balance is lost 

[202, 209, 210]. Such discrete events are not observed during assessment continuous static 

balance. The findings of this study do differ from those of Hülsdünker, who did find an 

increase in frontocentral and centroparietal theta power with task difficulty during static 

balance assessment. This groups, used a 32 channel EEG system, with 3,6, and 8 channels 

in each ROI [175]. It therefore may be possible that there are individual regions within 

these ROI which display greater increase in theta power. The high-density electrode array 

and somewhat broader topography of the ROIs employed in this study, may contain loci of 

increased activity, alongside regions of consistent or decreased activity, subsequently 

abrogating specific changes. Our findings are akin to those reported by Edwards and 
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colleagues, reported no changed in theta activity with task difficulty [217]. This group, 

however, assessed sensory and motor regions using individual electrode sites as opposed 

to groups of electrodes. The authors suggested differences theta oscillatory activity in 

postural control may be highly localised and lateralised [217].  

One particularly striking finding of this study is, however, the absence of a correlation 

between balance performance and cortical theta oscillations in the Premutation group. 

Contrary to the Premutation Group, the Control Group demonstrated a strong positive 

association between balance performance and frontomedial, frontal, central and parietal 

theta power. These findings are in line with previous studies in healthy subjects, such as 

that conducted by Hülsdünker et al. who demonstrated a positive correlation between 

fronto-central and centro-parietal regions continuous balance performance [175]. Within 

the Control Group, individuals who demonstrated greater stability (as determined by 

reduced platform oscillations), were characterised by lower theta activity. This may suggest 

reduced error signal as a result of increased stability. The Premutation Group did not 

demonstrate such an association between balance performance and neural theta activation, 

perhaps indicating a disruption in the neural pathways involved in monitoring postural 

stability. Previous studies have reported that the cerebellum and white matter tracts 

extending towards the cortex are compromised in those with FXTAS and younger non-

affected carriers [57, 62]. The disruption in white matter connection stemming from the 

cerebellum may inhibit transmission of information regarding postural control, therefore, 

disrupting the generation of error signals when balance is challenged. 

The implementation of a dual-task has been shown to exacerbate the balance impairments 

where interference has been characterised through quantification of variations in magnitude 

and timing of sway [142]. Fewer studies have examined the role of the cerebral cortex 

during balance maintenance and stability. Although the results presented here did not show 

a difference between groups in sway performance during the dual-task conditions, there 

was a significant dual-task effect on postural control when compared with baseline stability, 

particularly the working memory-based N-back task. There was, however, no evidence of 

cortical interference patterns present in this study during the dual-task conditions, as 

cortical theta power in parietal and frontal regions remained consistent across tasks for both 

groups. These results are contrary to previous findings, which report increased parietal and 

frontal activity during dual-task static balance conditions [218, 219]. These antithetical 
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findings of this study may stem from the level of cognitive demand required to complete 

the dual-tasks. Perhaps a more challenging cognitive task would result in more pronounced 

cortical interference. An alternative theory may be that these incongruent findings arise 

from an imbalance in the allocation of attention. As postural sway deteriorated with the 

introduction of a cognitive task, attention may have been shifted to focus solely on the 

cognitive task. Therefore, rather than compounding the cortical resources needed to cater 

for both cognitive and motor task, the attention required to maintain stability may have 

been reallocated to perform the cognitive task, and subsequently did not result in cortical 

interference of the motor and cognitive processes.  

Another notable finding of this study was the significant increase in frontomedial, frontal, 

central and parietal alpha power of the Premutation Group during when standing with eyes 

closed. The alpha frequency band is often associated with arousal and attention and 

information processing, as well as sensory intake. Alpha power tends to be lower in tasks 

which require greater external sensory intake, than those which do not [79]. However, the 

role of alpha power in postural control remains ambiguous. Several studies report a drop in 

alpha power as balance task difficulty increases or during balance perturbations, which 

would indicate an increase in cortical activation and engagement in the task at hand as well 

as an increase sensory information processing to maintain balance, while others report an 

increase in alpha with task difficulty, [173, 174, 202]. The significant increase in parietal 

alpha power observed in this study occurred during the eyes closed condition and therefore 

may be associated with reduced visual input and the subsequent reduction of sensory 

information being processed [220, 221]. Also demonstrated in this study was an increase 

in central alpha power during the eyes closed condition which may suggest decreased 

sensory processing in areas of the primary somatosensory cortex concerned with vestibular 

processing as well as motor processing [222]. That said, differentiating sensory and motor 

co-processing in sensorimotor regions, would require further analysis into the effects of 

sense specific deprivation and balance. Future studies investigating balance and EEG 

oscillatory activity in Premutation Carriers may also from benefit the investigation of 

individual Alpha Peak Frequency (iAPF), which is often considered a neurophysiological 

marker of thalamocortical information transmission, with higher peak frequencies 

associated with increased transmission [174] The examination of resting-state EEG 

oscillatory dynamics and functional connectivity of Premutation Carriers would also shed 
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light on neural changes which occur as a result of the Fragile X Premutation and so would 

allow for more insightful interpretation of changes in alpha frequency during specific tasks.  

An inverse correlation between CGG repeat length and postural sway parameters was also 

observed within the Premutation Group. As an increase in classical sway parameters such 

as sway area is understood to reflect a decreased postural stability, the decrease in sway 

area accompanying greater CGG repeat length appears counter-intuitive. As CGG repeat 

length increases, motor symptom severity has been reported to worsen [40, 142]. Our 

findings are not in line with previous studies in this regard. These conflicting findings may 

be due to the small sample size and narrow CGG repeat range expressed within the sample 

cohort (60% of the cohort express repeat lengths between 77 and 84 repeats).  

 

5.4.1 Limitations and Future Research 

The results and interpretation of this study should be viewed within the context of its 

methodological framework. While the implementation of this study has many advantages, 

providing insight into neural activity during static balance, there are many improvements 

and avenues of research to explore which would contribute to the understanding of motor 

impairments experienced FMR1 carriers. Due to the small sample size of each group, the 

statistical power of the study is limited, therefore caution must be observed when 

interpreting the results of this study. Although there was not a statistical difference between 

groups in demographic variables, the large effect size evident in relation to BMI and weight 

may indicate slight differences between groups, which could result subtle effects on balance 

performance [223]. Future research would benefit from a larger number of participants so 

that more robust conclusions could be drawn. A larger cohort with a greater range of repeat 

expansion would be needed for conclusive findings the relationship between symptom 

severity, changes in neural activity and repeat expansion. As greater CGG repeat lengths 

are associated with decreased FMRP, which is vital in neuronal maturation, investigating 

the effect of CGG repeat length and FMRP levels on changes in EEG data would be of 

particular interest. It should also be acknowledged that although EEG is limited by its 

spatial resolution, source localisation algorithms such as sLORETA [224] or dipole fitting 

[225], can provide reasonable source localization results, improving our understanding of 

regions affected by the premutation [202, 206, 209]. Further localisation can be achieved 
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by mapping EEG channels to MRI images of individual participants’ brains. Therefore 

future studies would also benefit from combining structural imaging with high spatial 

resolution, with the temporally sensitive EEG imaging measures. Although examining 

static balance is illuminating, there are many other instances where postural control 

impairments are also evident. Therefore, future studies would also benefit from the 

examination of dynamic movement. Investigation of active movement may be more 

insightful with regard to monitoring of COP positioning, proactive and reactive refining of 

the COP and postural control in more ecological conditions.  

 

 Conclusion.  
To conclude, the preliminary finding of electrophysiological measures of static balance has 

provided new illumination of the neural mechanisms involved in action monitoring during 

postural control in clinically asymptomatic Fragile X Premutation Carriers. Importantly, it 

has also demonstrated the efficacy of EEG measures in understanding the changes in neural 

activity which may subserve changes in motor functioning. Given the progressive nature 

of FXTAS, the incorporation of non-invasive imaging measures such as EEG in clinical 

assessments of Premutation Carriers may provide insight into the development of FXTAS 

and the changes neural activation over time, aiding the monitoring of disease progression 

and may be used to develop end-points for treatment programs  

 

 

  



 108 

 

 

Chapter 6 Dynamic Postural Control and 

Movement Related Cortical Potentials in 

Fragile X Premutation Carriers 

The study described within this chapter examines movement-related cortical potentials and 

dynamic balance in a cohort of Fragile X Premutation Carriers and investigates research 

questions1, 8, and 9 of Chapter 2. The previous chapter has outlined the importance of 

investigating neural mechanisms governing static balance, however, it does not take into 

consideration the added intricacy and complexity of dynamic movement. Although there 

have been several studies examining dynamic balance of clinically asymptomatic 

Premutation Carriers, there have been very few reports published which examine the 

electrophysiological correlates of dynamic sway. In the study outlined in this chapter, 

dynamic sway was assessed, and neural responses of sway were investigated by examining 

spectral properties of frequency bands, through wavelet analysis as well as cortical 

potentials associated with certain aspects of movement. Forceplate posturography and EEG 

data were collected from a group of clinically asymptomatic Fragile X Premutation Carriers 

and appropriately matched controls. 

The studies presented in this chapter have resulted in the following peer-reviewed 

publication:  

Gaul A, O’Keeffe C, Carro Domínguez M, O’Rourke E, Reilly RB, (2020) Quantification 

of Neural Activity in FMR1 Premutation Carriers During a Dynamic Sway Task Using 

Source Localization, Engineering in Biology and Medicine Conference Proceedings, 

Montreal, Canada.  
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 Introduction  
There have been numerous investigations into balance during static stance, both from a 

neurological and biomechanical perspective. However, balance maintenance and postural 

control is an essential element of all upright, dynamic motions, not only static balance. One 

the most common precipitating cause of falls in the elderly and those with movement 

disorders is during motion, as weight is being transferred or shifted beyond the central base 

of support, for example during gait initiation, moving from sitting to standing, or leaning 

and reaching [226]. Therefore, studying dynamic sway, in which individuals continuously 

move their body along an axis, provides a wealth of information. This information includes 

a person’s ability to maintain balance through to proactive and reactive refinement of 

postural sway velocity, amplitude, and directional control. Dynamic sway increases the 

demand on postural control by creating a need to reduce or reverse sway acceleration as 

the body’s centre of mass4 approaches the limits of stability, therefore engaging different 

postural control strategies than static balance tasks [227]. Tests of dynamic balance have 

been used to assess cerebellar dysfunction in individuals with movement disorders such as 

spinocerebellar ataxia, Parkinson’s disease, and Friedreich’s ataxia [227-229].  

Despite the considerable insights which can be gained from dynamic posturography, there 

have been very few studies assessing dynamic postural control in FMR1 Premutation 

Carriers. Using the Computerised Dynamic Posturography (CDP) assessment tool, 

O’Keefe and colleagues implemented a motor control test as well as a limit of stability 

(LOS) test in a cohort of 44 Premutation Carriers, 21 of whom had a positive diagnosis for 

FXTAS [40]. The motor control test examined response latencies to balance perturbations 

in the AP direction, while the LOS test had participants lean to the limit of their stability. 

Participants were asked to carry out this test as quickly and accurately as possible, towards 

eight target directions. This study found that Premutation Carriers with FXTAS exhibited 

reduced directional control and decreased endpoint excursion distances when compared 

with age-matched controls. While carriers without FXTAS did not differ in volitional 

dynamic postural control compared to non-affected controls, male Premutation Carriers, 

both with and without FXTAS, demonstrated reduced limits of stability and longer response 

latencies compared to female carriers [40]. As the LOS task requires cerebral control, 

O’Keefe et al. suggest impairments in performance on this task may arise from abnormal 

 
4 Centre of mass is synonymous with the centre of gravity.  
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pathology along corticopontocerebellar routes (which is illustrated in Figure 6.1), as the 

postural abnormalities were consistent with a failure in predictive feed-forward cerebellar 

control [230].  

