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A summary of the thesis

Cognitive impairment (Cl) affects up to  65% o f m ultip le sclerosis (MS) patients and can occur 

in the absence o f physical disability (Hoffmann, Tittgemeyer, & von Cramon, 2007). MS is the 

most common chronic inflam m atory demyelinating disease affecting the central nervous 

system among young adults in Western countries leading to severe disability, as there is no 

cure (Filippi, 2011). During early disease course, 85% o f MS patients present w ith  alternating 

periods o f incapacitating relapses and stable remissions (relapsing-rem itting MS, RRMS). This 

later develops into the secondary-progressive (SPMS) phase, characterised by less relapses but 

increasing disability. A m inority (15%) o f patients have a progressive accumulation of disability 

w ithou t relapses (primary-progressive, PPMS)(Rejdak, Jackson, & Giovannoni, 2010). Cl in MS 

occurs most often fo r inform ation processing speed, attention and working memory (Rogers & 

Panegyres, 2007). Cl in MS is to  some degree related to concurrent brain changes such as 

lesions (R. H. Benedict & Zivadinov, 2011). Cl may significantly lim it the independence and 

quality o f life of MS patients (Amato, et al., 1995). Thus it is crucial to create innovative 

methods to  support the early detection, effic ient m onitoring and treatm ent o f the Cl in MS.

Electroencephalography (EEG) records the ongoing electrical voltage changes on the scalp 

caused by m ultip le underlying neuronal network interactions. The P3b event-related 

potentials (ERPs) are averaged responses o f the brain to  detect improbable events in a tra in  of 

frequent stim uli. Another P3 ERP, the P3a, is elicited by unexpected events in the tra in  of 

attended frequent and infrequent stim uli. The P3 ERPs index inform ation processing speed, 

attention and working memory, the cognitive areas most affected in MS (Leocani, Gonzalez- 

Rosa, & Comi, 2010; Polich, 2007). The P3 ERPs are favourable auxiliary measures compared 

w ith  the gold standard neuropsychological (NP) examination and magnetic resonance imaging 

(MRI), to  detect and m onitor cognitive and brain function in MS. The advantages o f cognitive- 

indexing electrophysiological measures include high temporal resolution, objectiveness, cost- 

effectiveness, easy adm inistration, portability. In addition, they have the added benefit o f not 

being affected by practice effects, education, or physical disability. P3 ERP activities are 

typically reported as the size and tim ing of the brain's response (i.e. amplitude and latency), or 

as frequency ranges o f electrical oscillations; such as theta  (4-8 Hz) and alpha  (8-13 Hz) 

(Polich, 2007). Most previous research has found prolonged P3 ERP latencies and reduced P3 

ERP amplitudes in MS (Magnano, Aiello, & Piras, 2006), however, longitudinal research is 

scarce (e.g. Pokryszko-Dragan, et al., 2009). These findings are inconclusive due to numerous 

methodological lim itations.



The m ain focus o f this thesis is to  test th e  hypotheses th a t MS patients, particularly  

progressive MS patients, show  delayed P3 ERP latencies, decreased P3 ERP am plitudes and 

reduced source activities both  cross-sectionally, and th a t these changes would becom e  

greater over the 24 -m o n th  fo llo w -u p  period. The changes in P3 ERP activites are hypothesized  

to  be associated to  poor neuropsychological perform ance and pathological brain changes. In 

o rd er to  probe visual function in MS, an o ther aim  was to  exam ine the u tility  o f a novel 

m ethod . Visual Evoked Spread Spectrum  Analysis (VESPA) (Lalor, Pearlm utter, Reilly, McDarby, 

&  Foxe, 2006 ). MS patients and healthy controls participated in the study once a year over a 3 - 

year period. Each year th ey  com pleted high-density EEG session comprising o f visual and 

auditory P3b and P3a ERP tasks and VESPA, which was co m plem ented  w ith  a physical 

exam ination  and th e  Paced A uditory Serial Addition  Test (PASAT, a d ifficu lt task on attention  

and w orking m em o ry) (Tom baugh, 2006). One baseline study also included MR! and a 

com prehensive NP test battery.

The cross-sectional studies revealed MS patients to  have m ore delayed latencies and reduced  

am plitudes in th e  visual m odality  in both th e  early sensory and cognitive-indexing late P3b 

com ponents. Similarly, MS patients showed delayed P3a latencies, reduced P3a am plitudes  

and atypical topographical d istribution o f the activations. PASAT score correlated w ith  auditory  

P3b latency and visual P3a am plitude. RRMS and SPMS patients d iffered In visual P3a latency, 

and PPMS patients had decreased P3b am plitudes com pared to  SPMS. In addition, genetic  

factors w ere  shown to  be related to  Cl in MS. M oreover, th e  source P3 EEG activities in MS 

patients showed a w idespread  decrease in P 3b-re lated theta  power, and a g reater reduction in 

alpha pow er at posterior sites. The MS patients w ith  Cl presented w ith  sim ilar theta  pow er  

reduction. The subsequent studies investigated the P3 ERPs longitudinally. The visual P3b and 

P3a am plitudes and aud itory P3a am plitude showed g rea ter decrease over th e  12-m onth  

period in MS. Similarly visual P3b latencies o f MS patients increased gradually over th e  24- 

m onth  period. The 12 -m o nth  change in th e  P3a ERPs was associated w ith  the change in PASAT 

score. M u ltim o d a l baseline analysis revealed the NP tests m easuring inform ation processing 

speed, a tten tio n  and w orking  m em ory to  be associated w ith  th e  visual P3 latencies. The visual 

P3a latencies and am plitudes w ere re lated to  lesion loads in w idespread brain regions. The  

VESPA PlOO latency was delayed in MS over th e  24 -m o nth  period. In conclusion, the cognitive- 

indexing electrophysiological measures o ffer com plem entary in form ation  on th e  brain  

functions re lated  to  cognitive function in MS, not available in the MRI and NP The VESPA 

m ethod was d eem ed  a reproducible m easure to  probe visual dysfunction in MS. The  

electrophysiological m easures have u tility  in clinical research, and potential fo r use in clinical 

practice.
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Chapter 1 - Introduction

M ultip le  sclerosis (MS) is the most common chronic inflam m atory demyelinating disease 

affecting the central nervous system of young adults In Western countries. In most cases it 

leads to severe and irreversible clinical disability (Filippi & Rocca, 2011; Rejdak, Jackson, & 

Giovannoni, 2010). Globally 1.3 people are estimated to  be affected by MS, (WHO, 2008) 

w hilst more than 7000 people live w ith  MS in Ireland. MS was estimated to  cost the Irish state 

over €65 m illion in 2004 (McHugh, 2007). MS is a complex disorder w ith  variable symptoms 

and pathological heterogeneity. The disease is thought to  act on genetically susceptible 

individuals who have been exposed to  a set o f environmental factors, which triggers an 

autoim m une attack on the myelin sheath o f central nervous system axons. Some studies also 

suggest MS represents a prim ary neurodegenerative disease due to  the failure o f anti­

inflam m atory strategies to  prevent disease progression (Rejdak, Jackson, & Giovannoni, 2010).

Earliest descriptions o f this debilitating condition focused on the apparent and predom inant 

physical symptoms (Rejdak, Jackson, & Giovannoni, 2010). For decades, these symptoms have 

defined the nature o f MS but in recent years, there has been an increased interest in the 

possible cognitive disturbances particularly in relation to  attention and memory. The cognitive 

dysfunction present in the relatively large proportion o f MS cases (up to  65%) is not always 

recognised by practicing clinical professionals. Hence, more in depth research needs to  be 

conducted, w ith  the results communicated to  clinical professionals and the w ider population. 

Often the impact o f cognitive difficulties on everyday life can be hard to  see at first, but these 

deficits become more evident in the later stages o f the disease. In particular, individuals w ith 

MS may have d ifficu lty  concentrating, remembering im portant inform ation and making 

decisions. Nevertheless, these subtle cognitive impairments can significantly lim it the 

independence and quality of life fo r those suffering from  MS. For example individuals w ith  MS 

may be forced to  leave fu ll-tim e employm ent as most modern jobs present significant 

challenges on cognitive processes. MS may also have an adverse impact on the ir social life and 

mental health. In economical terms, the exclusion of young individuals from  the w ork force 

adds indirectly to  the costs o f MS for the state. This is unfortunate as it may be possible to  

maintain a career w ith  MS, allowing fo r m inor adjustments to  work conditions and w ith 

appropriate treatm ent. The issue w ill become more urgent in the fu ture  as the incidence of 

MS is expected to  increase (Koutsouraki, Costa, & Baloyannis, 2010). Therefore, it is crucial to 

detect cognitive dysfunctions at an early stage, when it is still possible to a ttem p t to  treat 

these deficits and to  help MS patients to  better manage the ir life. An increased understanding 

o f cognitive functions in MS through scientific research, w ill allow earlier detection and



m onito ring  of cognitive deficits,  w ith  th e  potentia l for im proved t r e a tm e n t  op tions .  It also 

offers MS p a t ien ts  m o re  op tions  to  plan for th e  fu tu re  and  seek  a p p ro p r ia te  t r e a tm e n t  

op tions ,  as th e y  are  aw a re  of th e  effects of MS on  th e i r  cognitive functions. It is h o p e d  th a t  

ac tive multidisciplinary know ledge tran s fe r  w ou ld  c re a te  innovative m e th o d s  and  techno logy  

to  provide w ays to  d iagnose,  m on ito r  and  t r e a t  th e  cognitive dysfunction in MS. This w ould  

assist in d e p e n d e n t  living, and  e n s u re  a b e t t e r  quality  of life, a p p ro p r ia te  t r e a tm e n t  and  

su p p o r t  for  MS pat ien ts .