 

Wang et al. also assessed a group of 18 asymptomatic Premutation Carriers with a mean 

age of 62 years during a dynamic sway task [231]. During self-paced AP and ML sway, 

Premutation Carriers displayed reduced excursion distance in a target direction during 

voluntary AP sway, which the authors suggested was the result of disruption to 

spinocerebellar and cerebellar brainstem circuitry which support postural control. Wang 

and colleagues assessed the complexity of sway using non-linear detrend fluctuation 

analysis. They reported that while the complexity of carriers’ sway increased during the 

dynamic sway task compared to static balance, it was significantly less than that of the 

Control Group’s during mediolateral dynamic sway. They attribute their findings to 

potential pathology of the cerebellum basal ganglia and cortical motor areas. 

It must be noted, that although these carriers did not report experiencing balance deficits or 

gait ataxia and did not have a formal diagnosis of FXTAS, approximately half of the 

premutation cohort exhibited radiological signs associated with FXTAS and had an 

International Cooperative Ataxia Rating Scale (ICARS) score which would meet the 

Figure 6.1 Illustration of corticopontocerebellar pathway. 
 This pathway connect the cerebrum with the cerebellum passing through the pons and the contralateral 

middle cerebellar peduncle (MCP). 
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criteria for a diagnosis of FXTAS. When the Premutation Carrier group was categorised 

into those who meet criteria for FXTAS (FXTAS+) and those who do not (FXTAS-), there 

was no difference between the performance of the FXTAS- group and controls in dynamic 

sway tasks [231]. 

As demonstrated in the previous chapter, EEG data can provide insight into postural control 

and stability through patterns of cortical activation during quiet stance. In this chapter, we 

extend this application of EEG analysis to a study of dynamic sway. Similar to quiet stance, 

changes in power of EEG frequency characteristics have been observed during different 

stages of a sway cycle. As mentioned in Section 5.1 of Chapter 5, an increase in frontal 

theta activity is believed to reflect an ‘error signal’ during unstable balance. However, 

studies investigating dynamic sway across a sway cycle have also reported a pronounced 

drop in centrally localised alpha power and beta power up to 200ms before sway initiation 

[232]. Others report a burst of frontocentral gamma activity has been observed at the point 

of maximum deflection of the CoP, prior to initiation of compensatory sway [216]. The 

drop in alpha and beta power has been attributed to the increase in energetic processes in 

the brain due to the increased task complexity involved in movement initiation and 

coordination, while the burst of gamma activity was defined as an indicator of focused 

cortical arousal and an index of neural workload which accompanies challenging cognitive 

and motor tasks [233, 234]. 

A significant portion of EEG research is focused on brain activities that are transient and 

‘localised’ in space and time. This includes research on event-related potentials (ERPs) and 

movement-related cortical potentials (MRCPs), which are responses in phase with specific 

events or stimuli. MRCPs represent averaged EEG activity before and after a voluntary 

movement. For example, the Bereitschaftspotential (BP), also known as the ‘readiness 

potential’ is a negative, ramp-like potential beginning 1-3s before movement onset and 

continues for a short time after [235]. It is believed to reflect the preparatory activity of the 

central nervous system for the execution of voluntary movements. The BP is usually 

divided into early and late components. The early component which reaches maximum 

amplitude over the cortical midline, and was considered to be indicative of activity in the 

supplementary motor area [236]. While the late-stage component begins 300ms prior to 

muscle activation and consists of contralateral focal negativity persisting for 30 to 50ms 

after the onset of movement representing further motor preparation and movement 
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monitoring [236]. See Figure 6.2. Several sway studies have consistently elicited the BP 

during postural adjustments and sway initiation in healthy individuals [216, 232, 237]. 

 

To date, there is a lack of literature surrounding the MRCP waveforms in FXTAS or 

Premutation Carriers who display subtle changes in motor ability. Alternatively, there has 

been considerable investigation into the effects of neurodegeneration on MRCP in other, 

similar movement disorders. Several studies have reported reduced amplitude of the BP, 

particularly the early component, in patients with Parkinson’s Disease (PD) during wrist or 

finger movements [80, 238]. The extent of amplitude reduction in the cortical midline was 

also associated with symptom severity [238] and was believed to reflect the impaired 

function of the Supplementary Motor Area. The topography of the BP was also reported to 

be altered in PD with the frontal peak of the potential located more posterior than in healthy 

patients [239]. While the BP usually peaks along the central line, more diffuse topography 

is believed to reflect the recruitment of additional neurons to complete the task [240]. 

Abnormalities have also been found in other trinucleotide related conditions such as 

Huntington’s disease, in which the slope of the movement preparation potential was 

reduced, and latency increased compared to controls [19]. This was believed to indicate a 

Figure 6.2 The Bereitschaftspotential or Readiness Potential.  
From Shibasaki and Hallett,, a depiction of the movement related cortical potential generated by wrist 

extension. The early phase of the BP begins approximately 1.7 seconds before movement onset and reaches 
the maximum amplitude at midline, central electrodes. The steeper slope of the late stage potential begins 

300-200ms before movement onset over the contralateral side of the movement. 
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reduction in cortical preparatory activity thus implying that a longer latency was needed to 

prepare for movement initiation. Therefore, characterising changes in morphology and 

topography of the BP can provide insight into neural mechanisms contributing to 

movement initiation.  

In the study reported here, we aim to expand on the investigations carried out in the 

previous study described in Chapter 5 by examining postural control of Fragile X 

Premutation Carriers during dynamic stances while EEG data were simultaneously 

recorded to assess frequency chances and MRCP characteristics. Changes in frequency 

bands and MRCP characteristics were assessed. It was hypothesised that Premutation 

Carriers would exhibit a reduced limit of stability and greater sway cycle times compared 

to controls. In terms of neural activity, it was hypothesised that there would be a significant 

change in morphology of the BP in Premutation Carriers compared to controls and that this 

would be associated with changes in postural control. It was also hypothesized that the 

severity of impairments of postural control experienced by Premutation Carriers would be 

associated with CGG repeat length.  
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 Methods 
 

6.2.1 Participants 

Ten Premutation Carriers and ten age and gender matched controls took part in this study. 

Details of recruitment processes and inclusion criteria are described in Section 5.2.1 of 

Chapter 5. Although ten Premutation Carriers and ten controls completed the study, due to 

quality of EEG data and the excessive number of epochs containing artefacts (a minimum 

of 50 artefact free epochs were needed for analysis), several participants were excluded 

from the analysis of EEG data. Therefore, a total of seven Premutation Carriers and five 

controls were assessed in relation to electrophysiological measures. 

 

6.2.2 Dynamic Sway Task Procedure 

During the dynamic sway task, participants were asked to produce self-paced, whole-body 

oscillations to the limit of their respective stability in the anterior-posterior direction as well 

as mediolateral-right and mediolateral-left directions. Participants were asked to ensure 

their feet were kept in constant contact with the forceplate throughout the sway cycle (i.e. 

without raising their heels). The limit of stability (LOS) is defined as the point at which the 

centre of gravity approaches the base of support [241]. It was emphasized that these 

movements should stem from the ankle joint and be conducted at a comfortable speed, 

while heels and toes remained in contact with the force plate. A visual prompt was 

displayed on the screen to encourage participants to begin the sway cycle. See Figure 6.3 

and Figure 6.4 for the experimental set up Participants were given seven seconds to reach 

the limit of stability and return, this was followed by a three-second rest period before 

beginning the next sway cycle.. Participants were asked to perform 27 postural sways in 

each direction per block. Three sets of nine sways were carried out per block, with a brief 

break between sets to minimise muscle fatigue. A longer break was taken between blocks 

and a total of three blocks were conducted. In total, each participant completed 81 sways 

in each direction to ensure at least 50 artefact-free trials were available for analysis. 
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6.2.3 Postural Sway Data Processing 

Forceplate data were collected and processed as previously described in Section 3.2.5, 

Chapter 3 at a rate of 1000Hz, then downsampled to 50Hz and a 4th order Butterworth filter 

was applied.  

 

6.2.4 Dynamic Sway Parameters. 

Several parameters were extracted from the sway data to quantify postural control during 

the dynamic sway task. The limit of stability (LOS) was determined by identifying the 

maximum point of the COP deflection by means of the ‘findpeaks’ function in MATLAB 

(See Figure 6.5). The time point at which the subject reached the LOS was noted and 

integrated into the EEG data file. For each subject, the distance travelled from baseline 

stability (standing at rest, without leaning) to reach the LOS was measured and averaged 

across trials. The time taken for each subject to reach the LOS was calculated and averaged 

across trials. The total sway cycle time was also obtained by calculating the time from sway 

initiation (as determined by EMG activity, described below) to the point at which subjects’ 

COP returned to baseline.  

 

6.2.5 EMG Data Acquisition. 

Bipolar EMG activity was recorded using surface electrodes placed on both the tibias 

anterior (TA) and the gastrocnemius (GCN) muscles of the dominant leg of each subject. 

A reference electrode was placed on the bony prominence of the ankle of the lateral 

malleolus. Data were recorded at a rate of 1000Hz using a wireless physiological monitor 

(BioRadio, Great Lakes NeuroTechnologies, Ohio, USA). Offline, EMG data were 

bandpass filtered (15-150Hz) using a 10th order digital filter and then downsampled to 

256Hz, to match the sample rate of the EEG data. The onset of EMG bursts for each muscle 

was identified by implementing the 'findchangepoint' function of MATLAB, which 

identifies abrupt changes in signal characteristics, specifically changes in the standard 

deviation of the signal. These bursts of EMG activity were then corroborated by visual 

inspection. See Figure 6.5.  
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6.2.6  EEG Data Acquisition and Pre-Processing 

EEG data were recorded and preprocessed as described in Section 5.2.3 of Chapter 5. Data 

were collected at a sample rate of 2048Hz, bandpass filtered between 1Hz and 45Hz, 

downsampled to 256Hz and movement-related artifacts were removed using ICA. Once 

data were preprocessed, events were inserted within the EEG data to mark the time point 

when sway was initiated and the limit of stabilty was reached.  

 

 
 
 
 
 

Figure 6.3 Illustration of Dynamic Sway Experimental Setup.  
Participants lean forward or to the left and right, to the limit of their stability, while standing on a 

forceplate. EMG data is collected from the gastrocnemius muscle to ascertain movement initiation. EEG 
data is also recorded through EEG electrodes. All data (EEG, EMG, and posturography data) were 

synchronised and recorded to nearby laptops to assess brain activity during postural control. 
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6.2.7 Time-Frequency Analysis: Wavelet Analysis. 

To track dynamic changes of EEG power within relevant frequency bands during various 

stages of the sway cycle, Wavelet analysis, specifically the Continuous Wavelet Transform 

(CWT) was performed. This included analysis of power at specific time points including 

the initiation of forward motion, as determined by EMG activity of the gastrocnemius, and 

at the limit of stability. The LOS was ascertained by calculation of the maximal forward 

position of the COP. Wavelet transforms are advantageous for use with temporally sensitive 

EEG data, due to their varying window size which is narrow at high frequencies and broad 

at low frequencies, optimising time-frequency resolution across in all frequency ranges 

Figure 6.4 Schematic diagram of data collection equipment. 
Centre of pressure (COP data were collected by the forceplate through four load cells and transmitted via 
Bluetooth from a Biosignals Plux Hub to the Open Signals software, run on an acquisition laptop. EMG 

data were recorded through surface electrodes placed on the gastrocnemius and tibialis anterior using an 
EMG amplifier, the BioRadio platform (Great Lakes NeuroTechnologies Inc., Ohio, USA). This data were 
transmitted via Bluetooth to the Biocapture software, also run on an adjacent acquisition laptop (Laptop 

A). EEG data were collected using a 128 electrode Biosemi system, transmitted from the EEG amplifier to 
an analogue-to-digital converter via an optical fiber cable, this was then sent on to a laptop (Laptop B) 
where it is read in using the Biosemi Acquisition software. A push-button was used to synchronize data 

acquisition by inserting an event marker in both the EMG and EEG data to signify the beginning of 
postural data collection. 
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[215]. The Morlet wavelet was chosen as the Mother wavelet due to its finer time and 

frequency accuracy and its basis function having a profile similar to that of EEG data [232]. 

Data were segmented into epochs of 2000ms before and 500ms after the initiation of sway 

as well as 700ms before and 700ms after the subjects reached their LOS. See Figure 6.6. 

Each epoch was visually inspected so that those containing artefacts, and epochs where 

data points associated with sway initiation and limit of stability overlapped were removed. 

At least 50 trials were averaged for each postural sway condition. Electrodes were divided 

into four regions of interest: Frontal, Frontomedial, Central and Parietal, as outlined in 

Section 5.2.3 of Chapter 5. Time-frequency energy of each trial was averaged and the mean 

power of delta (1-4 Hz) theta (4-7 Hz), alpha (8-12 Hz), beta(12-30), and gamma (30-45 

Hz) frequency bands was computed across trials as sway was initiated and at the LOS. 

Validation of the implementation of the wavelet transform can be viewed in Appendix C. 

 

Figure 6.5 Anterior-posterior sway and EMG muscle activation at the  LOS and sway initiation.  
The top panel shows the centre of pressure trajectory with red markers indicating the limit of stability, or 
the maximal forward point of COP deflection. The lower panel illustrates the EMG activity of the right 

gastrocnemius of the same subject. The red line indicated the onset of muscle activity. 
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6.2.8 Time Domain Voltage analysis: Movement related cortical 

Potentials 

The morphology of MRCPs was measured in three parts. The first stage, the 

Bereitschaftspotential, was measured as the mean negativity between 600ms and 500ms 

before sway initiation (BP -600ms to -500ms). This is believed to reflect cortical activation 

during early stages of postural movement preparation [235]. The second phase, referred to 

as the Motor Potential, occurs between -100ms to the time of EMG activation (MP-100ms 

to 0ms) and reflects later stages of postural movement preparation. The final stage is the 

Movement Monitoring Potential, measured as the mean negativity from EMG onset to 

100ms of sway (MMP 0ms-100ms) [236].  

 

6.2.9 Statistical Analysis  

Shapiro tests of normality were carried out to assess the distribution of data. The dynamic 

sway parameters such as the LOS distance, time to reach LOS and time to complete a sway 

cycle were compared between groups (Premutation Carriers vs Control Groups) using 

separate two-way Mixed Design ANOVAs including sway direction (AP vs. ML -right vs 

ML - left) as a within-subjects factor. For all mixed model ANOVAs where Mauchly's test 

indicated a violation of sphericity, the Greenhouse-Geisser estimate was employed to 

provide a conservative test of main and interaction effects. In cases where there were no 

significant interaction effects observed, the main effects were reported. Where statistical 

significance was observed, Fischer’s least significant difference method was used post-hoc, 

to investigate main and interaction effects. All assumptions of homogeneity of variance and 

normality were verified for each parameter. 

Mixed Design ANOVAs were used to assess the effect of the FMR1 premutation on the 

amplitude of the different MRCPs, in each ROI. Therefore, there were three levels to the 

within group effect (the BP, the MMP, and the MP). The Greenhouse-Geisser estimate was 

employed when the assumption of sphericity was violated. A multifactorial ANOVAs was 

also used to assess changes in wavelet coefficients, with group (Premutation carriers vs 

Controls), ROI, (frontomedial vs frontal vs central vs parietal) and sway phase (static vs 

sway initiation vs LOS) as factors. Each frequency band (theta vs alpha vs beta vs gamma) 
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was subject to a separate ANOVA. Where interaction effects were not found to be 

significant, results of the additive models were reported.  

Pearson’s Product Moment Correlation analyses were carried out to assess relationships 

between CGG repeat length and characteristics of dynamic postural sway. Pearson’s 

correlation analyses were also carried out to investigate inter-relationships between CGG 

repeat length and features of the MRCPs, such as amplitude and lantency. Similarly, the 

relationship between CGG repeat length and spectral power at the moment of sway 

initiation and LOS were assessed using Spearman’s Rank Order correlation tests, due to 

the distribution of the data. See Figure 6.7 for schematic diagram of statistical analysis  

Figure 6.6 Brain Activation during Dynamic Postural Control.  
Data were epoched 2000ms before and 500ms after sway initiation and 700ms before and after the LOS to 

assess dynamic changes in brain activation. 
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Figure 6.7 Schematic diagram of statistical analysis of wavelet coefficients, MRCPs and dynamic sway 
parameters. 
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 Results 
 

6.3.1 Demographic data 

Ten female Premutation Carriers and 10 age and gender-matched controls took part in this 

study. The demographic data for the Fragile X Premutation Group and the Control Group 

are outlined in Section 5.3.1 and Table 5.1, of Chapter 5. To maximise the statistical power 

of analyses where possible, all twenty participants were included in the analysis of postural 

sway data, while the subgroup of participants were included in the analysis of 

electrophysiological data. Demographic information regarding the subgroup of participants 

is outlined in Table 6.1. There were no significant differences between groups in age, 

gender, education, weight or height.  

Table 6.1 Summary of demographic data of the subgroup of participants. 
 
 Premutation Carriers 

(n=7) 
Controls 

(n=5) 
P-value 

Age (years)  42 (3.26) 43.6 (11.32) 0.7786 
Height (cm) 163.7 (3.70) 165.23 (5.24) 0.5739 
Weight (kg) 76.12 (19.58)  68.63(2.9) 0.4219. 
BMI  28.46 (7.6) 25.24 (2.23) 0.2432 
Years in Education  19.43(2.44) 16.38(3.6) 0.1829 
CGG repeat length 76.83 (4.26)  - - 

Results depicted as mean (SD). 
 

6.3.2 Dynamic Sway parameters 

A mixed-model ANOVA was used to calculate changes in the distance to the LOS between 

groups and sway direction. There was no significant group by sway direction interaction 

(F(1.28,23.17)= 0.774, p= 0.419). There was however a significant effect of sway direction 

on the distance travelled to the LOS (F(1.28, 25.506)= 14.183, p= 0.0005). Post hoc 

analysis revealed that the LOS was significantly reduced in the AP (mean= 163.24, std= 

22.31) direction when compared with sway in both the ML left (mean= 194.8, std= 33.64) 

and ML right (mean= 196.41, std= 38.26) directions (p= 0.001, for both comparisons). 

There was no difference in distance to the LOS when leaning to the right or left (p= 0.693), 
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nor was there a difference between groups in terms of the LOS in any direction (p= 0.930). 

See Figure 6.8 

 

There was no significant group by direction interaction effect on the time taken to reach 

the LOS (F(2,36)= 0.759, p=475). Inspection of the simple main effects revealed a 

significant difference in time to reach the LOS dependent on directionality (F(2,36)=5.753, 

p= 0.007). Post hoc pairwise comparisons revealed the difference between groups in 

relation to the time taken to reach the LOS was approaching the level of statistical 

significance (p= 0.06). While pairwise comparisons between directions revealed a 

    

 
Figure 6.8 Analysis of dynamic sway Centre of Pressure parameters. 

 The top panel shows the distance each group travelled to the limit of their stability in ML-left, ML-right 
and AP directions. The panels below illustrate the time taken to complete a sway cycle in in each of the 

three directions. Premutation carriers are depicted in red, controls in blue.  



 124 

significant difference between the time taken to reach the LOS in the AP direction (mean= 

1.77, std= 0.11) compared with ML right (mean =2.42, std =0.18, p=0.001) and ML left 

(mean=2.296, std= 0.22, p=0.034). 

A mixed model ANOVA was used to calculate differences in participants time to complete 

a full sway cycle. This analysis was not significant (F(2,36) = 1.512, p=0.236). The 

direction of sway did have a significant impact on the time taken to complete a sway cycle 

(F(2,36)= 5.284, p=0.01). Post hoc analysis did not reveal a main group effect (p=0.104). 

In terms of the impact of directionality on sway cycle times, the time taken to complete a 

sway cycle in the AP (mean= 3.91, std= 1.01) direction was significantly less than the time 

taken when swaying to the right (mean = 4.56, std=0.856, p=0.004). The difference in sway 

cycle time between AP and ML left was approaching statistical significance but did not 

reach the level of significance (p=0.059), nor was there a statistically significant difference 

between ML right and ML Left (p=0.414) 

  

6.3.3 Movement Related Cortical Potentials 

Illustration of the MRCP waveform and topographic distribution of activity can be seen in 

Figure 6.9. Examining the amplitude of the BP, MMP, and MP, Mauchly's Test of 

Sphericity indicated that the assumption of sphericity had been violated (χ2(2)> 10.3, p< 

0.006) for all four regions of interest and, therefore, a Greenhouse-Geisser correction was 

employed. Examining the front medial region, there was not a significant group by phase 

interaction on the amplitude of the potentials (F(2,20)= 0.304, p= 0.662), nor was there a 

significant interaction effect on the amplitude of the BP, MMP, or MP (F(2,20)= 0.391, p= 

0.579) in frontal regions. The central region did not exhibit a significant change in 

amplitude across phases or between groups (F(2,20)= 0.108, p= 0.792).  

Similarly, from examination of the parietal region, there was no evidence of statistically 

significant group by phase interaction effect on amplitude (F(2,20)= 0.113, p= 0.706). A 

mixed-model ANOVA was also employed to assess changes in latency of peak amplitude 

over the course of the full BP epoch (-2000ms to +500ms). Mauchly's Test of Sphericity 

indicated that the assumption of sphericity had not been violated (χ2(2)= 9.348, p= 0.1) 
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therefore sphericity was assumed. However, the latency of peak amplitude did not differ 

across regions of interest or between groups (F(3,30)= 0.141, p= 0.93). 

 

6.3.4 Continuous Wavelet Transform Results 

The multifactorial ANOVA carried out to assess changes in wavelet coefficients across 

sway phases of AP sway and between groups did not reveal a significant group by phase 

by ROI interaction effect on the wavelet coefficient of the theta frequency (F(6,120)= 

0.224, p= 0.717).  

The effect of group on theta wavelet coefficient was approaching significance (F(1,120)= 

0.327, p= 0.069 ), where controls exhibited increased theta power compared to Premutation 

    
   

 

Figure 6.9 Grand average MRCP response at sway initiation. 
 Panel A depicts the averaged MRCP for the Premutation Group at electrode site Cz, while Panel B depicts 

the same for the Control Group. The vertical line depicts the precise moment of muscle activation and data is 
shown for 2000ms prior to sway initiation and 500ms after. The bottom panel illustrated the group 

comparison of topographic changes in amplitude over the course of the MRCPs.  
. 
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Carriers, however, this did not reach the level of statistical significance. There was no 

significant effect of sway phase or ROI on the theta wavelet coefficient (F(2,120)= 0.379, 

p= 0.686 and F(3,120)= 0.118, p= 0.88, respectively).  

There was not a significant group by phase by ROI interaction effect evident with regard 

to the alpha wavelet coefficient (F(6,120)= 0.154, p=0.988). Again, while sway phase and 

ROI did not have a significant effect on the alpha wavelet coefficient (F(2,120)= 0.521, p= 

0.429 and F(3,120)= 2.066, p= 0.108, respectively), the difference between alpha wavelet 

coefficients was approaching the level of statistical significance with regard to group effect 

(F(1, 120)= 3.534, p= 0.063, where the mean alpha power was greater in the Control Group.  