Cognitive functions a re  com m only  d e te c te d  with neuropsychological exam ina tion ,  which 

involves perform ing  n u m e ro u s  te s ts  th a t  p re se n t  challenges to  various cognitive areas .  The 

s u b s e q u e n t  t e s t  scores  a re  th e n  co m p ared  to  th e  no rm at ive  d a ta  available. T hese  

neuropsychological t e s t  results  to g e th e r  with  behavioural obse rva tions  a re  utilised in o rd e r  to  

ob ta in  a co m p re h en s iv e  acco u n t  of a pa t ien t 's  cognitive functioning. The neuropsychological 

exam ina tion  is t h e  gold s tandard  used  to  d e te c t  and m on ito r  cognitive functions. H ow ever  

th e s e  m e a su re s  a re  limited by various interfering factors. Due to  th e  prac tice  effects  in h e re n t  

in m os t  neuropsychological tes ts ,  they  can be reliably re p e a te d  only a t  certain  intervals, 

typically o n e  year  a p a r t  from each  other. They also risk being influenced by subjective factors, 

as th e  expe r ience  and  skills of th e  individual perform ing th e  te s ts  may affect th e  results. This is 

n o t  an  issue w h e n  fully tra ined and  professional clinical neuropsychologists  w ho  have th e  

necessa ry  skillset and  un d e rs ta n d in g  of th e  p ro p e r t ie s  and  lim itations of th e  psychom etrics  

underly ing th e  te s ts  to  co n d u c t  th e  neuropsychological a s se ssm en t .  However, th e s e  in-person 

sess ions  a re  t im e-consum ing  and expensive and  thus,  th e y  should  only be re se rved  for 

pa t ien ts  in n ee d  of a co m p re h en s iv e  neuropsychological a s se ssm en t .  N evertheless ,  th is  issue 

has  so m e t im e s  led to  o ther,  non - tra ined  clinical personne l with  limited know ledge  of  th e  

na tu re  of neuropsychological a s se s s m e n t  conducting  th e s e  tests .  Hence, th e  results  m ay no t 

be  a t ru e  reflection of  th e  person 's  cognitive level. F u rthe rm ore ,  t h e  neuropsychological tasks 

can be affec ted  by th e  m en ta l  s ta te  of th e  subject ,  as depress ion ,  anxiety and  fa tigue have  all 

b e e n  re p o r te d  to  affect th e  cognitive p e r fo rm ance  of MS p a t ien ts  (Arnett, e t  al., 1999; 

D em aree ,  Gaudino, & DeLuca, 2003; Diamond, Johnson ,  Kaufman, & Graves, 2008; Gilchrist & 

Creed, 1994; Litvan, e t  al., 1988; Thorn ton  & Raz, 1997). The p e r fo rm a n c e  in 

neuropsychological t e s ts  can also  be affected  by dem o g ra p h ic  factors such as age  and  

educa t ion ,  and  by physical disability such as dysfunctions in speech  and  m o to r  abilities 

(M agnano , e t  al., 2006). A no ther  limitation is th e  loss of d a ta  d ue  to  th e  sub jec t 's  re luc tance  

to  co m p le te  th e  challenging tasks (Tombaugh, 2006). Furthe rm ore ,  th e  neuropsychological 

a s s e s s m e n t  d o e s  n o t  provide inform ation on th e  underly ing brain activations and  th e re fo re  

t h e  results  need  to  b e  exam ined  in adjunction with  neurological a n d /o r  brain imaging results.
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Electroencephalography (EEG) is a measure o f electrical changes in the brain, which present as 

spikes tha t are transient and seemingly random events and rhythms (Kaiser, 2005). The 

measured electrophysiological activities can be associated w ith  cognitive functions when the 

subject performs a cognitively demanding task during the EEG recording. The resulting task 

related electrophysiological activities are called the event-related potentials (Polich, 2007). 

There is a need to  complem ent the inform ation obtained from  the conventional 

neuropsychological examination, due to  its lim itations listed earlier in the chapter. Including 

cognitive-indexing electrophysiological measures to  the assessment procedure o f Cl in MS 

would provide a comprehensive picture o f the cognitive difficulties and the ir underlying brain 

functions. Moreover, MS patients often decline to  perform some o f the most challenging 

neuropsychological tasks causing them  distress, or are unable to  complete them due to hand 

m ovem ent and/or speech impairments. Therefore, the electrophysiological measures may 

provide a means to o ffe r additional inform ation on the brain functions related to  cognitive 

im pairm ent in MS in a more objective, reliable and stress-free manner.

W ith  the anticipated fu ture  advances in electrophysiological technologies, the EEG methods 

have the potentia l to  be adapted as part of the clinical practices. Similar to the present EEG 

methods tha t are w idely utilised to determ ine the nature of epileptic seizures, sleep disorders 

and visual dysfunction. Conventionally utilised event-related potential measures, comprise of 

numerous challenges, including, most im portantly, the lim ited coverage of the scalp area and 

outdated signal processing methods. In the present research project high-density EEG array 

w ith  electrode coverage over the entire scalp area is employed, which enables the utilisation 

o f highly sophisticated EEG data analysis methods. Thus, this provides a more thorough insight 

into the electrophysiological responses related to  cognitive functions in MS over previous 

research in this area. The main aim o f this research is to  determ ine if electrophysiological 

measures have the potentia l to  serve as objective, sensitive and reliable ways to measure and 

m on itor brain activations related to  cognitive functions in MS.

Despite the recent enthusiasm over brain imaging technologies, such as functional magnetic 

resonance imaging (fMRI) and positron emission tomography (PET), offering high spatial 

resolution and the ab ility  to  detect cellular activity in subcortical structures of the brain, EEG 

measures still have various insuperable advantages. Most importantly, EEG provides higher 

temporal resolution than brain imaging methods. Furthermore, EEG is a reflection o f the 

summation o f cortical postsynaptic potentials and signal conduction along the axons, which 

are expected to be adversely affected in MS due to  demyelination. Yet recent brain imaging 

methods merely measure the cell metabolism o f neurons (blood flow, blood volume,
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oxygenation) (Kaiser, 2005). In addition to  these benefits, EEG technology also offers 

psychological and physical convenience. It is less expensive and portable in comparison to  

o ther neuroimaging methods, and has a long history o f investigation spanning over 80 years 

(M ille tt, 2001). Measuring EEG involves wearing a simple cap or string o f electrodes and it is 

the preferred method fo r young children along w ith  neurological and psychiatric populations. 

On the o ther hand, these novel methods proposed in the present research require 

considerable computational power, skilled staff to  analyse the acquired data and the high- 

density EEG can take from  30 - 60 m inutes to  set-up. It is anticipated tha t these obstacles w ill 

be reduced as new, more advanced technology, an increase in computational power, and user- 

interfaces designed fo r clinical environments, are developed and become available. 

Furthermore, the fu ture  o f EEG looks promising as advances in te lem etry and dry electrodes 

have the potential to  e lim inate the inconveniences related to  measuring EEG. When 

considering the cost, EEG equipm ent is significantly more affordable than brain imaging 

technologies. In recent years, simultaneous EEG and fMRI (co-registration) has enjoyed 

popularity as it can combine the strengths o f both approaches. However at the m om ent it is 

still not yet economically viable for clinical research and/or clinical practice.

There is also a demand fo r systematic, thorough studies which utilise large, representative 

groups and novel methods, to  investigate the different aspects o f cognitive functions in MS 

and its relationship to  the brain function or dysfunction, which is not common in the research 

o f MS or several neurodegenerative conditions. Therefore, the main impact o f this research is 

to  provide insight and novel inform ation about the brain functions related to cognitive 

processing in MS both cross-sectional and longitudinal study design, and to  find associations 

between the different measures o f cognitive and brain functions. As the emergence o f a 

unified cognitive m om ent relies on the coordination of scattered mosaics o f functionally 

specialized brain regions (Varela, Lachaux, Rodriguez, & M artinerie , 2001), this research aims 

to  locate and match these pieces together in MS by using the electrophysiological, brain 

imaging and neuropsychological measurements. It is hoped these methods and the 

inform ation they provide could be applied in the study o f o ther neurological conditions.

One o f the main objectives o f this thesis is to  determ ine if the proposed novel 

electrophysiological methods can be applied as potential tools to  detect and m onitor the 

changes associated w ith  the dysfunctions in cognitive and brain functions in general. The 

realisation th a t MS patients often present w ith  cognitive deficits is a relatively new approach 

in the study o f MS. Furthermore, the advanced electrophysiological methods offer 

opportunities tha t are likely to  interest key professionals in clinical settings. The cognitive-
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indexing electrophysiological measures are not routinely conducted in clinical settings. Hence 

as the methods become more fine-tuned and advanced, there is a potential fo r trained 

technicians to  conduct the tests, as part o f the clinical practice. This w ill add essential 

inform ation on the brain and cognitive functioning to  the clinical profile o f each MS patient. 

These electrophysiological measures can potentia lly act as screening tests fo r cognitive 

function tha t direct the MS patient w ith  signs o f subtle cognitive deficits to  a comprehensive 

neuropsychological assessment. They could also complement the neuropsychological findings 

and act as an objective means o f confirm ing the findings from  MS patients w ith  depression, 

m otor and speech impairments and other confounding factors interfering w ith  the 

conventional neuropsychological examinations. These cognitive-indexing electrophysiological 

measures may also provide a useful tool in clinical research, when recruiting potential study 

participants to  studies focusing on cognitive im pairm ent in MS. Moreover, they may benefit 

clinical research by stratify ing the risk in potential study candidates prior to  the ir entry into 

clinical tria ls o f drug therapies. In addition, they offer an objective way to screen subjects in 

order to reduce variab ility in trials and ultim ately decrease the size, length and cost o f clinical 

trials.

The increased understanding o f the nature o f cognitive dysfunction present in MS, and its 

progression related to  disease activity and physical disability enhances the opportunities to  

predict the progression of cognitive deficits in MS. W ith  early detection, a thorough 

understanding o f the cognitive deficits and th e ir underlying brain functions would o ffe r a 

means to  evaluate the appropriate trea tm ent option fo r each patient. Once the specific nature 

and brain functions related to  cognitive impairm ent in MS are delineated, it is possible to 

ta ilo r drug therapies to  take into account the effect that disease-modifying drugs have on 

cognitive functions. It is hoped new drug therapies can be designed to not adversely affect, 

and possibly improve, the cognitive functions in MS. In addition, neuropsychological 

rehabilitation has been proposed as an optional means to  treat the cognitive impairments in 

MS, but the research is scarce and provides contradictory evidence on its effectiveness 

(Chiaravalloti, et al., 2005; O'Brien, Chiaravalloti, Goverover, & Deluca, 2008).

The research conducted is novel and unique in many respects. Firstly, high-density EEG is 

rarely utilised in clinical research involving electrophysiological studies o f neurological 

conditions. Therefore, the previous cognitive-indexing electrophysiological studies in MS have 

lacked a thorough understanding o f the brain and subtle cognitive functions in MS and the 

specific nature of these abnormalities. More importantly, only very few  studies have 

longitudinally examined the electrical activities related to  cognitive functions in MS, spanning
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only up to  a 2-year period (Flechter, et al., 2007; Gerschlager, et al., 2000a; Pliskin, et al., 1996; 

Pokryszko-Dragan, et al., 2009). The studies conducted in this thesis employed P3b and P3a 

event-related potential (ERP) paradigms. The P3b ERPs are averaged responses of the brain to  

detect improbable events in a train o f frequent stimuli. Furthermore, the P3a is e licited by 

unexpected events in the train o f attended frequent and infrequent stimuli. The P3b and P3a 

ERPs are thought to index cognitive function (Leocani, Gonzalez-Rosa, & Comi, 2010; Polich, 

2007). These tw o cognitive-indexing electrophysiological paradigms utilised in the present 

project, serve as a new innovative way to complement the assessment o f brain and cognitive 

function in MS.

This research project involved a multiprofessional network of researchers and experienced 

clinical practitioners from  the Trinity Centre fo r Bioengineering, the Departm ent o f Neurology 

in St. Vincent's University Hospital and the University College Dublin Psychology Department, 

which made it possible to  investigate the cognitive functions in MS in a comprehensive way. 

The facilities included state-of-the-art research facilities of high-density EEG system (Biosemi) 

w ith  novel signal processing methods, a 2T MRI scanner and a comprehensive 

neuropsychological test battery tailored for the MS population.

The research conducted as part of this thesis aims to  define the nature and progression of 

brain and cognitive dysfunctions in MS. The EEG methodology has been proposed as a 

potentia l biomarker fo r diagnosis and m onitoring of cognitive and brain function in 

neurological disorders (Klassen, et al., 2011; Ziemann, Wahl, Hattingen, & Tumani, 2011). 

Previous EEG research performed in MS patients normally adopts a cross-sectional design 

(Magnano, et al., 2006). For longitudinal studies, the cognitive functions o f MS patients have 

usually included e ither neuropsychological or MRI measures, excluding electrophysiological 

methods (e.g. Camp, et al., 2005b). The focus of this research is on cognitive-indexing 

electrophysiological measures and advanced analysis methods, to  function as secondary 

outcome measures fo r detecting and m onitoring brain function related to  cognitive 

im pairm ent in MS. Previous research has found MS patients to  have delayed and reduced 

electrophysiological responses (Magnano, et a!., 2006). In addition, deficits in certain cognitive 

functions including in form ation processing speed, attention and m em ory have been found in 

MS patients (Denney, Gallagher, & Lynch, 2011; Denney, Sworowski, & Lynch, 2005; 

Lengenfelder, et al., 2006a; Parmenter, Shucard, Benedict, & Shucard, 2006; Paul, Beatty, 

Schneider, Blanco, & Hames, 1998a), o f which the P3 event-related potential tasks applied 

during the EEG recording are thought to index. The cognitive deficits have been shown to 

increase over tim e in MS patients affected by subtle cognitive disturbances, at the early stages
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o f th e  disease course (Kujala, e t al., 1997). These adverse changes are theorized  to  be caused 

by brain changes in MS, such as dem yelinating  lesions in w idespread areas of th e  cerebral 

cortex and brain, in particular the cortical atrophy (Benedict &  Zivadinov, 2011).

The present research involved various studies. The cross-sectional studies investigated the  

electrophysiological responses to  the P3 even t-re la ted  potential tasks in MS patients and in 

d iffe ren t M S subgroups, based on the disease course or th e  genotype in form ation  available. 

The influence o f genetic factors on brain and cognitive functions in M S is not conclusive yet 

and m ore candidate genotypes, such as th e  proposed O A S l genotype re lated  to  disease 

activity, need to  be tested. M oreover, th e  electrophysiological P3 activations w ere  studied at 

th e ir  estim ated  sources by using a novel EEG analysis m ethod, th e  ind ep en d en t com ponent 

clustering. The longitudinal analyses w ere  conducted w ith  th e  data acquired a t baseline, 12- 

m onths and 24-m onths. Early findings from  th e  m ultim odal analysis o f th e  EEG, MR! and 

neuropsychological data are also included. The thesis also comprises a baseline and a 3-year 

fo llo w -u p  study o f the utilisation of Visual Evoked Spread Spectrum Analysis (VESPA) to  probe  

and m o n ito r visual dysfunction, com m only observed in MS. All studies com prised a 

com parab le group of healthy volunteers, to  guarantee th a t th e  differences and changes 

observed w ere  not m erely fluctuations in th e  healthy range o f brain and cognitive functioning.

The principal objective o f the research is to  exam ine if th e  proposed electrophysiological 

m ethods can be applied as potentia l tools to  d e tec t and m on ito r the changes associated w ith  

th e  dysfunctions in cognitive and brain functions in MS. A num ber o f general hypotheses w ere  

posed based on previous research. It is hypothesized th a t MS patients (especially progressive 

M S and those w ith  O A Sl genotype related to  increased disease activ ity) have reduced and 

delayed scalp-based and source P3 EEG activations and poorer perform ance in the  

neuropsychological task th e  Paced A uditory Serial Addition Test (PASAT), com pared to  healthy  

controls. It was hypothesized th a t th e  P3 EEG activations would correlate w ith  th e  PASAT 

scores. Furtherm ore, MS patients w ere  hypothesized to  show g rea ter prolongation and 

decrease o f the P3 EEG activations, and a reduction in th e  PASAT score, com pared to  healthy  

controls over the 12 -m o nth  and 24 -m o nth  fo llo w -u p  periods. In th e  m u ltim odal investigation, 

th e  delayed and reduced P3 EEG activations w ere  hypothesized to  be associated w ith  poor 

neuropsychological test scores and increased lesion load. Finally, the VESPA-like PlOO 

com ponents w ere hypothesized to be reduced and delayed at baseline in MS patients in 

com parison to healthy controls and show gradual delay in latency and reduction in am plitud e, 

over th e  24 -m o nth  period.
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The thesis is organised into a n um ber o f chapters. Chapter 2-L iterature Review describes in 

detail the disease features and cognitive deficits o f MS. This is fo llow ed  by a description o f the  

m ethods utilised to detect and m o n ito r brain and cognitive function in MS. These include the  

conventional m ethods such as the neuropsychological exam ination, M RI and VEP, and the  

prom ising, new  m ethods including EEG, P3 ERPs and VESPA. The thesis objectives are detailed  

a t th e  end o f Chapter 2-L itera ture Review. Chapter 3-G eneral M eth o ds depicts th e  study 

procedure and measures utilised in th e  research including th e  electrophysiological m easures  

of th e  EEG, th e  PS ERP and the VESPA, in addition to th e  MRI m ethod, psychological m easures, 

clinical assessment m easures and genetic m easures. Chapter 4 - Cross-sectional P3 ERP studies  

details th e  studies exam ining th e  scalp-based and source P3b and P3a ERP activations, and the  

PASAT perform ance, a t baseline in M S patients and in d iffe ren t MS subgroups based on th e ir  

subtype, cognitive functioning or O A S l genotype. In Chapter 5 the P3 ERP activations and the  

PASAT perform ance in M S patients are exam ined over a 12-m onth  and 24 -m o n th  period. 

C hapter 6 comprises th e  cross-sectional investigation of the associations b etw een  high-density  

P3 ERP, MRI and neuropsychological perform ance. Chapter 7 delineates th e  cross-sectional 

and longitudinal analysis o f the u tility  o f the VESPA to  probe visual dysfunction in MS. C hapter 

8 discusses th e  m ain findings of th e  research in relation to  previous literature . In ad d ition , it 

considers the utility and im pact o f the electrophysiological m easures to  detect and m on ito r 

brain and cognitive function in MS and neurological conditions and fu ture  directions and 

im plications.



Chapter 2 - Literature Review

This chapter w ill provide a comprehensive overview of m ultip le  sclerosis and cognitive 

disturbances characteristic to  it. In addition, the methods utilised to  measure brain and 

cognitive function in m ultip le  sclerosis, and the main findings acquired w ith  these measures, 

are presented in detail. Firstly, the conventional measures o f neuropsychological examination, 

MR! and VEP are described, fo llowed by a depiction o f the new, innovative measures including 

the  EEG, the P3 ERPs and the VESPA. The explicit thesis objectives are detailed at the end of 

the  chapter.

2.1. Multiple sclerosis

M ultip le  sclerosis (MS) is a complex disorder w ith  pathological heterogeneity, requiring 

genetically susceptible individuals to be exposed to  a set o f environmental factors, which 

trigger an autoimmune attack on the myelin sheath o f central nervous system axons. Some 

studies suggest MS represents a prim ary neurogenerative disease due to  the fa ilure of a n ti­

inflam m atory strategies to prevent disease progression. MS is the most common inflam m atory 

demyelinating disease of the central nervous system, and the most common disabling 

neurological condition in young adults (Rejdak, et al., 2010).