With regard to the wavelet coefficient within the beta frequency range, there was not a 

significant interaction effect (F(6,120)= 0.521, p= 0.792), nor was there a significant group 

effect (F(1,120)= 0.190, p= 0.664). The phase of sway did not affect the beta wavelet 

coefficient (F(2,120)= 0.385, p= 0.682). However, the ROI did have a significant effect on 

beta power (F(3,120)= 3.269, p= 0.024. Post hoc analysis revealed that beta power was 

greatest in the frontal regions, significantly greater than central regions (p= 0.003). While 

frontal beta activity was also greater than frontomedial (p= 0.03) and parietal regions (p= 

0.06), this difference did not reach the level of statistical significance.  

The multifactorial ANOVA did not reveal a significant interaction effect with regard to the 

gamma wavelet coefficient (F(6,120)=0.511, p= 0.799. There was no significant group 

effect (F(1,120)= 0.811, p= 0.350) or effect of sway phase on gamma power (F(2,120)= 

0.075, p=0.928). There was a significant difference in gamma activity with regard to ROI 

(F(3,120)=4.227, p= 0.007). Post hoc analysis revealed greatest gamma activity in frontal 

regions, which was significantly greater than that of central (p= 0.003) and parietal regions 

(p =0.002). Frontal activity was also greater than activity within the frontomedial region, 

however, this did not meet the criteria for statistical significance when Bonferroni 

corrections were applied (p= 0.02). See Figure 6.10 and Figure 6.11 for scalograms of 

wavelet analysis at point of sway initiation and LOS, respectively.  

Neural activity was also compared across three sway directions when sway was initiated 

and at the LOS. Wavelet coefficients at the point of sway initiation were assessed for 

changes in activity at each frequency band using separate mixed-method ANOVAs for each 

ROI. There were no significant differences in frontomedial power in any of the four 
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frequency bands investigated (theta F(2,20)= 2.689, p=0.09; alpha F(2,20)= 

0.124, p=0.759; beta F(2,20)= 1.139, p=0.338 or gamma F(2,20)= 1.127, p=0.319). Nor 

were there significant effects for either group or direction on wavelet coefficients (p>0.05). 

Similarly, there was no group by direction interaction effect on wavelet coefficients in 

frontal regions (theta F(2,20)= 0.315, p= 0.625; alpha F(2,20)= 0.368, p= 0.516; 

beta F(2,20)= 0.873, p= 0.372; gamma F(2,20)= 0.81, p= 0.394).  

The Central ROI demonstrated similar consistency in wavelet coefficients as sway was 

initiated in each direction. There was no significant change in theta power (F(2,20)= 

1.866, p= 0.181), alpha power (F(2,20)= 0.057, p= 0.570), beta power (F(2,20)= 0.729, p= 

0.495) or gamma power (F(2,20)= 0.594, p= 0.561). Similar results were also found for the 

parietal region as there was no significant change in wavelet coefficients with sway 

direction (theta F(2,20)= 0.113, p= 0.876; alpha F(2,20)= 0.058, p= 0.944; beta 

F(2,20)= 0.113, p= 0.654; and gamma F(2,20)= 0.607, p= 0.503). 

Frontomedial activity at the LOS was consistent across sway directions. There was no 

significant group by direction interaction effect on the front medial wavelet coefficients for 

any frequency band, (theta F(2,20)= 1.701, p= 0.220; alpha F(2,20)= 0.269, p= 0.767; 

beta F(2,20)= 0.292, p= 0.750; gamma F(2,20) = 2.184, p= 0.139), nor was there 

significant main effects for either group or condition (p>0.05). Repeated measure mixed 

model ANOVAs did not reveal a significant difference in frontal activity at the LOS in 

either the theta frequency band( F(2,20)= 0.955, p= 0.402,); alpha (F(2,20)= 0.402, p= 

0.571); beta F(2,20)= 1.707, p= 0.219; or gamma frequency bands (F(2,20)= 1.197, p= 

0.301), when comparing the three directions of postural sway. Nor were there significant 

main effects for either group or direction (p>0.05). 

Similar results were found for both the wavelet coefficients for each frequency band in the 

Central ROI (theta F(2,20)= 0.096, p= 0.9; alpha F(2,20)= 0.736, p= 0.474; beta F(2,20)= 

0.117, p= 0.779 and gamma F(2,20)= 0.227, p= 0.713) as well as the parietal region 

(theta F(2,20)= 0.863, p= 0.414; alpha F(2,20)= 0.319, p= 0.605; beta F(2,20)= 0.160, p= 

0.830, and gamma F(2,20)= 0.093, p= 0.83). 
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6.3.5 Correlation Analysis 

Pearson’s correlation analysis did not reveal a significant relationship between CGG repeat 

and Sway Parameters. See Table 6.2 for a summary of correlation analyses. There were no 

significant correlations between CGG repeat length and the early BP phase in frontomedial 

(R(6)= 0.382, p= 0.397), frontal (R(6)=441, p= 0.332), central (R(6)= 0.44, p= 0.324) or 

parietal regions (R(6)= 0.152, p= 0.742). Nor was there a significant correlation between 

repeat length and the MMP (frontomedial region: R(6)= 0.376, p= 0.405, frontal region: 

R(6)= 0.376, p= 0.406, central region: R(6)= 0.476, p= 0.28, parietal region: R(6)= 0.533, 

p= 0.218) or the MP (frontomedial region: R(6)= -0.413, p= 0.357, frontal region: R= -

0.477, p= 0.279, central region: R(6) = -0.508, p= 0.244, parietal region: R(6)= -0.522, p= 

0.229). Similarly, there was no correlation observed between CGG repeat length and peak 

latency in any of the ROIs (frontomedial region: R(6)= 0.570, p= 0.181, frontal region: 

R(6)= 0.30, p= 0.513, central region: R(6)= 0.238, p= 0.607, parietal region (R(6)= 0.588, 

p= 0.165). 

Correlation analysis carried out to assess the relationship between MRCP amplitude and 

distance travelled to the LOS did not reveal a significant association between the BP (R= 

0.242, p=0.449), the MMP (R= 0.2, p= 0.534), the MP (R=-0.242, p= 0.449) or the peak 

latency ( R=-0.039, p=0.905). There was no significant correlation between the time taken 

to reach the LOS in the AP direction and amplitude of the BP. 

 

Table 6.2 Correlation analysis for CGG repeat length and sway characteristics. 
 

Parameter AP ML Right ML left 

LOS Distance R(7)= -0.409, 
p=0.137 

R(7)= 0.291 
p=0.224 

R(7)= 0.460 
p=0.107 

Time to LOS R(7)= -0.481 
p=0.095 

R(7)= -0.177 
p=0.324 

R(7)= 0.562 
p=0.058 

Sway Cycle Time R(7)= -0.483 
p=0.094 

R(7)= -0.254 
p=0.255 

R(7)= -0.007 
p=0.493 
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   Premutation Carriers      Controls 

Figure 6.10 Continuous Wavelet transform analyses of Sway Initiation.  
Each graph depicts the averaged EEG wavelet map for each ROI, between 1 and 45Hz frequency range. 

The shaded area depicts the cone of influence where CWT edge effects become significant. Note the 
change of scale in the Central ROI.  
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  Premutation Carriers      Controls 

Figure 6.11 Continuous Wavelet transform analyses of Limit of Stability (LOS).  
Each graph depicts the averaged EEG wavelet map for each ROI, between 1 and 45Hz frequency range. 

The shaded area depicts the cone of influence where CWT edge effects become significant. Note the change 
of scale in the Frontal ROI.  
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 Discussion  
This study investigated postural control and the neural mechanisms involved in volitional 

dynamic sway of Premutation Carriers. Functional measures of sway, EEG power at 

different stages of the sway cycle and MRCPs at sway initiation were examined using force 

plate posturography, high-density EEG and EMG. The main findings presented in this 

study revealed a prolonged sway cycle times in Premutation Carriers compared with the 

Control Group, but no quantitative differences in neural activity during the sway tasks. To 

the best of our knowledge, this is the first study investigating the changes in EEG activation 

patterns during a dynamic sway task in younger Fragile X Premutation Carriers.  

The current findings did not support the hypothesis that there would be a difference in the 

limit of stability between the Premutation Group and the Control Group. However, this is 

not unexpected. Previous studies examining the limit of stability in Fragile X Premutation 

Carriers also report comparable endpoint excursions between the Premutation Carriers 

without FXTAS and unaffected controls [40]. A study conducted by Wang et al. did not 

find a difference in variability of dynamic sway between carriers without FXTAS and 

controls, while carriers who met the diagnostic criteria for FXTAS demonstrated reduced 

variability [231]. This group did report that ML sway was reduced in the Premutation 

Group but did not specify whether this referred to those with or without FXTAS or a 

combined group, therefore making the results difficult to interpret.  

The results of the present study revealed that Premutation Carriers demonstrated prolonged 

sway cycle times compared with the Control Group. The time taken to reach the limit of 

stability was slightly longer than that of controls, but not statistically significant, suggesting 

the return phase of the sway cycle may have been prolonged. Although these specific 

findings have not been previously reported in the literature, studies have described delayed 

response latencies to balance perturbation in carriers without FXTAS [40]. Therefore, the 

increased sway cycle time may be due to an impairment in recovery from a position of 

instability, at the limit of the base of support, similar to the delays observed following a 

spontaneous balance perturbation. This may indicate subtle deficits in postural control of 

younger carriers and may reflect early pathology of the nervous system which is not evident 

through neurological examination or rating scales. Leaning to the LOS requires cerebral 

control and involvement of the corticopontocerebellar loop for balance control, disruptions 

to which, result in poor performance in terms of directional control and endpoint 
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excursions. Such postural impairments are also in line with disruptions of the predictive 

feed-forward cerebellar control, often observed in FXTAS [40, 230].  

The delay in returning to a position of stable balance following instability involves fast 

feedback loops which are not under cerebral control [40] Instead, spinocerebellar tracts 

send proprioceptive information to the cerebellum which is then transferred to vestibular 

nuclei to mobilise postural reflexes. Subjects completed 81 sway cycles, providing ample 

opportunity to learn or improve postural control when returning to a stable position. 

Therefore, it is possible that disruption in the corticocerebellar loops may be involved in 

the persistent delay in sway cycle time, as these neural circuits involve the motor cortex 

and the cerebellum, including the MCP and superior cerebellar peduncles, which have also 

been observed in patients with FXTAS some carriers without FXTAS [16, 31, 57, 62] 

This study also aimed to assess morphological differences in the MRCP associated with 

voluntary action, namely the Bereitschaftspotential. Unfortunately, we were not able to 

measure the MRCP during the present study. There are many reasons this may have been 

the case. Some neurodevelopmental and neurodegenerative conditions, such as Autism 

Spectrum Disorders (ASD) and Huntington’s disease, have been associated with unreliable 

or absent evoked responses, due to changes in neuronal architecture, cortical folding and 

abnormal neuronal organisation [242, 243]. Anatomical studies have linked poor white 

matter integrity and abnormal cellular morphology with an absence of cortical evoked 

potentials [244, 245]. These characteristics have also been observed in Premutation Carriers 

[57, 62]. However, within the current study, the MRCPs were also not distinguishable in 

the Control Group, possibly suggesting confounding or technical factors may be involved. 

The signal processing pipeline used in this study was validated during a simplified version 

of the experiment to ensure the steps used were appropriate to elicit MRCPs (See Appendix 

D). However, due to the self-paced aspect of the experimental design, and given the high 

rate of attrition due to artefacts contaminated data, it is likely that additional undetected 

movement-related artefacts may have been present in the analysed data, weakening the 

SNR and subsequently masking the MRCPs.  