2.1.1. Epidemiology, pathogenesis and etiology of multiple sclerosis

Globally, 1.3 m illion people are estimated to  be affected by MS, although the figure is believed 

to  be higher as some countries do not record data (WHO, 2008). In Ireland, more than 7,000 

people live w ith  MS, and MS has been estimated to have cost the Irish state over €65 m illion in 

2004 (McHugh 2007). The incidence o f MS has increased in recent years (Koutsouraki, et al., 

2010). Nearly 70% o f patients present w ith  symptoms between ages 20-40, and the disease 

onset rarely occurs earlier than 10 years or after 60 years of age. The average age o f onset is 

approximately 30 years (Rejdak, et al., 2010). Females are more likely to  develop MS than 

males, w ith  the female to  male ratio being around 2.0 (Pugliatti, et al., 2006). In MS, the 

median tim e to  death is approximately 30 years from  disease onset and the average reduction 

in life expectancy is nearly 10 years compared to the general population (Bronnum-Hansen, 

Koch-Henriksen, & Stenager, 2004).
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The main pathogenesis o f MS has long been thought to  be an autoimmune disorder o f the 

central nervous system by T lymphocytes auto reactive fo r myelin proteins (Hafler, et al., 2005; 

Mars, Saikali, Liblau, & Arbour, 2011; McFarland & M artin, 2007). Nevertheless, many other 

immunopathological processes also play a role. Most im portantly, these include primary 

apoptosis of oligodendrocytes (Barnett & Prineas, 2004), dysfunction o f regulatory T cells 

(Zozulya & Wiendl, 2008), or B cell mediated autoim m unity (Franciotta, Salvetti, Lolli, Serafini, 

& Aloisi, 2008; MeinI, Krumbholz, & Hohlfeld, 2006). Notably, axonal degeneration already 

occurs in the initia l stages o f MS (Ferguson, Matyszak, Esiri, & Perry, 1997; Kuhlmann, Lingfeld, 

Bitsch, Schuchardt, & Bruck, 2002; Trapp, et al., 1998) and it is regarded as the dominating 

pathologic correlate o f the irreversible, and over tim e progressive neurologic impairment in 

MS (Lassmann, 2010). Furthermore, the relationship between inflamm ation and 

neurodegeneration is intensely debated (Trapp & Nave, 2008). On one hand, it has been 

shown tha t axonal and neuronal degeneration occur predom inantly in active demyelinating 

lesions (Peterson, Bo, Mork, Chang, & Trapp, 2001) w ith  a highly significant association 

between inflam m ation and axonal injury throughout all stages o f MS (Frischer, et al., 2009). 

On the o ther hand, there is convincing evidence of immune-mediated axonal damage in the 

absence o f directly co-localized active demyelination, indicating tha t the pathogenesis of 

axonal degeneration is at least in part independent from  demyelination (Bitsch, Schuchardt, 

Bunkowski, Kuhlmann, & Bruck, 2000; DeLuca, W illiams, Evangelou, Ebers, & Esiri, 2006).

The etiology of MS needs fu rthe r clarification. The general consensus form ulated in recent 

years states tha t MS is an autoimm une disease triggered by environmental agents, which act 

in genetically susceptible people (Rejdak, et al., 2010). Therefore, the possible cause o f MS 

involves both environmental exposure and genetic susceptibility. Environmental factors 

suggested to cause MS include infections, such as Epstein-Barr virus (Levin, Munger, O'Reilly, 

Falk, & Ascherio, 2010; Levin, et al., 2003), low sunlight. Vitam in D deficiency, d iet (Ascherio, 

Munger, & Simon, 2010; Pierrot-Deseilligny & Souberbielle, 2010), smoking (Hawkes, 2007), air 

pollutants, toxins, and stress (Hernan, et al., 2005; Jafari & Hintzen, 2011; Marrie, 2004). 

Interestingly, MS prevalence varies according to  the latitude gradient; it is greatest at the 

extremes o f latitude in both northern and southern hemispheres. Furthermore, MS is more 

common in subjects w ith  Northern and Western European ancestry (Poser, 1994; Rejdak, et 

al., 2010). However, a recent meta-analysis reported a disappearance of th is latitude gradient 

(Koch-Henriksen & Sorensen, 2011).

M igration studies have shown tha t the risk of developing MS has been correlated w ith  the 

place where early life was experienced (Compston & Coles, 2008). On the other hand, there
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are ethnic groups th a t appear to be resistant to  MS in spite of living in areas of relatively high 

prevalence rate, such as Maoris in New Zealand and Samis in the Nordic countries (Pugliatti, et 

al., 2006; Rejdak, et al., 2010), indicating hereditary causes to MS. MS is 20 tim es more likely 

to  occur in first-degree relatives than in the general population. The clinical concordance rate 

in monozygotic tw ins has been estimated to  be as high as 30% relative to  rates o f less than 5% 

in dizygotic tw ins (Dyment, Ebers, & Sadovnick, 2004). Genetic factors associated w ith  

increased risk o f MS include polymorphisms in MCH class II alleles (Dyment, et al., 2004; 

International M ultip le  Sclerosis Genetics Consortium, 2007), the interleukin-7 receptor alpha 

gene (IL7RA), the interleukin-2 receptor alpha gene (IL2RA (=CD25)) (International M ultip le  

Sclerosis Genetics Consortium, 2007), apolipoprotein E (ApoE) (Kantarci, de Andrade, & 

Weinshenker, 2002), C-type lectin fam ily 16 member A (CLEC16A), SOS ribosomal protein L5 

(RPL5), EV15 locus and CD40, and rs703842 on chromosome 12 (Oksenberg, Baranzini, Sawcer, 

& Hauser, 2008).

2.1.1.1. Oligoadenylate synthetase 1 and disease activity in m ultiple sclerosis

Furthermore, oligoadenylate synthetase 1 (OASl) -genotypes have been associated w ith  the 

d ifferent levels o f disease activity in MS. A number o f MS patients in the present research 

project were tested fo r the ir OASl -genotype, which is linked to  type 1 interferons (IFNs). IFNs 

are innate immune cytokines th a t activate the JAK/Stat signalling pathway to  induction of IFN- 

stimulated genes. The 2',S' -OAS fam ily is central to the type 1 interferon (IFN) pathway for 

viruses whose replication includes production o f double-stranded RNA. One m ember o f this 

fam ily o f proteins is the OASl, which induces ribonuclease L (RNAseL), resulting in degradation 

o f viral RNA, inh ib ition o f virus replication, and prom otion o f cellu lar apoptosis (Mullan, et al., 

2005). Several OASl polymorphisms have been reported; one located at the exon 7 splice- 

acceptor site results in a lternative splicing of the OASl mRNA. The G allele conserves the 

splice site, generating a p46 enzyme isoform, whereas the A allele ablates the splice site, 

resulting in a dual-function antiv ira l/proapoptotic p48 isoform and a novel p52 isoform 

(Bonnevie-Nielsen, et al., 2005). These alleles have been linked w ith  altered enzyme activity, 

w ith  OASl enzyme activ ity varying in a dose-dependent manner across the GG, AG and AA 

genotypes, w ith  the G allele conferring high and the A allele low activity.

Differential OASl enzyme activ ity dependent on OASl genotype may determ ine, in part, the 

degree o f antiviral or proapoptotic effectiveness o f endogenous interferons, possibly 

influencing susceptibility to  MS. The GG genotype (associated w ith  higher enzyme activity) 

occurs at a lower frequency in MS patients compared to  a contro l population, while the AA



g enotype (associated w ith  low er activity o f O A S l) is ev ident a t a higher frequency in MS  

patients (M . O 'Brien, e t al., 2010). Furtherm ore, th e  patients possessing only the A allele (AA) 

have decreased O A S l disease (an ti-in flam m ato ry) activity, in com parison to  those w ith  th e  G 

alle le (AG or GG) (M . O 'Brien, e t al., 2010 ). These results em phasise the role of th e  innate  

im m u n e response in th e  etio logy of MS. Thus, th e  reduced enzym e activity (w hen O ASl 

activates RNAseL) caused by the presence o f th e  A alle le, does not effectively lead to  the  

degradation  o f RNA, and the suppression o f virus replication (M . O 'Brien, e t al., 2010 ). This 

m ay lead to  infection, and subsequently trigger an au to im m u ne cascade of events (Grigoriadis 

&  Hadjigeorgiou, 2006). It has also been speculated th a t th e  high frequency o f th e  A allele  

observed in MS patients m ay indicate a tendency for apoptosis o f an ti-in flam m ato ry  cells, 

leading to  excessive and prolonged in flam m atory responses (M . O 'Brien, e t al., 2010).

2 .1 .2 . The disease course o f m ultip le  sclerosis

There is a w id e  in te rp a tien t variability o f MS disease progression but several classifications of 

M S subtypes have been proposed, the most com m only used subtype classification was 

introduced by Lublin and Reingold (Lublin & Reingold, 1996), see Figure 2.1). At onset, 

approxim ately 85%  o f patients are categorised into the relapsing-rem itting subtype (RRMS) 

(Lublin &  Relngold, 1996; Rejdak, e t at., 2010). RRMS is defined as a disease course th a t has 

relapses requiring clinical care, which are fo llow ed by a com plete  or partial recovery, and 

periods o f stable course b etw een  th e  attacks, i.e. remission (Lublin &  Reingold, 1996). Relapse 

in M S was originally defined as a focal disturbance o f function , affecting w h ite  m a tte r tract, 

and It is thought to  last at least 24 hours, preceded by over 30 days of clinical stability  

(Schumacher, Beebe, Kibler, Kurland, Kurtzke, M cD ow ell F, e t al., 1968). Yet, m ore recently  

th ere  has been discussion into regarding a m in im um  o f 48 hours of sym ptom  duration, 

coupled w ith  changes in functional measures such as EDSS to  the defin ition  (Vollm er, 2007). 

The risk o f a clinically m anifesting relapse is significantly increased due to  Infections. There is 

som e, but not conclusive, evidence th a t live vaccination, postpartum  period o f pregnancy, and 

stressful life events also increase th e  relapse risk (Com pston &  Coles, 2008; Rejdak, e t al., 

2010).

G enerally, patients w ith  th e  RRMS disease course eventually tu rn  into the second phase o f the  

disease called the secondary-progressive stage (SPMS). SPMS patients experience progression 

o f th e  disease w ith  fe w e r relapses and less com plete recovery, resulting in accum ulating  

disability over tim e . The disease progression w ill also occur b e tw een  and w ith o u t any relapses 

(Lublin &  Reingold, 1996). At individual level, it is d ifficult to  d eterm ine  the transition  from
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RRMS to  SPMS, but it is estimated tha t the transition begins at around 40 years o f age 

(Confavreux & Vukusic, 2006). Moreover, it is anticipated that approximately 65% of the RRMS 

patients have entered the SPMS phase later than 25 years from  its onset (Runmarker & 

Andersen, 1993). Roughly 10-15% o f MS patients (Thompson, et al., 1997), who do not 

develop the RRMS disease course at onset, are classified to  have primary-progressive subtype 

(RRMS). It is characterised by a gradual, nearly continuous decline over tim e w ith  m inor 

fluctuations, but w ith  an absence of relapses (Lublin & Reingold, 1996).

In most patients (80%), clinically isolated syndrome (CIS) is the earliest indication o f MS, in 

which they present w ith  an acute episode affecting one or more sites. Moreover, other small 

subtype groups of MS have been proposed. Small numbers o f patients have benign MS, in 

which the patient remains fu lly  functional in all neurologic systems 15 years after disease 

onset (Kantarci & Weinshenker, 2005). Finally, progressive relapsing MS is the rarest subtype, 

defined as progressive disease from  onset, but w ith  distinct, acute relapses w ith  or w itho u t 

recovery (Lublin & Reingold, 1996). CIS, benign and progressive relapsing MS subtype 

classifications were not included in the present study, which focused on the most common 

subtypes; RRMS, SRMS and RRMS.

Figure 2.1. The course and disease stages o f  the most common clinical subtypes o f MS 
(adapted a fte r (Compston, & Coles, 2008; Ziemann, e t al., 2011).
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2.1.3 . Brain changes in multip le  sclerosis

Generally, brain changes due to MS are thought to be predominantly in the w hite matter, but 

small lesions are also found in the grey matter cortices and the deep grey m atter structures. 

Macroscopic lesions can be observed in the spinal cord (50%), optic nerves (25%), 

brainstem/cerebellum (20%) and periventricular white matter (5%) (Rejdak, et al., 2010); see 

Table 2.1). The lesions are the result of a focal loss of myelin, with a relative preservation of 

axons and astrocytic gliosis. The pathological features of the lesions differ, and are influenced 

by location, age and possible regeneration. Extensive cortical demyelination is typically more 

predom inant in patients with a progressive disease course (Rejdak, e t al., 2010). W hole brain 

atrophy occurs at a faster rate in untreated MS patients (decrease in brain volume 0.5-1%  per 

year) compared to healthy controls (0.1-0.3% ), with the speed of the atrophy being 

independent of disease stage (De Stefano, et a!., 2010; Filippi, et al., 2004). The brain atrophy 

measures are clinically relevant, as they are moderately associated with clinical disability 

(M iller, Barkhof, Frank, Parker, & Thompson, 2002; Minneboo, et al., 2008). However, the 

whole brain atrophy measures lack of specificity for location, and for the exact processes 

occurring in the tissue, i.e. grey m atter versus white m atter degeneration.

There is extensive evidence for grey m atter demyelination, neuronal loss and atrophy (Kidd, et 

al., 1999; Kutzelnigg, et al., 2005; Peterson, et al., 2001). Grey m atter atrophy is present in all 

MS stages and subtypes, although in the SPMS disease course atrophy rate is higher (Fisher, 

Lee, Nakamura, & Rudick, 2008; Tiberio, et al., 2005), and it is related to the level of clinical 

disability (Dalton, et al., 2004; Fisher, et al., 2008). Nevertheless, the lesion load and lesion 

volumes measured with T l-  and T2-weighted MRI are at best only modestly correlated with 

clinical disability (Brex, et al., 2002; Molyneux, et al., 1998; Sahraian, Radue, Haller, & Kappos,

2010). The weak correlation may be due to many factors, for example frequent lesion location 

in non-eloquent brain regions in MS (Ziemann, et al., 2011). Some of the new imaging 

technologies proposed for the detection and monitoring of brain changes in MS include 

contrast magnetization transfer ratio (MTR), diffusion tensor imaging (DTI), magnetic 

resonance spectroscopy (MRS) and positron emission tomography (PET) (Ziemann, et al.,

2011).
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Table 2.1. Symptoms o f multiple sclerosis by brain areas most affected in multiple sclerosis 
(adapted after Compston & Coles, 2008)

Brain area Symptoms

cerebrum cognitive impairment 
hemisensory and motor 
affective (mainly depression) 
epilepsy (rare) 
focal cortical deficits (rare)

optic nerve unilateral painful loss of vision
cerebellum & cerebellar pathways tremor

clumsiness&poor balance

brainstem diplopia, oscillopsia 
vertigo
impaired swallowing
impaired speech and emotional liability
paroxysmal symptoms

spinal cord weakness
stiffness and painful spasms 
bladder dysfunction 
erectile impotence 
constipation

other pain
fatigue
temperature sensitivity and exercise intolerance

2.1.4. The symptoms and the diagnosis of multiple sclerosis

MS is a highly unpredictable disease. The symptoms are extrem ely diverse, and MS has a 

highly variable clinical course. Most o f the patients present w ith  deficits in motor, sensory, 

visual and autonom ic systems, but many other symptoms and signs can occur. The clinical 

presentation varies greatly both at onset and over tim e, which is a reflection of the number o f 

brain areas affected by demyelinating plaques (see Table 2.1., Compston & Coles, 2008). Only 

a few  o f the clinical presentations are disease-specific, but especially characteristic are the  

Lherm itte's symptom (a sensation of electrical current running down the spine), and U htho ff 

phenomena (transient worsening o f symptoms when core temperature increases, such as 

a fte r a hot bath or exercise) (Compston & Coles, 2008). Furthermore, depression and fatigue 

are common among MS patients (Bakshi, 2003; Demaree, et al., 2003). Fatigue is usually 

induced by activity, gets worse as the day progresses, aggravates MS symptoms and is 

alleviated by a short period of rest. The clinical presentation varies greatly both at onset, and 

w ith  tim e which is a reflection o f the number o f brain areas affected by demyelinating plaques 

(Bakshi, 2003).
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Factors considered to  be good prognostic signs include fem ale  sex, onset of MS early in life, an 

initial presentation of optic neuritis o r sensory symptom s, full recovery from  the first attack, a 

long period o f tim e b etw een  th e  first and second attacks, and a low  baseline lesion load on 

M RI (Rejdak, e t al., 2010).

Diagnosing M S can be challenging as patients present w ith  a variety  o f symptom s, w hich are 

fo r th e  m ost part nonspecific to  M S, and considered m inor or trans ien t a t onset. This leads to  

challenges in d ifferential diagnosing, as w ell as a considerable delay betw een  the first 

presenting sym ptom s of MS, and th e  actual investigation and diagnosis o f th e  condition. There  

are no defin itive  tests for diagnosing MS. The revised 2010  M cD onald  criteria (see Table 2.2., 

Polm an, e t al., 2011 ) is w id e ly  used to  diagnose M S, only a fte r o th er possible disease states 

have first been excluded. The MS diagnosis in revised 2010  M cD onald  criteria is based on 

clinical presentation, brain imaging and laboratory data. It requires a t least tw o  docum ented  

clinical deterio rations of th e  condition w hich are separated by a t least 30 days. In the absence 

o f clinical sym ptom s, MRI can som etim es be used solely to  diagnose m ultip le sclerosis. The 

diagnosis based on M RI requires tw o  distinct gadolin ium -enhancing lesions in M R images w ith  

a t least 3 m onths b etw een  images, or tw o  distinct T2 lesions on M R images separated by 30  

days. The valid ity o f MRI as a diagnosing m ethod has been confirm ed by studies reporting  

m ore than  80%  o f patients having in itia lly  abnorm al MRI to  be converted to  a clinically defin ite  

M S over a 20-year period (Fisniku, e t al., 2008). Furtherm ore , additional tests, such as 

cerebrospinal fluid (CSF) analysis, and visually evoked potentials (VEPs) are not required by 

diagnostic criteria, but th ey  are o ften  com pleted w ith  o lder patients, patients th a t have 

progressive onset, and w h ere  M RI is unavailable an d /o r non-diagnostic. Asym m etrically  

delayed VEPs im ply fo r dem yelinating  lesion(s) w ith in  th e  optic nerve (Polm an, e t al., 2011).

The diagnosis o f M S a fte r the first attack m ay becom e increasingly im portan t, as th ere  is 

accum ulating proof th a t early d isease-m odifying therapy will delay or slow th e  progressive 

phase o f th e  disease (Goodin &  Bates, 2009).
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Table 2.2. The revised 2010 McDonald diagnostic criteria fo r multiple sclerosis (Palman, e t al., 
2011).