However, upon inspection of the topographic plots of activation over the course of the 

MRCPs, there is an area of negativity evident in both groups, particularly around the central 

region overlying the primary and supplementary motor areas, despite the absence of the 

characteristic waveform. This topography is concurrent with previous studies investigating 

event-related desynchronization and cortical potentials associated with movement initiation 
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[239, 246], possibly suggesting that with more specific artefact rejection, or altered 

experimental setup, future analyses may be able to examine characteristics of the MRCPs.  

Sway initiation in healthy control cohorts had been associated with a decrease in alpha and 

beta power prior to the onset of movement, reflecting an increased engagement required to 

carry out the task [232]. The time-frequency, wavelet analysis at the point of sway initiation 

did not reveal a difference in neural activity between groups or across phases of the sway 

cycle, unlike previous reports [209, 216, 232, 247]. However, visual inspection of the 

patterns of activation reveal similarities to those illustrated by Slobounov et al., particularly 

with regard to alpha activity in central regions [232]. Both groups demonstrate a slight 

decrease in alpha activity in central regions at the onset of movement. However, without 

quantifiable and statistically meaningful changes in activity, these results must be 

interpreted with caution.  

Qualitative inspection of the scalogram of the wavelet analysis for the Control Group at the 

LOS, illustrates a strong burst of activity within the gamma frequency band prior to the 

point of maximum deflection. This was most pronounced in the frontomedial region. 

Although there was not a statistically significant difference between groups in gamma 

activity within the epoch surrounding the LOS, upon visual inspection of the wavelet 

scalogram, Premutation Carriers did not exhibit pronounced frontomedial gamma activity 

at the LOS. Several studies have reported an increase in gamma activity at the LOS, prior 

to the initiation of backwards sway, similar to that observed in the Control Group [207, 

209, 232]. A burst of frontomedial gamma activity coinciding with the point of instability 

has been posited as a neural detector of postural instability, involved in the recognition of 

danger and instigation of compensatory postural movement, mediated by the ACC and 

dorsolateral prefrontal cortex [204, 216, 247, 248]. Functional correlates of gamma activity 

have been associated with focused cortical arousal accompanying both cognitive and motor 

tasks [233]. Furthermore, a diffuse gamma processing system within the brain has been 

proposed, involving the storage, evaluation and recovery of information as well as detection 

of stimulus features [249]. The discrepancies in timing and location of gamma activity of 

Premutation Carriers, particularly when viewed in the context of prolonged sway cycle 

time, may suggest disruption or disturbances in the gamma processing system, underlying 

the changes in postural control, resulting in a delay in compensatory postural movement.  
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6.4.1 Limitations and Future Work 

The experiment design and protocol described in this study allows consistent measurement 

of volitional movement and postural control and therefore can be used to answer numerous 

specific questions about functional balance in Fragile X Premutation Carriers. The tasks 

itself can be altered or difficulty increased to answer such questions. A goal-orientated task 

could be incorporated, for example, presenting a target direction onscreen to which 

participants must lean. This may provide insight into goal-directed or spontaneously 

evoked sway, which has been useful in understanding other movement disorders such as 

PD [40, 250]. To expand on the current study, balance perturbation could be incorporated 

to gain understanding, not only of the potential difference in behavioural responses but also 

in discerning prospective disruptions of perturbation evoked potentials (PEP). 

Future studies examining EEG data during dynamic tasks may also benefit from identifying 

specific characteristics of sway or movement-related artefacts. This would allow more 

tailored artefact rejection to be conducted, therefore, improving the SNR and maximizing 

the information retained within the signal. For example, a protocol designed by the Ferris 

group involves placing an electrically insulated sheet between the head and the electrodes 

to isolate electrode movement while carrying out the physical task [251]. These artefacts 

can then be removed from the neural recording of EEG data. Sophisticated signal analysis 

methods may also be of benefit to future studies investigating EEG activity during dynamic 

behavioural tasks. For example, the implementation of surface Laplacian transformations 

to enhance characteristics of the MRCPs by filtering out spatially broad features which are 

shared across several electrodes, such as electrode movement [252].While time-frequency 

analysis and examination of cortical potentials utilise the excellent temporal resolution 

associated with EEG, they lack spatial resolution to pinpoint areas of activity. The 

application of source analysis methods may enhance the spatial accuracy of EEG analysis 

by providing insight into the localisation of neural activity, which may also be of great 

benefit in future research.  

This was a preliminary study which involved only a small group of female subjects, which 

limits the statistical power of the study and generalisability of the results. Future work 

should aim to undertake to recruit a larger cohort of both male and female subjects at 

various stages of FXTAS progression to better distinguish stable neurodevelopmental 

changes associated with the premutation from onset and progression of neurodegeneration. 
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Due to the simplicity and portability of the experimental design and equipment, the protocol 

can also be relocated or replicated in clinical settings to examine other neurodegenerative 

disorders such as Multiple Sclerosis or Parkinson’s disease. 

 

 Conclusion 

To conclude, the preliminary findings of this study, indicate that Premutation Carriers may 

experience deficits in postural control during dynamic sway, particularly with regard to 

positions of instability and compensatory postural movement. These deficits may also be 

related to a disruption in gamma associated neural detectors of instability. Given the huge 

role volitional movement and sway has in everyday life, the investigation and 

understanding of dynamic movement and neural circuitry at play in Premutation Carriers, 

who may be at risk of FXTAS, is vital to the development rehabilitative treatments to 

maintain or improve quality of life.  
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Chapter 7 Discussion 

 Thesis summary  

Characterisation of early symptoms and monitoring disease progression are most effective 

when objectively measured, without subjective or anecdotal estimates from either patients 

or professionals. The studies described in this thesis aimed to develop a multimodal 

protocol to objectively assess the cognitive, motor and neurological health of Fragile X 

Premutation Carriers, and which may also be applied to a broad range of movement 

disorders. As well as developing the multimodal protocol, this study also aimed to apply 

this protocol to objectively characterise specific aspects of the Fragile X Premutation 

shedding light on the nuances of the premutation phenotype. The methods and findings 

presented in this thesis provided more scientific depth to the existing literature surrounding 

the Fragile X Premutation. 

 

 Main Findings 

The studies described in this thesis demonstrate that computerised cognitive batteries, 

forceplate posturography, and EEG imaging methods can provide objective measures of 

cognition, balance and neural oscillatory activity of Fragile X Premutation Carriers. This 

finding was established through a series of multimodal studies probing postural stability 

and the factors contributing to stability. The significance and clinical importance of the 

findings from this research will be critically discussed in relation to the research questions 
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posed in Chapter 2 and interpretation of the main findings will be reviewed in light of the 

previous literature surrounding the Fragile X Premutation.  

7.2.1 Delineating the Cognitive profile of the Fragile X Premutation. 

There are strong associations between cognitive impairment (particularly executive 

functioning) and postural control, with cognitive decline contributing to motor deficits 

including balance maintenance. Therefore, the primary aim of Chapter 3 was to characterise 

the cognitive profile of Premutation Carriers, assess postural stability and examine the 

relationship between the two faculties.  

As previously discussed in Chapter 1, Premutation Carriers experience a wide spectrum of 

cognitive impairments with an accelerated decline of cognitive functioning during FXTAS, 

as well as subtle deficits which are prevalent prior to the onset of FXTAS. Various 

subdomains of cognitive functioning, including working memory, attention, executive 

functioning specifically working memory and response inhibition have been reported to be 

deficient in Premutation Carriers, even those without FXTAS. The findings of the extensive 

cognitive battery described in Chapter 3 provide further indication of selective cognitive 

dysfunction experienced by young female Premutation Carriers.  

The widely validated cognitive battery tool, the CANTAB has previously been used to 

assess cognitive function in both healthy neurotypical subjects and a wide range of clinical 

cohorts. The CANTAB allowed the customisation of the cognitive battery to include 

specific tasks, tailoring the assessment to probe cognitive domains reported to be deficient 

in Premutation Carriers. Results of the study described in Chapter 3 revealed that following 

extensive testing, response inhibition and goal-directed planning, which are both 

subdomains of executive functioning, were found to be impaired.  

While deficits in response inhibition are thought to play a role in other detrimental 

behaviours observed in carriers such as alcoholism and substance abuse, such avenues of 

exploration are beyond the scope of this thesis. Goal-directed planning, on the other hand, 

has been implicated motor dysfunction in other movement disorders such as Parkinson’s 

[250], while deficits in executive functioning, in general, have been postulated to underpin 

not only, broader cognitive impairment such as attentional and memory deficits [5], but are 

also tightly bound with deficits in motor functioning due to the attentional demands and 

cognitive resources involved in executing motor functions such as gait and stability.  
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7.2.2 Postural instability as an Ambiguous Phenotype of the Fragile 

X Premutation.  

Posturography measures of balance have described decreased stability in Carriers during 

previous studies [40, 59, 142]. However, given the wide variety of methods used to collect 

and analysis posturographic data, it was unclear whether instability was a consistent feature 

which affects daily life of the Fragile X Premutation, or specific to the context in which it 

was tested. For example, Kraan et al. reported that Premutation Carriers exhibited 

decreased stability compared to Controls, however, this was only when sensory input was 

substantially augmented and cognitive load was increased [142]. Such a scenario may not 

be a reasonable reflection of day-to-day challenges. 

Guided by the literature surrounding cognition and sensory processing in carriers, balance 

tasks were designed to probe cognitive and sensory functions reported to be impaired in 

younger Premutation Carriers while striking a balance between accuracy, complexity and 

replicability in designing the posturographic protocol. Using clinically interpretable 

measures of postural sway, there was very little evidence of differences in balance 

performance of Premutation Carriers and Controls. While a trend of increased velocity was 

pervasive throughout conditions, it was not statistically viable. This led to two alternative 

interpretations. The first was that perhaps, only following extensive provocation where 

sensory and cognitive capacities are pushed to their limit is stability affected. Alternatively, 

perhaps the easily interpretable traditional sway parameters used to characterise sway were 

not sufficiently sensitive to detect discrete changes in postural control.  

 

7.2.3 Complexity based measures of postural sway may reliably 

distinguish subtle changes in stability, undetected by traditional 

sway parameters.  

While Chapter 3 outlined the initial analysis of postural sway using traditional parameters, 

there was limited evidence of differences in performance between groups, contrary to 

previous studies. In Chapter 4, to explore stability and postural control with greater 
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sensitivity, multiscale entropy analysis was employed to examine the complexity of 

postural sway over various time scales, again while cognitive load was increased or while 

visual input was reduced. Further analysis then did reveal that Premutation Carriers 

exhibited reduced complexity of postural control when working memory is engaged, 

compared with the performance of the Control Group. Additionally, greater CGG repeat 

length was associated with reduced sway complexity.  

This provided further evidence of compromised stability mechanics in Premutation 

Carriers, particularly when there is an increased demand on attentional resources, such as 

when cognitive functioning is engaged. The addition of a secondary cognitive task 

combined with a primary motor task results in a shift or division of attention between tasks 

causing one or both to suffer. Therefore, the decrease in complexity in carriers may stem 

from the reallocation of attention to accommodate the supraspinal cortical task with the 

effect becoming more pronounced as repeat length increased. Additionally, Carriers also 

did not demonstrate the adaptive capacity of controls’ when faced with increased balance 

task difficulty. While the Control Group’s sway complexity increased with greater demand 

for cognitive and motor resources, Premutation Carriers did not. Increased sway complexity 

to maintain balance during the cognitive task may suggest proficient automaticity of 

postural control within the Control Group to withstand the increasing demand. On the other 

hand, Premutation Carriers appeared to lack automaticity, indicating that Premutation 

Carriers suffer from capacity interference whereby attention is inefficiently divided among 

competing tasks, and therefore maybe more vulnerable to bouts of instability when 

additional stressors or perturbations are introduced.   