Clinical Presentation Additional data required for MS diagnosis

Two or m ore attacks, objective clinical 
evidence of tw/o or m ore lesions

None

Two or m ore attacks; objective clinical 
evidence of one lesion

One attack; objective clinical evidence of 
tw o  or m ore lesions

Dissemination in space, dem onstrated by:

•  One or more T2 lesion in at least 2 o f 4 MS-typical 
regions of the  CNS (periventricular, juxtacortical, 
infratentorial, or spinal cord); or

•  Aw ait fu rth er clinical attack implicating a different 
CNS site

Dissemination in tim e, dem onstrated by:

•  Simultaneous presence of asymptomatic gadolinium - 
enhancing and nonenhancing lesions at any tim e; or

•  A new T2 and /or gadolinium -enhancing lesion(s) on 
follow-up MRI, irrespective o f its tim ing with  

reference to  a baseline scan; or

•  Await a second clinical attack

One attack; objective clinical evidence  
of one lesion (clinically isolated 

syndrom e)

Insidious neurological progression 

suggestive of MS (PPMS)

Dissemination in space and tim e, dem onstrated by:

•  For: DIS
•  M ore  than one T2 lesion in at least 2 o f 4 M S-typical 

regions of the  CNS (periventricular, juxtacortical, 
infratentorial, or spinal cord); or

•  Aw ait for a second clinical attack implicatin a different 
CNS site; and

•  For DIT;
•  Simultaneous presence of asymptomatic gadolinium - 

enhancing and nonenhancing lesions at any tim e; or

•  A new T2 and /or gadolinium -enhancing lesion(s) on 
follow-up MRI, irrespective o f its tim ing with  
reference to  a baseline scan; or

•  Await a second clinical attack

One year of disease progression (retrospectively or 

prospectively determ ined) plus 2 of 3 of the following  

criteria:

1. Evidence for DIS in the  brain based on one or m ore T2 

lesions in the MS-characteristic (periventricular, 
juxtacortical, or infratentorial) regions

2. Evidence for DIS in the  spinal cord based on tw o  or more  

T2 lesions in the cord

3. Positive CSF (isoelectric focusing evidence of oligoclonal 
bands and /or elevated IgG index)

Note. PPMS = prim ary-progressive MS patients, CNS = central nervous system, MRI = m agnetic  

resonance innaging, DIS = dissem ination in space, DIT = dissem ination in tim e, CSF = 

cerebrospinal fluid, IgG = im m unoglobulin  G
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2.1.5. Treatm ent of multiple sclerosis

At present MS cannot be cured. Nevertheless, there has been a surge o f new treatm ents to 

MS in the past 20 years (Table 2.3). Current therapies can suppress or reduce relapses, and it is 

hoped, tha t treating patients early in the disease course may provide an opportunity to 

prevent relapses and delay transition from  RRMS to  SPMS (Vollmer, 2007). However, once the 

disease progression begins, it advances independently o f relapses and the condition responds 

poorly to  available treatm ents, particularly in the secondary-progressive disease course 

(Kremenchutzky, Rice, Baskerville, Wingerchuk, & Ebers, 2006). Therefore, symptomatic and 

physical therapies remain the most effective means to  manage MS over the long-term (Rejdak, 

et al., 2010). The new trends in the area are the in tention to  provide appropriate treatm ent 

tailored specifically to each patient, to offer effective therapy for SPMS patients, and to 

discover new, user-friendly trea tm ent options (e.g. oral tablets) (Gawronski, Rainka, Patel, & 

Gengo, 2010; M iller, et al., 2008).

Current treatm ents available fo r the early stages o f MS are interferon 3, glatiram er acetate, 

natalizumab, and mitoxantrone (Gawronski, et al., 2010). ln te rfe ron-3-la  and in te rfe ron-3-lb  

(Oliver, Kohli, & Kasper, 2011) and glatiram er acetate (Ruggieri, Avolio, Livrea, & Trojano, 2007) 

are the most effective treatm ents fo r RRMS as they have successfully been shown to  decrease 

the frequency o f relapses (by approximately 30%), and slow down disease progression and 

disability. Interferon 3 is available as interferon 3 *la  or interferon 3 -lb . Interferon 3 -la  is 

administered once a week, by using an intramuscular or 3 tim es a week by a subcutaneous 

form ulation, while interferon 3 - lb  is available as a subcutaneous form ulation given every 

other day (Gawronski, et al., 2010). The exact mechanism of interferon 3 is still unknown, but 

it is proposed tha t interferon 3 works by suppressing T-helper cell response, causing reduced 

T-cell m igration across the blood-brain barrier (Kim, 2009; Menge, et al., 2008). Common 

adverse effects o f interferon therapy include flu-like symptoms after injection, depression, and 

liver enzyme level abnormalities (Gawronski, et al., 2010).

Glatiramer acetate is another first-line  trea tm ent fo r MS, which is administered daily as a 

subcutaneous injection. The underlying mechanism behind the beneficial effect of glatiram er 

acetate is not fu lly  elucidated, but it is thought to  be related to  the alteration o f T-cell 

activation and d ifferentia tion (Menge, et al., 2008). Its adverse effects include injection-site 

reactions (indurations, masses) and depression. However, it is a suitable choice fo r patients 

unable to  to lerate flu-like symptoms or have a coexisting depressive disorder (Gawronski, et 

al., 2010). Natalizumab is a humanized monoclonal antibody th a t antagonizes a4-integrin o f
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the adhesion molecule very late activation antigen (VLA)-4 on leukocytes. Inhib ition o f VLA-4 is 

responsible fo r blockade o f T cells across the blood-brain barrier (Gawronski, et al., 2010; 

Menge, et al., 2008; Thompson, Noyes, Dorsey, Schwid, & Holloway, 2008). Natalizumab has 

been found to be very effective at decreasing relapse rates and slowing disease progression 

(Gawronski, et al., 2010). Nevertheless, natalizumab is considered to be a second-line 

trea tm ent fo r patients non-responsive or in to lerant to  first-line therapies as it is reported to  

carry the risk o f developing progressive m ultifocal leukoencephalopathy (PML), which is a 

serious and potentia lly fatal opportunistic infection caused by the JC polyomavirus (Menge, et 

al., 2008). The common adverse reactions include infusion and hypersensitivity reactions, 

infections (respiratory, urinary tracts), depression, headache, fatigue, diarrhoea, cholelithiasis 

and arthralgia (Gawronski, et al., 2010).

Another current trea tm ent option is m itoxantrone, which is an immunosuppressive agent. It 

works by intercalating w ith  DNA strands causing breaks, as well as inh ib iting  DNA repair 

through topoisomerase II (Menge, et al., 2008; Morrissey, Le Page, & Edan, 2005). 

M itoxantrone affects rapidly dividing cells, and thus has secondary effects on the immune 

system, including antigen presentation, pro inflam m atory cytokine expression, and decreased 

leukocyte m igration (Menge, et al., 2008). It is not a first-line agent because o f its 

cardiotoxicity at cumulative doses above 100 mg/m 2, causing it to have a lim it on lifetim e 

cumulative exposure (Gawronski, et al., 2010). Another serious adverse effect o f the therapy is 

tha t it can cause severe bone marrow suppression (Morrissey, et al., 2005). M itoxantrone is 

recommended to be used as a second-line trea tm ent in patients w ith  a very active relapsing 

disease which o ther therapies have not had a sufficient effect (Menge, et al., 2008; Morrissey, 

e ta l., 2005).

Immunomodulators, such as fingolim od, and monoclonal antibodies are the new emerging 

therapies fo r MS (Gawronski, et al., 2010; Jones & Coles, 2010), which are still being 

investigated to  determ ine the ir value in its treatm ent. One o f the major advantages these 

drugs offer, is tha t some o f them  are available in oral form ulations. Undoubtedly, oral drugs 

are much more discreet, and have the potential to  help to  fu rthe r expand therapeutic options, 

and improve compliance issues w ith  current disease-modifying regimens (Gawronski, et al., 

2010). The most investigated immunomodulators include fingolim od, laquinimod, 

teriflunom ide, dimethyl fumarate and cladribine. Cladribine is an im m unom odulatory purine 

analog tha t possesses lymphocytotoxic activity, acting by damaging DNA and thereby, causing 

selective cell death. Cladribine can be administered in oral, intravenous and subcutaneous 

form ulations (Brousil, Roberts, & Schlein, 2006; Gawronski, et al., 2010). It appears to  be

19



useful for progressive MS patients as it has been shown to reduce lesions and it is generally 

well tolerated (Gawronski, et al., 2010). Fingolimod, on the other hand, is an orally 

administered immunomodulator that acts on the sphingosine-l-phosphate receptor, which is 

responsible for lymphocyte release from lymhoid organs (Gawronski, et al., 2010; Menge, et 

al., 2008), decreasing overall numbers in circulation (Mehling, et al., 2008; Menge, et al., 

2008). Nonetheless, it does not inhibit lymphocyte recruitment or affect T or B cells in 

peripheral organs, and therefore, it does not cause immunosuppression or lead to increased 

rates of infection or malignancies (Foster, et al., 2007; Mehling, et al., 2008; Menge, et al., 

2008). Research into fingolimod has found it reduces inflammatory activity and lesions 

(O'Connor, et al., 2009), and lowers annual relapse rates (Gawronski, et al., 2010). Laquinimod 

is an orally administered immunomodulator, which is proposed to work by affecting the T- 

helper 1-T-helper 2 cytokine shift (Comi, et al., 2008; Weiner, 2008). The research on the 

effectiveness of laquinimod has reported varying results; some have indicated it reduces active 

lesions, and be generally well tolerated, reduces or stops relapses, there are no changes in 

disability status , with few adverse effects (Comi, et al., 2008; Polman, et al., 2005). 

Teriflunomide is an orally administered immunomodulatoy agent thought to possess anti­

inflammatory and antiproliferative properties useful for the treatment of MS. It blocks 

pyrimidine synthesis in rapidly dividing cells such as T cells and B cells (O'Connor, et al., 2006; 

Tallantyre, Evangelou, & Constantinescu, 2008). It has found to reduce active lesions, lower 

annual relapse rates, affect disability progression rates, but it has a number of adverse effects 

also (O'Connor, et al., 2006). Dimethyl fumarate is an orally administered immunomodulatory 

agent shown to induce T-helper 2-like cytokines causing apoptosis in activated T cells. It also 

causes down-regulation of intracellular adhesion molecules, leading to reduced migration of 

lymphcytes into the central nervous system (Gawronski, et al., 2010). It has been reported to 

decrease the number of lesions with stable or improved EDSS scores and ambulation index, 

although many gastrointestinal complaints were also recorded (Schimrigk, et al., 2006).