This capacity interference experienced by Premutation Carriers during dual-tasks may stem 

from or be exacerbated by the cognitive deficits in executive functioning and attention 

observed in Chapter 3. Previous studies have linked cognitive capacity with motor 

performance [140, 141]. However, determining the causal relationship between cognitive 

capabilities of Premutation Carriers and the extent of capacity interference which may be 

experienced, is remains an unanswered question.  
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7.2.4 Electrophysiological markers of Motor and cognitive-motor 

functioning in Fragile X Premutation Carriers during Static balance 

While dual-task studies were previously shown to be effective in eliciting instability in 

Premutation Carriers [41, 142, 143], and a relationship with cognitive capacity has been 

reported, the neural mechanisms which couple these domains required investigation. 

During static balance tasks with altered sensory and cognitive demands, studies carried out 

by Hülsdünker et al. and Slobounov et al. elicited robust neural activation in regions 

approximating the Anterior Cingulate Cortex and Posterior Parietal Cortex, which are 

involved in action monitoring and the regulation of attention, as well as sensory 

organisation, respectively [175, 216]. These studies were carried out with cohorts of young 

healthy controls, prompting further investigation into the neural circuitry of Premutation 

Carriers during postural control tasks. It was anticipated that within our study, comparable 

patterns of activation would be elicited in the cohort of Control Subjects as those previously 

reported and that those neural responses may be attenuated within the Premutation Group.  

Although the Control Group did not follow the hypothesised trajectory of oscillatory 

activity, similar studies using various electrode placements groupings had also reported 

inconsistent findings while suggesting increases in theta oscillatory activity may be very 

localised and/or lateralised and that decreases in activity of some EEG channels may negate 

increases in others, subsequently abrogating the neural activity of interest [217]. A 

particularly striking finding of this study was, however, the strong pervading correlation 

between theta activity and stability observed in the Control Group. Throughout each 

balance conditions, greater stability was consistently associated with lower theta power or 

reduced production of ‘error signals’. Premutation carriers, on the other hand, did not 

demonstrate such a link between balance and neural activity. The conflict monitoring 

account of ACC activation suggests that error signals (as determined by increased theta 

power) are generated when conflicts in information processes are detected, or in the case 

of balance, when expected and actual balance state do not align. This neural phenomenon 

may suggest a disruption in networks monitoring postural control, resulting in the 

instability. As many structures are involved in relaying information to the ACC, the 

disruption may be further upstream, resulting in altered or attenuated response from the 

ACC. For example, the PPC plays a vital role sensory information processing and transfer 

of sensory information to the ACC. Previous studies have demonstrated altered sensory 
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processing in premutation carriers, possibly attributed to altered activation of the PCC [253] 

Also, reduced functional connectivity has been observed in the cerebellar Crus I of 

premutation carriers during a functional motor task [128], This region is involved in 

cognitive, sensorimotor functioning, has and has reciprocal connections with the PPC [254, 

255], and the reduced functional connectivity was posited to be related to impaired visual 

feedback processing [128]. Therefore, it is possible an issue in information processing or 

transfer may have occurred at some point along this tract, resulting in the incongruity 

between ACC activation postural control observed in carriers, contrasting with the strong 

association between theta power and balance observed in the Control group. However, 

additional fMRI imaging studies would be needed to clarify such interpretations.    

Alternatively, the lack of association between performance and neural activity may reflect 

impaired functioning of the ACC, resulting in irregularities or deficits in top-down 

attentional control, as proposed by the ‘selection for action’ theory of ACC activation [256, 

257]. This Selection-for-Action theory of ACC activation may also explain, in part the 

capacity interference experienced by Premutation Carriers. Abnormal ACC activation may 

reflect disruption in neural circuitry in this region, resulting in aberration in attention 

regulation, and difficulty completing competing tasks with high attentional costs. It would 

be of great interest to investigate whether differences in oscillatory activity become more 

pronounced with disease duration and the development of FXTAS.  

 

7.2.5 Cortical activation during self-paced Dynamic sway.  

Electroencephalographic studies of dynamic balance are difficult to conduct due to the 

artefacts introduced by whole-body movement. However, the investigation of cortical 

activity during movement provides a wealth of information regarding movement execution 

and regulatory control. The primary aim of Chapter 6 was to attempt to investigate 

movement preparation and anticipatory postural adjustments during a self-paced lean to the 

limit of stability. In addition, this data was also used to characterise the physical 

performance of dynamic sway. To the best of our knowledge, this was the first study to 

investigate cortical potentials and time-frequency analysis during postural control tasks in 

Fragile X Premutation Carriers. 
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Movement related cortical potentials were not distinguishable for either group, most likely 

due to excessive contamination from movement-related artefacts. Although this is one of 

the major hurdles of EEG based assessment of dynamic movement, the protocol used may 

lay the foundation for future studies focused on the investigation of cortical associations of 

movement initiation and anticipatory postural adjustments in subjects with atypical motor 

functioning.  

One main finding of this study, however, revealed that Premutation Carriers demonstrated 

impairment in recovery from a position of instability, akin to the delayed response to 

unexpected balance perturbations previous reported in carriers [40], despite comparable 

performances in terms of distance to the limit of stability. The examination of cortical 

activity, however, did not meet criteria for statistical significance and, therefore, relied on 

qualitative assessment and visual inspection of spectral power. A distinct pattern of 

activation was observed, however. The burst of frontomedial gamma activity at the limit of 

stability, previously reported in healthy Controls, and which was evident within the Control 

Group of this study, was absent among Premutation Carriers. This provides further 

evidence to the findings of the studies reported in Chapter 5 in support of the disruption in 

neural networks governing the monitoring of postural control, and initiation of 

compensatory postural adjustments.  

As mentioned in Chapter 6, disruptions to corticopontocerebellar tracts involving the motor 

cortex and cerebellar structures such as the middle cerebral peduncles, have been 

implicated in the involvement directional control of sway and postural regulation [230]. 

Such regions are heavily implicated in the neurodegenerative processes of FXTAS and 

therefore, even prior to degeneration [62], interference or disruption along these tracts may 

play a role in the compromised motor functioning of Premutation Carriers. Dynamic sway 

and anticipatory postural control have only begun to be explored in Premutation Carriers 

with the Fragile X Premutation, therefore a number of research questions remain to be 

addressed.  
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7.2.6 Multimodal approach to movement disorders to improve 

classification and early detection of neurodegeneration.  

An increasing number of studies are collecting data through multiple modalities. The 

fundamental motivating factor for collection of data through various sources is to converge 

mutual data and explore the relationships which would not be uncovered through unimodal 

research studies. Although collecting and analysing data from several sources can add to 

the complexity of implementation and interpretation of data, advances in technology are 

constantly improving data collection methods, minimising disruption or discomfort for 

participants. Assessing information collectively, across various modalities and clinically 

significant manifestations is particularly valuable when understanding conditions, such as 

FXTAS, which involve numerous sensory cognitive and motor systems among others.  

The studies described in Chapters 5 and 6 were an effort to engineer and realise a 

multimodal assessment of the Fragile X Premutation. Although the unimodal approach 

employed in Chapter 4, was sufficient to detect subtle changes in motor functioning, the 

inclusion of cognitive findings of Chapter 3 along with the insight into neural mechanisms 

of postural control presented in Chapters 5 and 6, allowed a more informed interpretation 

of the findings and a holistic approach with which to understand the Fragile X Premutation 

The findings of the studies presented in this thesis would strongly suggest that future 

studies, with improved subject numbers, should make use of the advanced multimodal 

methodologies to improved understanding of the interrelationship of various faculties, 

increase classification accuracy, and to establish more accurate and early detection of 

behavioural or neural irregularities in movement disorders. 

 Limitations 

Although the studies presented within this thesis have provided new insights and improved 

our understanding of the impact of the Fragile X Premutation, the results of these studies 

must be viewed in the context of which they were achieved, including the limitations. The 

sample size of the studies described are, undoubtedly, small and included only female 

carriers. These studies were designed as preliminary research in order to investigate the 

research questions outlined in Chapter 2 and represent a significant departure from the 

current state of the art in the research of Fragile X Premutation and FXTAS. Therefore, 

determining sample sizes with sufficient statistical power as not always possible. The 

sample sizes were subsequently based primarily on what was feasible following substantial 
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recruitment drives (i.e despite the high prevalence of the premutation in males in the general 

population (1 in 400), only one male Premutation Carrier came forward to participate, 

limiting the diversity of the recruited cohort). If these studies were repeated with larger 

sample sizes, including both male and female carriers, more in-depth examination would 

be possible (e.g. higher vs lower repeat lengths, male vs female complexity indices/ERP 

amplitudes etc, more accurate analysis of age-related decline). 

There are several factors which may have contributed to the challenges of recruitment of 

this cohort including practical constraints such as time and location of the testing. Social 

factors such as stigma associated with mental health and disabilities may also play a role in 

limiting participation [258] Also, due to the relatively recent discovery of the premutation, 

perhaps a proprtion of those with the Fragile X premutation or experiencing symptoms of 

FXTAS may be unaware of their carrier status due to misdiagnosis, subsequently reducing 

the pool of Premtuation Carriers from which this cohort could be drawn.  

Although there is a need for greater understanding of the cognitive and motor symptoms 

associated with the premutation in female carriers, the exclusively female cohort may 

introduce bias to results, limiting their generalisability with regard to male carriers of the 

premutation. Given the susceptibility of female carriers to hormonal dysregulation, and 

mood disorders such as depression, the highly complex interaction between such conditions 

and cognitive functioning and motor speed must be acknowledged [259]. As well, all 

female premutation carriers who participated in these studies were parents of children with 

Fragile X Syndrome, which may also introduce further confounding variables such as stress 

and fatigue, which future studies should take into account [260, 261]   

The cross-sectional design of the studies included in the thesis also limits the context in 

which the differences in balance and neural activity observed in these studies may be 

viewed. Longitudinal studies would provide a better standpoint from which to view such 

changes, for example, either as stable neurodevelopmental alterations resulting from FMR1 

related neurotoxicity, or the beginning of neurodegenerative decline leading to FXTAS. 

Examine subgroups of carriers may illuminate nuances of the clinical spectrum of the 

Fragile X Premutation, allowing for more tailored therapeutic intervention and 

rehabilitation.The complex molecular alterations resulting from genetic mutations and 

premutations play a significant role in the expression of the phenotype. Within the 

premutation, variations in the expression of molecular-level components result in vast 

differences in physiological outcome. Although the studies described here took CGG repeat 

length into account, activation ratios, FMRP and mRNA levels were not examined. FMRP 

levels and mRNA expression has a profound impact on the extent of neurotoxicity and 

subsequently the symptoms expressed in Premutation Carriers. Therefore, including data 

pertaining to such proteins and mRNA and viewing behavioural, physiological and 
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radiological results, in light of such information would provide clarity on the mitigating 

and aggravating molecular factors associated with the risk of developing FXTAS 

 

 Impact of current work 
Our present knowledge of the impact of the Fragile X Premutation on the mechanisms 

which contribute to balance and stability is limited, however, it has long been understood 

that cognitive, sensory and motor faculties work in concert. This thesis has presented a 

number of novel findings with regard to the Fragile X Premutation. Studies described in 

Chapters 3 and 4 outline an objective protocol probing deficits in cognitive and sensory 

faculties of Premutation Carrier to elicit instability. Furthermore, application of this 

procedure has illustrated that although there appear to be subtle and distinct changes in 

postural stability and control, in younger female Fragile X Premutation Carriers, non-linear 

entropy measures of stability can aid and enhance analysis of stability, alongside traditional 

sway parameters. Chapters 5 and 6 present the first studies demonstrating changes in the 

neural mechanisms of postural control of carriers during altered sensory and cognitive 

conditions and dynamic sway, shedding light on possible disruptions in the neural circuitry 

governing balance.  