Monoclonal antibodies include daclizumab, alemtuzumab and rituximab (Gawronski, et al., 

2010; Jones & Coles, 2010), which are biologic agents that exclusively recognize specific target 

antigens. They cause immune responses such as cellular apoptosis or inhibition of ligand- 

receptor binding. Thus, causing concern over the adverse effect profile, which may include 

serious infections (Gawronski, et al., 2010). Alemtuzumab acts by targeting CD52 on 

lymphocytes and monocytes, thus causing extended reduction in the number of circulating T 

cells (Gawronski, et al., 2010). It has been reported to suppress inflammation, but to cause 

multiple adverse effects (infusion reactions), to be more effective in early stages of MS, lower 

annual relapse rates, and reduce the risk of disability (Coles, Deans, & Compston, 2004; Coles,
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et al., 2008). Daclizumab antagonizes the a subunit o f interleukin-2 on activated lymphocytes, 

inh ib iting CD25-IL-2 complex form ation (Kim, 2009; Oh, et al., 2009). lnterleukin-2 is 

responsible fo r upregulation o f the immune system, apoptosis o f T celts , and inh ib ition  o f T- 

helper 17 cells. It has been suggested that the CD25-IL-2 complex in MS patients is abnormal, 

and daclizumab may be effective by inh ib iting abnormal lymphocyte complexed from  

becoming activated (Kim, 2009; Oh, et al., 2009). It has shown to  reduce lesions, improve EDSS 

scores, yet it has resulted in many adverse effects (systemic immune responses etc)(Bielekova, 

et al., 2009). Rituximab causes cytotoxicity by selectively depleting CD20+ pre-B cells and B 

cells (Petereit, Moeller-Hartmann, Reske, & Rubbert, 2008). A fte r rituxim ab treatm ent trials, 

lesions and relapse rates w/ere decreased, but there were many infusion reactions (Hauser, et 

al., 2008).

It is crucial to  begin treatm ent early in the MS disease course as irreversible axonal damage 

often begins before the clinical onset o f MS, and trea tm ent is less beneficial in later disease 

stages (Goodin & Bates, 2009). In clinical practice, the choice o f the most appropriate disease- 

m odifying treatm ent for any particular individual w ith  MS is usually a complex one, involving 

many patient factors, in addition to the relative efficacy and side-effects profiles o f the 

trea tm ent options. Unfortunately, some patients fail to respond to  therapies and at present, it 

is not possible to predict who w ill respond to  a specific therapy (Rejdak, et al., 2010). There 

are no clear guidelines fo r the switching o f procedures in clinical practice. At present, it is 

unclear w hether a wash-out period is needed fo r interferon 3 and glatiramer acetate 

treatm ents, as fo r example, m itoxantrone requires a wash-out period of 3 months. The 

duration o f the wash-out period should be based on the drug used, the duration o f trea tm ent 

and the possible sequelae o f the trea tm ent (Kappos, et al., 2007).

Table 2.3. The current and emerging disease-modifying therapies fo r MS.
Drug RRMS SPMS PPMS

Interferon p -la +

Interferon (J-lb +

Glatiramer acetate +
Natalizunnab +
Mitoxantrone + +
Cladribine + +
Fingolimod + +
Laquinimod + +
Teriflunomide + +
Dimethyl fumarate +
Alemtuzumab +
Daclizumab + +
Rituximab + +
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2.1.6. Cognitive im pairm ent in multiple sclerosis

Cognitive im pairm ent (Cl) affects up to  65% o f MS patients, and can occur in the absence of 

physical disability (Hoffmann, et al., 2007). Previous research has identified deficits in 

cognitive function o f individuals w ith  MS in various areas, most im portantly in: a ttention (Paul, 

Beatty, Schneider, Blanco, & Hames, 1998b); inform ation processing speed (Denney, et al., 

2011; Denney, et al., 2005); working memory(Lengenfelder, et al., 2006b; Parmenter, Shucard, 

Benedict, & Shucard, 2006); executive functions (Foong, et al., 1997); learning (DeLuca, et al.,

2006); and verbal fluency (Huijbregts, et al., 2004). Cognitive dysfunction can present early in 

the disease course, w ith  20-40% of benign MS patients or clinically isolated syndrome (CIS) 

patients showing signs o f cognitive im pairm ent (Amato, Zipoli, & Portaccio, 2006; Glanz, et al.,

2007). Cognitive function is thought to  become increasingly compromised once patients 

transition from  relapsing-rem itting to  the secondary-progressive course (Benedict, et al., 2004; 

Comi, et al., 1995; Filippi, et al., 1994), particularly w ith  the simultaneous degeneration of the 

cerebral grey m atter (Fisher, et al., 2008). Disease duration and disability level are usually 

poorly correlated w ith  Cl in MS (Amato, et al., 2006).

Cognitive dysfunction is a crucial part, in addition to  the disability level and MS disease course, 

which determ ine the impact MS has on the quality of life o f the patient. The extent of 

cognitive dysfunction, high disability level and progressive disease course were reported to 

predict independently, the handicap a patient experiences in the ir work and social activities 

(Amato, et al., 1995). Nonetheless, it must be noted that cognitive function in MS can be 

affected by depression, anxiety, fatigue and physical disability (Arnett, et al., 1999; Demaree, 

et al., 2003; Diamond, et al., 2008; Gilchrist & Creed, 1994; Litvan, et al., 1988; Thornton & 

Raz, 1997). The nature o f the association between depression and cognitive decline in MS is 

unclear, as depression may cause cognitive dysfunction, or it may result from  an underlying 

disease process th a t also causes the cognitive deficits (Feinstein, 2006). The present study 

considered these factors by including corresponding questionnaires and tests in the research 

procedure.

2.1.6.1. Longitudinal assessment of cognitive im pairm ent in multiple sclerosis

The longitudinal studies which include healthy volunteers as a control group (Amato, et al., 

1995; Amato, Ponziani, Siracusa, & Sorbi, 2001; Huijbregts, Kalkers, de Sonneville, de Groot, & 

Polman, 2006; Jennekens-Schinkel, Laboyrie, Lanser, & van der Velde, 1990; Kujala, et al., 

1997), have reported a progressive deterioration o f various cognitive domains in MS. In a
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study  spann ing  over  10 years  (Amato, e t  al., 1995; A m ato, e t  al., 2001), im p a irm en ts  in verbal 

m em ory , abs trac t  reasoning  and  linguistic p rocesses  w ere  obse rved  in MS p a t ien ts  a t  baseline ,  

a n d  during th e  following tw o  re- tes ting  sessions. Deficits in a t ten t io n  and  sh o r t - te rm  spatial 

m e m o ry  also em e rg e d  a f te r  10 years. Learning im p a irm en ts  w e re  o b se rved  in MS p a t ien ts  

a f te r  4-years (Jennekens-Schinkel,  e t  al., 1990). O th e r  s tud ies  re p o r te d  MS p a t ien ts  to  have 

im paired  p e r fo rm an ce  in m e a su re s  relating to  th e  s p e e d  of inform ation processing  over  a 3- 

yea r  period (Denney, Lynch, & P annenter ,  2008; Huijbregts, e t  al., 2006). F u rthe rm ore ,  MS 

pa t ien ts  sh o w ed  deficits a f te r  a 2-year per iod  in verba l m e m o ry  pe r fo rm an ce  and  p a t ien ts  

with  confirm ed disability progression  had  dysfunctions in a t ten t io n  and  executive functions 

(Duque, e t  al., 2008). The early, mild cognitive deficits w e re  found  to  be  predictive of fu tu re  

cognitive s ta tus  as initially, th e  cognitively mildly d e te r io ra te d  MS group  had  w id esp re ad  

deficits a f te r  3 years. W hile th e  cognitive p e r fo rm an ce  of MS p a t ien ts  classified a s  cognitively 

p rese rved  a t  base line  w as  similar to  th e  contro ls ,  rem ain ing  s table over  a 3-year  period 

(Kujala, e t  al., 1997). S tudies  no t  including a contro l g roup  have identified  deficits in 

inform ation processing a f te r  8 years (Bergendal,  Fredrikson, & Almkvist, 2007), in verbal long­

te rm  m e m o ry  and  in genera l  intellectual function  a f t e r  8.5 years (Piras, e t  al., 2003), o r  no 

significant change  a f te r  o n e  yea r  (Hohol, e t  al., 1997).

F u rthe rm ore ,  an  in teresting  and  reasonab ly  robust  finding is th a t  initially, th e  cognitively 

mildly d e te r io ra te d  MS g roups  d e m o n s t r a te d  progressive cognitive decline in various 

neuropsychological te s ts .  W h e re a s  initially th e  cognitively p rese rved  p a t ien ts  rem a ined  m ore  

o r  less s table over  a 2-10 yea r  t im e  period (Bergendal,  e t  al., 2007; Camp, e t  al., 2005a; Kujala, 

e t  al., 1997). This m ay be d u e  to  th e  d iffe rences in th e  d eg re e  of lesion load and  increasing 

atrophy. Likewise, s o m e  MS pa t ien ts  may have had significant a t ro p h y  or lesion load a t  

baseline  and  thus  a lready  show  mild cognitive dec line  (Huijbregts, e t  al., 2006).

Cross-sectional s tud ies  have re p o r te d  progressive MS su b ty p e s  to  have m ore  cognitive decline 

th a n  RRMS (Gaudino, Chiaravalloti , DeLuca, & D iam ond, 2001; Huijbregts, e t  al., 2004; 

Potagas, e t  al., 2008). Huijbregts e t  al.(2006) investigated  th e  d ifferences b e tw e e n  su b ty p e s  

o v er  a 2-year period a n d  re p o r te d  progressive MS su b ty p e s  to  show  a lack of im p ro v e m e n t  in 

processing sp e e d ,  involving visuo-spatial ability o r  working m e m o ry  co m p ared  to  hea lthy  

controls. A study th a t  did n o t  include a control group, re p o r te d  m o re  d e te r io ra t ion  of SPMS in 

visual inform ation processing  o v er  an 8 y ea r  period, rela tive to  RRMS (Bergendal, e t  al., 2007). 