The objective quantification of cognitive function and postural control, in conjunction with 

the monitoring of neural activity, could provide a comprehensive picture of patient disease 

state. Combining such information with physiological, psychological, lifestyle, and 

environmental factors, may assist health care professionals in initiation a conversation with 

patients about health-related behavioural issues, Fragile X related conditions and 

comorbidities such as cognitive dysfunction, functional mobility and neuropsychiatric 

conditions. It may also allow scope for discussions surrounding personalised strategies for 

behavioural changes and earlier intervention. 

Additionally, objective measures of motor control, stability, and specific cognitive domains 

could improve the clinical assessment of, not only Fragile X related conditions but of many 

neurodegenerative disorders. Current assessment relies on extensive and costly 

neuroimaging methodologies and subjective rating scale-based assessments of motor 

functioning. However, such rating sales lack sensitivity, objectivity and in certain 

circumstances, reliability. For example, although falls and instability are a core feature of 

FXTAS and present from the early stages of the disorder, of the 63 questions on the FXTAS 
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rating scale, only four relate to balance, and four assess gait. Objective measures of motor 

functioning and postural control are needed to reliably quantify changes in Premutation 

Carriers overtime to distinguish biomarkers of FXTAS, in turn allowing for earlier 

treatment and intervention.  

Understanding the components that result in instability (be they cognitive, sensory 

musculoskeletal, functional or other), also allow for more tailored interventions. 

Pharmaceutical and biomedical engineering-based interventions have had limited success 

in the treatment of FXTAS due to the high degree of variability in symptom presentation 

and the treatment of certain symptoms exacerbating others. For example, the use of deep 

brain stimulation to treat tremor reportedly worsened ataxia in some patients [262], while 

beta-blockers and β-adrenergic blockers exacerbate depressive symptoms in others [263]. 

Improving cognitive functioning combined with balance and motor training through 

specialised physiotherapy programs may improve streamlined habitual control of 

movements. Therefore, tailored physical interventions may improve postural control and 

stability to delay the need for pharmaceutical or other forms of intervention. 

 

 Future work 
The experimental paradigms and analyses described throughout this thesis outline a set of 

procedures to objectively and quantitatively investigate cognitive, motor and neural 

functioning both independently and in concert. Although these methods were applied to a 

group of young female Fragile X Premutation Carriers, these experimental paradigms could 

be used to answer specific research questions in those with a diagnosis of probable or 

definite FXTAS and even other neurodegenerative movement disorders, for example, 

Parkinson’s disease and Multiple Sclerosis. One of the key strengths of the protocol is its 

simplicity and portability, allowing easy transportation and set up to reach a range of both 

clinical and possibly domestic environments to ease participant involvement. The 

application of entropy analysis to posturography has already proved effective in examining 

symptom severity in MS demonstrating high construct and concurrent validity as a 

disability outcome measure. See Appendix E. Therefore, these protocols may prove to be 

a useful objective alternative to subjective disability rating scales and create a framework 

for examining a wide range of neurodegenerative and pathological states.  
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Due to the relatively recent recognition of Fragile X Premutation related conditions, there 

are many unanswered research questions and many avenues of research which have yet to 

be explored. While the experimental design established in the studies described in this 

thesis, encapsulates a broad range of sensory, cognitive, and motor functions, additional 

procedures could be implemented to gain further understanding of the impact of the 

premutation. For example, Chapter 6 describes a dynamic sway task, and although leaning 

to the limit of stability has provided useful information on balance and compensatory 

control, it does not reflect a genuine, spontaneous loss of stability. Therefore, future studies 

could expand the research of compensatory postural control by incorporating unexpected 

balance perturbations to investigate behavioural outcomes as well as the instantaneous 

neural activity which coincides with instability. Similarly, investigating gait may be 

assessed to discern emerging aspects of gait ataxia which may be subtle in younger carriers. 

Mathematically combing entropy-based measures of gait with posture derived entropy 

measures would provide a new multimodal objective measure of gait and balance.  

To date, there has been very little research employing EEG in the characterisation of the 

premutation there are numerous approaches which may be taken to better understand the 

phenotype. As mentioned in Chapter 6, resting-state EEG may provide useful information 

pertaining to cortical activity of carriers at rest. For example, iAPF may reflect information 

transmission possibly providing insight on neural tract integrity. Previous studies have also 

shown alterations in resting-state EEG patterns of activity in children with FXS, linking 

decreased alpha activity and exaggerated theta activity with hyperactive behaviour [264], 

attributing these changes to an imbalance in excitatory and inhibitory neuronal circuit 

activation. Premutation carriers have also demonstrated an overlap with some behavioural 

characteristics of FXS including Autistic traits and Attention Deficit Hyperactivity 

Disorder (ADHD) characteristics [93], therefore it would be of interest to explore resting-

state EEG in a group of Fragile X Premutation Carriers to examine possible aberrant 

neuronal oscillatory dynamics. Both resting-state EEG and EEG data collected during 

functional tasks can be subjected to additional analysis to assess brain networking 

organisation and patterns of activation through graph theoretical analysis, connectivity 

analysis and source analysis. A preliminary study employing source analysis during a 

dynamic sway task has been reported in Appendix E, however, larger-scale studies are 

needed. In fact, new tools to display high-density EEG in source space in real time, would 

allow clinicians to interpret posturography in more depth [265]. Structural imaging 
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methods such as Diffusion Tensor imaging to examine white matter tract integrity or MRI 

for structural alterations could also be used alongside EEG for a more detailed appraisal of 

brain health.  

An alternative avenue of exploration may be to investigate the temporal discrimination 

threshold (TDT) in Premutation carriers. TDT is a well-established endophenotype of 

several movement disorders including Dystonia, Parkinson’s Disease, and Multisystem 

Atrophy, and has been linked with abnormalities in the putamen, a structure within the 

Striatum involved movement regulation [266, 267]. The putamen and striatum have been 

found to be compromised in males with FXTAS due to abnormal iron deposition and [268] 

as well as atrophy and deformation [62]. Therefore, it may be of interest to investigate 

potential TDT in Premutation Carriers both with and without FXTAS to explore the 

possibility of altered temporal discrimination or novel endophenotypes of FXTAS. 

 

 Conclusion 
The Fragile X Premutation is a complex emerging area of research. The intricate 

interactions of cognitive, motor and neural networks, and the impact of the Fragile X 

Premutation on these networks are only beginning to be explored. The research studies 

undertaken were paramount in addressing vital research questions posed in Chapter 2. 

Objective measures of motor functioning and cognition, as well as the neural mechanisms 

which link them have offered insight into the pathomechanisms of the premutation and 

provided preliminary evidence of disruption in neural activity which possibly contributes 

to the behavioural phenotype associated with the premutation. However, transparency and 

replicability of studies remain a priority in the research of emerging neurodegenerative 

conditions such as FXTAS. The studies reported in this thesis are some of the first to 

provide evidence for neural disruption of motor regulatory circuitry in Fragile X 

Premutation Carriers. The main findings from the experiments undertaken as part of this 

research indicated altered neural mechanism in Premutation Carriers which may underpin 

deficits in stability and strongly advocate the need for large scale longitudinal sties to track 

changes in cognitive and motor profiles and their relation to neural mechanisms in 

Premutation Carriers, both with and without the manifestation of FXTAS.  
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Appendices 

Appendix A: Forceplate Validation Study 
 

Objective 
Calibration of recording equipment is a vital step of any scientific protocol to ensure 

accuracy and quality of data acquired across participants and recording sessions. To ensure 

validity and precision of data collected by the Biosingals Plux Force platform over time, a 

calibration protocol was established, and a validations study was conducted.  

 

Methods 

The calibration protocol involved recording raw data while four known weights (5kg, 10kg, 

15kg, and 19.5kg) were placed on each of the sensors in turn, and in the centre of the 

forceplate. Fifteen seconds of data were recorded at a sampling rate of 1000Hz. Data were 

recorded from the forceplate prior to the administration of additional weight to determine 

the tare value associated with each sensor. Data output from each channel (minus the tare 

value) with each weight increment was then converted to Mass using the formula below, 

specified by the manufacturer, where the operating voltage (Vcc) = 3 and sensory gain 

resistance (RG) = 203.83!. ACD refers to the value sampled from the channel and nbits 

indicates the number of bits of the channel and VFS refers to the output voltage at 200Kg 

which is specific to each load cell of the forceplate . Regression analysis was performed to 

ensure that for each sensor the relationship between an increase in load and absolute value 

recorded was linear. 
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Results 

Force platform output was converted to mass (Kg) to ensure accurate recording (see Table 

A.1 below). The weight recorded by the forceplate was accurate and consistent across 

channels and weights with standard deviation in channel recordings remained consistent at 

between 0.53kg and 0.6Kg except for channel 1 which exhibited on average a lower 

standard deviation which ranged between 0.14-0.2 Kg. Linear regression (R2) is a measure 

of how well a model can predict the data, with R2 values falling between 0 and 1. The 

higher the value, the better the model is at predicting data. The results of the analysis are 

outlined in Table A.2 below. The linear regression for each sensor exceeded R2 =0.98 for 

each channel when weight was applied directly above the sensor. When the weight was 

applied to the centre of the forceplate in increasing increments, the R2 > 0.99 for channels 

1 2 and 4 while Channel 3 showed R2 = 0.792.  

 

Conclusions 

The results of this study indicated a high degree of accuracy in the recording of data using 

the Biosingals Plux forceplate . When forceplate data were converted to weight, the results 

were accurate. While the standard deviation of 0.5kg may seem rather large, it has 

frequently been reported that measurement accuracy increases with load, particularly over 

30Kg. The strong linear relationship between weight applied and the force plate output, 

combined with the accurate reporting of the weights once converted to Kg suggests the 

Biosingals Plux forceplate provides accurate measures and would be a suitable tool for 

assessing standing balance.  

 

( 1) 
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Table A.1 Conversion of forceplate samples to weight (Kg) 
 

Weight (Kg) Channel 1 Channel 2 Channel 3 Channel 4 Centre 
5 Kg 5.29 (0.2) 4.94 (0.53) 5.0 (0.57) 4.97 (0.54) 4.95 (0.56) 
10 Kg 10.4 (0.19) 9.3 (0.55) 10.3 (0.59) 9.9 (0.54) 9.96 (0.52) 
15 Kg  15.5 (0.15) 14.1 (0.56) 15.4 (0.58) 15.1 (0.55) 14.95 (0.56) 
19.5 Kg.  20.09 (0.14) 19.54 (0.58) 20.11 (0.6) 19.6 (0.56) 19.45 (0.54) 

Values presented as Mean (Standard deviation) 

 

Table A.2 Results of Linear Regression analysis. 
 

R2 value Channel 1 Channel 2 Channel 3 Channel 4 
Channel 1 0.999 0.956 0.031 0.876 
Channel 2 0.945 0.993 0.484 0.932 
Channel 3 0.006 0.834 0.989 0.903 
Channel 4 0.971 0.742 0.472 0.999 

Centre 0.995 0.991 0.792 0.994 
Bold denotes that the weight was applied directly above this channel’s sensor. 

 

 

 

  

 
Figure. A.1 Linear regression of Force platform sensors with weights applied. 

 Panels A and B display results of linear regression when four increasing weights were applied to channel 
1 (top left sensor) and channel 2 (top right sensor), while C and D show results for channel 4 (bottom left 

sensor) and channel 3 (bottom right sensor), respectively 
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Appendix B: Test/Retest reliability of Centre of Pressure 

measures during static balance. 
 

Introduction and Objective 

Force plate posturography is a common method used to measure postural instability in 

numerous clinical cohorts. Sway characteristics such as the speed of sway (velocity), area 

of sway (as measured by confidence ellipse) and sway path length, as widely used and 

easily interpretable outcome measures of force plate based assessments. Variability in such 

parameters caused by measurement inconsistencies, however, can negatively impact or 

skew results, subsequently invalidating findings. Therefore, the reliability of centre of 

pressure (COP) measures recorded by the forceplate  is paramount. This study aims to 

assess the test-retest reliability of COP parameters using the Biosignals Plux.  

 

Methods 

Participants 

Ten young, injury-free subjects (5 male and 5 female) were tested on two separate 

occasions, within a 4-day period, no less than 48 hours apart. See Table B.1 below. No 

participants reported lower extremity pain or injury or history of neurological conditions 

that would affect balance.  

Data Acquisition 

On both testing occasions, participants were asked to perform two standing tasks on the 

forceplate (Biosignals Plux, Portugal, 2017), which measures 450x450mm and was surface 

mounted on the laboratory floor. Participants stood in a comfortable bilateral stance looking 

straight ahead at a visual reference presented on a wall 1.5 meters from the platform. The 

balance test involved standing with eyes open, and eyes closed. The order remained 

consistent throughout testing. Data were recorded for three 30 second trials for each 
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condition. Each participant was instructed to stay as steady as possible for the duration of 

the trials and encouraged to take a rest between trials.  

Data analysis  

Custom made Matlab (Matlab R2013b, Mathworks) scripts were used to prepare the data 

for analysis in the following manner. Data were sampled from the force plate at a rate of 

1000Hz. The time series was then downsampled to 50Hz [158] and a 4th order low-pass 

Butterworth filter with a cut of frequency of 10Hz was applied to remove measurement 

noise. Total path length was used as the outcome measure in this study, as it is known to 

be a reliable and valid measure of balance [158, 269]. To reduce the potential for outlying 

data the median of the three trials was taken as the outcome measure for each task on each 

test occasion. 

Statistical Analysis 

A random effect, single measure Intraclass correlation coefficient (ICC) model was used to 

assess the reliability of the forceplate . Standard Error of the measurement (SEM) and 

Minimum Detectable Change values (MDC), otherwise known as the reliable change index 

score, were also calculated to evaluate test-retest reliability and measurement error over the 

two testing occasions. ICC estimates were interpreted as poor (0-0.39), moderate (0.4-0.74) 

and excellent (0.75-1) [270]. The MDC was calculated as per the formula outlined in 

Jacobson and Truax [271]. MCD can be interpreted as the magnitude of change below 

which there is more than a 95% chance that no real change has occurred. Bland and Altman 

plots were constructed that show the difference between the COP measures between the 

two sessions against their mean [272]. 

 

Results and Conclusions 

One participant was unable to complete the second round of testing, therefore statistical 

analysis was conducted on the 9 remaining participants. Demographic information 

regarding participants is shown in Table B.1. Results of both eyes open and eyes closed 

tests are provided in Table B.2. The device showed excellent test-retest reliability for the 

EO( ICC= 0.860), and during EC condition (ICC= 0.961). MDC values for both conditions 
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were large (33.096-72.019%), indicating low magnitude in standing balance may not be 

statistically detected by the force plate. Bland Altman plots are displayed in Figure B.1. 

Concurrent validity was shown to be consistently good across balance tasks and recording 

sessions.  

Table B.1 Participant Information. 
 

   

Table B.2 Reliability analysis of COP Path Length (mm). 
 

 EO EC 
Path length (mm)   Day 1 19.34 (5.953) 27.85 (9.348) 
Path length (mm)   Day 2 18.09 (3.743) 24.76 (5.024) 

ICC (95% CI) 0.860 (0.349, 0.969) 0.961(0.826, 0.991) 
SEM 33.096 69.44 

MDC (%) 34.355 72.019 
ICC: Intraclass correlation coefficient; SEM: Standard error of the measurement; MDC: minimum 
detectable change, expressed as a % of the Day 1 mean value.  

 

  

 Male (n = 5) Females (n =4) Total (n = 9) 
Age years 34 (10.59) 26.2(1.7) 30.3 (8.7) 

Height (cm) 184 (5.4) 166.5 (10.8) 176.2 (11.97) 
Weight (Kg) 91.7(13.5) 64.5(11.4) 79.6 (18.5) 

(a) (b) 

Figure B.1 Bland-Altman plot representing agreement of measurements of recordings. 
The left panel denotes the difference Sway path length during the eyes-open condition while the graph on the 

right illustrates the eyes-closed condition. The mean line represents the mean difference between 
measurements while the upper and lower lines indicate the limits of agreement (95% confidence level). 
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Appendix C: Validation of the application of the 

Continuous Wavelet Transform. 

 

Objective 

To validate the implementation of the continuous wavelet transform (CWT) in assessing 

changes in frequencies at various stages of dynamic postural control, synthesized data with 

known frequency dynamics was passed through the CWT function. 

 

Methods 

A synthesized signal was created by generating a sine wave with a frequency of 25Hz. To 

accurately represent the EEG data, parameters were set to reflect those of the EEG data, for 

example, the sample rate was set at 256Hz and the sample duration was kept to 2 seconds. 

See Figure C.1. 

The CWT function was implemented using the Wavelet toolbox, MATLAB R2018b.The 

wavelet family used for analyses was the Morlet wavelet. Parameters of the CWT function 

included the frequency limits, and the number of Voices per Octave. Frequency limits were 

set to include those of physiological interest, between 1-40Hz and the number of voices 

were set to 48 to improve resolution. The CWT function was implemented and used to 

compute the time-frequency energy of the synthesized signal within the 2000ms epoch. The 

power within two distinct frequency bands (25-26Hz and 6-7Hz) were then calculated and 

compared.  
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Figure C.1 Visualization of the Sinusoid with a constant frequency of 25Hz. 

 

Results 

The absolute values of the wavelet coefficients were plotted, and the clusters of dominant 

energy distribution were noted. As illustrated in Figure C.2, a strong band of activity is 

evident at 25Hz. Indicating the successful implementation of the Continuous wavelet 

function. The power of the of the 25Hz frequency band was also significantly higher 

(0.965) when compared to the lower 6Hz frequency band (0.01), reflecting the increase in 

activity within the 25Hz frequency range. 

 

 

  

Figure C.2 Continuous Wavelet Transform Scalogram. 
 The scalogram is the absolute value of the CWT plotted as a function of time and frequency. The 25Hz 

signal is clearly visible in yellow. 
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Appendix D: Validation of EEG processing pipeline for 

Movement-Related Cortical Potentials. 

 

Objective 

To validate the implementation of the EEG pipeline in the assessment of Movement Related 

Cortical Potentials (MRCPs), such as the Bereitschaftspotential, a simplified experimental 

paradigm was conducted to minimize confounding variables or movement related artifacts.  

 

Methods 

Procedure  

The subject sat in a comfortable chair with their dominant arm (right) was placed at 

approximately 90 degrees elbow flexion in a custom build armrest, mounted on the table. 

The height-adjustable chair was set so that the forearm of the subject was comfortably 

supported parallel to the coronal plane and slightly in front of the subject. The armrest 

comfortably maintained the subject’s forearm in a neutral position with fingers relaxed. 

The subject was asked to minimize wrist and hand movements for the duration of each trial. 

In this posture, the biceps brachii operates as prime supinator. The non-dominant arm rested 

on the subjects lap comfortably and relaxed.  

The subject was asked to perform a brief isometric contraction of the biceps brachii in time 

with an on-screen prompt. They were given 3s to do so, this was followed by a 2s rest 

period where the arm returned to a relaxed position before being prompted to contract the 

arm again. This was repeated 20 times per block and four blocks were conducted in total.  
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This procedure then repeated with the EMG electrodes placed on the gastrocnemius and 

tibialis anterior. While the subject was seated comfortably in a chair with both feet firmly 

on the floor, they were asked to point their toes towards the ceiling while pushing the heel 

down toward the floor, to mimic the motion made during leaning. Again, this movement 

was repeated 20 times per block with four blocks conducted.  

EMG acquisition and processing 

Bipolar EMG activity was recorded using surface electrodes placed on the Biceps brachii 

and Triceps, as well as the gastrocnemius and tibialis anterior. A reference electrode was 

placed on the bony extrusion of the elbow during the upper limb trials and the lateral 

malleolus during lower limb trials. Data were recorded at a rate of 1000Hz using the 

Bioradio (Great Lakes NeuroTechnologies, Ohio, USA). Offline, EMG data were bandpass 

filtered (15-150Hz) using a 10th order digital filter, and then downsampled to 256Hz, as 

described in paragraph 6.2.5 Chapter 6 

EEG acquisition and processing 

EEG data were collected using the 128-channel Biosemi Active two set up. Data were 

processed offline at 256Hz, bandpass filtered between 0.1-40Hz, ICA was used to identify 

artefacts and ADJUST was used to remove ocular and movement-related artifacts (REF). 

See Chapter 5, paragraph 5.2.3 for detailed steps of EEG pre-processing.  

To assess MRCPs, ERPlab, a plugin for EEG lab was used. Events were marked in the data, 

corresponding to the onset of muscle activation. Bin-based epochs were created 2000ms 

before onset and 300ms after onset and averaged across trials. The Bereitschafts potential 

was measured as the mean negativity between 600 and 500ms before sway initiation, Motor 

Potential occurs between -100ms to the time of EMG activation, and Movement Monitoring 

Potential, measured as the mean negativity from EMG onset to 500ms of sway. See Chapter 

6, Section 6.2.8 for more detail.  
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Results 

Biceps Brachii 

During the contraction of the right Biceps Brachii, the mean amplitude of the Bereischafts 

potential was greatest in Central regions particularly on the contralateral side of the arm 

movement (C1: -1.35V, Cz -0.75, C2: -0.51) and by Centroparietal regions (CP1: -0.77 

CPz:-1.06 CP2: -1.09)were also and then fronto-central regions (FC1: -0.22 FCz: -0.72 

FC2: 0.06). The late phase Motor Potential was greatest in centroparietal regions (-3.34V), 

peaking at CP1 with mean amplitude measured as -4.17V. followed by central regions (-

2.32V) and then fronto-central regions (-0.28V). Finally, the movement-related cortical 

potential was most pronounced in Central parietal regions, followed by (-0.45V), followed 

by Central regions (1.03V) and fronto-central regions (2.73V). See Figure D.1 below. 

. 

Gastrocnemius 

Contraction of the right gastrocnemius was accompanied by mean negativity in central 

regions and which peaked at Cz ( -1.38). followed by centroparietal regions ( -0.76) and 

frontocentral regions (-0.48), at the early phase of the Berietschaftspotential. The motor 

potential again peaked in central regions (-4.7V) followed by centroparietal (3.67V) and 

Figure D.1 Motor related Cortical Potential surrounding contraction of Biceps Brachii. 
 Illustration of the Bereitschaftspotential averaged across trials, over frontocentral (FC), central (C) and 

centro-parietal (CP) regions. The X-axis depicts time in ms, the Y-axis denotes voltage. 
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frontoparietal (1.32). A similar pattern was observed for the Movement Monitoring 

Potential (Central: -1.5V Centroparietal: -2.4 Frontocentral: 0.67). See Figure D.2 and 

Figure. D.3 below.  

 

 

Conclusion 

These results are in line with previous studies examining movement-related cortical 

potentials (REF) in healthy participants, therefore suggesting out preprocessing pipeline is 

sufficient to accurately detect MRCPs [273, 274].  

Figure D.2 Motor Related Cortical Potential surrounding contraction of the Gastrocnemius.  
Illustration of the Bereitschaftspotential averaged across trials, over frontocentral (FC), central (C) and 

centro-parietal (CP) regions. Amplitude was greatest at Cz and decreases with distance from Cz 

Figure D.3 Scalp maps illustrating the topographic distribution of neural activity during voluntary muscle 
contraction of the gastrocnemius.  

Neural activation at time 0 as muscle was contracted, 100ms and 200ms post muscle activation. 
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and Journal submissions. 
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