Denney, e t  al. (2008) s tud ied  Cl in only PPMS p a t ien ts  and  o b se rved  th e  processing sp e e d  to  

have a significantly g re a te r  decline ,  in com par ison  to  hea lthy  contro ls  over  a 3-year period. 

O th er  longitudinal s tud ies  (Amato, e t  al., 2001; Kujala, e t  al., 1997) examining Cl in MS have
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not compared subtypes with each other, due to the typical clinical progression of MS from  

RRMS to SPMS, over time.

2 .1 .6 .2 . Factors affecting cognitive perfo rm ance in m ultip le  sclerosis

A variety of factors affect cognitive function in MS. Age is related to cognitive performance in 

MS, but not to any greater degree than in healthy controls (Bodling, Denney, & Lynch, 2009). 

However, in a longitudinal study of early-onset MS patients, age was associated with an 

increased decline of cognitive performance (Amato, et al., 2001). Besides aging, some studies 

indicate the male gender to be a risk factor for progression in cognitive disability (Beatty & 

Aupperle, 2002; Savettieri, et al., 2004). Even though depression, subjectively reported fatigue 

and disease duration is expected to be highly associated with cognitive deterioration, these 

conditions have only a limited or weak correlation with cognitive functioning in MS (Arnett, 

Barwick, & Beeney, 2008; Morrow, Weinstock-Guttman, Munschauer, Hojnacki, & Benedict, 

2009; Patti, et al., 2009). This may be due to the heterogeneous course of cognitive 

im pairment in MS (Benedict & Zivadinov, 2011). Cognition is also affected by health 

behaviours, of which smoking has been suggested to be associated with cognitive decline 

(Staff, Lucchinetti, & Keegan, 2009). Health behaviours are most likely to be related to 

personality traits (Chapman, Duberstein, & Lyness, 2007), and the role and interactions of 

these factors require further investigation.

2 .1 .6 .3 . Cognitive im p a irm en t in m u ltip le  sclerosis and genetic  factors

M ore recently genetic factors have been linked to the cognitive function in MS. The 

relationship of APOE e4 genotype and Cl in MS has been extensively investigated but results 

have been contradictory (Ghaffar, Reis, Pennell, O'Connor, & Feinstein, 2010; Oliveri, et al., 

1999; Parmenter, Denney, Lynch, M iddleton, & Marlon, 2007; Shi, Zhao, Vollmer, Tyry, & 

Kuniyoshi, 2008; van der Walt, et a!., 2009). Some studies have implicated MS APOE e4 carriers 

to  have increased risk of brain tissue loss (Enzinger, et al., 2004; Ghaffar, et a!., 2010; 

Horakova, et a!., 2010; Koutsis, et al., 2009; Koutsis, et al., 2007; Oliveri, et al., 1999; Savettieri, 

et al., 2004), and cognitive decline (Parmenter, et al., 2007). On the other hand, studies that 

have been carefully controlled (Ghaffar, et al., 2010; Portaccio, et al., 2009; van der W alt, et al., 

2009) and/or with large sample size (Savettieri, et al., 2004) have failed to show APOE e4 allele 

status to be a substantial risk factor for cognitive im pairment in MS. The relationship of other 

genetic factors, most notably, human leukocyte antigen (HLA), brain-derived neurotrophic 

factor (BDNF) and myeloperoxidase gene, and cognitive function in MS have shown similar
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mixed results (Cerasa, et al., 2010; Jensen, et al., 2010; Manna, et al., 2006; Weinstock- 

Guttman, et a!., 2011; Zivadinov, et al., 2007). HLA class II region on the short arm of 

chromosome 6 has been confirmed to  be a genetic factor for susceptibility to  MS, but no link 

w ith  cognitive function measured w ith  only Symbol Digit Modalities Test (SDMT) could be 

established (Jensen, et al., 2010). Genetic variations in BDNF (neurotrophin common in adult 

brain and produced by immune cells), in specific Met66 allele status in BDNF rs6265 genotype, 

were associated w ith  grey m atter volume, and there was a trend w ith  the PASAT Z-score 

(Zivadinov, et al., 2007). Moreover, Val66Met polymorphism o f BDNF contributes to some of 

the variab ility in working mem ory in MS (Cerasa, et al., 2010). There is also some evidence to  

support tha t the C allele o f the rs2030324 BDNF single nucleotide polymorphism (SNP), may 

be associated w ith  protection against visual cognitive processing deficits (Weinstock-Guttman, 

et al., 2011). Other SNPs which have been associated w ith  an increased risk o f MS, such as 

polymorphisms o f interleukin 2 receptor a (IL2RA), interleukin 7 receptor (IL7R) and C-type 

lectin fam ily 16 member A (CLEC16A) (Oksenberg, et al., 2008). Yet, none have been linked to 

cognitive deficits in MS (Jensen, et al., 2010).

2.1.6.4. P ro tective  facto rs  o f co gn itive  im p a irm e n t in m u ltip le  sclerosis

Brain MRI measures and cognitive performance in patients w ith  MS are most o ften strongly 

correlated. However, only one-third to  one-half of tha t variance is explained. Therefore, it is 

unusual that cognitive im pairm ent is not consistently found in MS, and that it is not more 

strongly correlated w ith  brain MRI measures. One suggestion is tha t some individuals w ith MS 

have a larger cognitive reserve, i.e. behavioural adaptation or compensation tha t enables 

improved cognitive performance in the setting of cerebral disease (Benedict & Zivadinov, 

2011). The concept o f cognitive reserve has been w idely used in research literature on 

Alzheimer's disease, to explain why a person w ith  high intelligence can sustain more cerebral 

injury, before presenting w ith  cognitive dysfunction (Stern, 2006). The hypothesis of cognitive 

reserve has been supported in the MS research as well, as correlation between atrophy and 

cognitive performance was shown to  be insignificant w ith  high-level cognitive reserve MS 

patients, whereas it was robust in low intelligence MS patients (Sumowski, Chiaravalloti, 

Wylie, & Deluca, 2009). Also, reports o f increased cerebral activity in response to  cognitive 

task during functional MRI, which is correlated w ith  improved cognitive performance, are in 

favour of the cognitive reserve hypothesis (Chiaravalloti, et al., 2005). Consequently, it is likely 

tha t the correlation between cognitive dysfunction and brain atrophy is mediated by cognitive 

reserve (Sumowski, et al., 2009). Longitudinal studies assessing patients w ith SDMT and PASAT 

tw ice over a 5-year period, reported a substantial decline in patients w ith  low cognitive
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reserve. However, no remarkable change in the cognitive functions of patients with high 

cognitive reserve was reported, particularly for SDMT (Benedict, Morrow, Weinstock Guttman, 

Cookfair, & Schretlen, 2010). In conclusion, high premorbid intelligence appears to protect 

against the progression of cognitive impairment in MS.

2.1.6.5. Treatnnent fo r cognitive dysfunction in m ultip le  sclerosis

Cognitive rehabilitation and pharmacological therapy are the most commonly applied 

treatments for cognitive impairment. Previous research has not supported cognitive 

rehabilitation as an effective method (O'Brien, et al., 2008). It must be noted, however, that 

these types of clinical research are challenging to conduct w ith double-blind and placebo- 

controlled designs, and they do not experience similar levels of support from the industry as 

pharmacological treatments (Benedict & Zivadinov, 2011). However, one small-sample study 

(Chiaravalloti, et al., 2005) revealed that visual imagery strategies improve verbal memory in 

MS patients. Therefore, it provides preliminary evidence for the general intuitive assumption 

that increasing brain activity can slow neural, and cognitive, deterioration (Benedict & 

Zivadinov, 2011).

Pharmacological interventions for cognitive impairment in MS include the disease-modifying 

therapies (DMTs) discussed earlier, and symptomatic medications that target cognitive 

symptoms more specifically. Evidence exists to show that DMTs can be effective in reducing 

the deterioration of cognitive impairment. Interferon 3-la  showed beneficial effects on 

cognitive function in RRMS patients (Fischer, et al., 2000; Patti, Amato, et al., 2010). Likewise, 

another encouraging result was found in a study on clinically isolated syndrome patients, with 

early onset treatment of interferon 3 -lb  who performed better in the PASAT after a 3-year 

period (Kappos, et a!., 2007). It has been suggested that treatment with interferon 3-la  may 

have dose-dependent cognitive benefits in mildly disabled patients with RRMS, supporting the 

early initiation of high-dose interferon 3-la treatment (Patti, Amato, et al., 2010). The 

beneficial effects of DMTs (interferon 3, glatiramer acetate) in the short-term, may occur due 

to the anti-inflammatory effects of the therapy, whereas in the long-term it is due to the 

protective effects on tissue damage in the brain (Patti, Leone, & D'Amico, 2010) . Specifically, 

DMTs may reduce or even prevent the progression of cognitive impairment by containing the 

development of new cerebral lesions or by reducing the progression of brain atrophy (Patti, 

Leone, et al., 2010).

Research on the effect of symptomatic medication on cognitive functions in MS has centred 

mainly on mental processing speed and episodic memory (Benedict & Zivadinov, 2011). Most
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s tud ies  have lacked sufficient n u m b e rs  (i.e. over  50) of t r e a te d  MS p a t ien ts  and  have had 

o th e r  design p roblem s, such as no t  including reliable and  co m p re h en s iv e  neuropsychological 

m e a su re s  a n d /o r  no t  including healthy  controls. Positive effects of an ace ty lcho lines terase  

inhibitor, donepezil,  on m e m o ry  w as found in a pilot s tudy  (Krupp, e t  al., 2004), b u t  w h e n  th e  

sa m p le  size w as increased and  m ethodological  constra in ts  co r rec ted  th e  results  w e r e  nega tive  

(Krupp, e t  al., 2011). A s tudy  on similar acety lcho l ines terase  inhibitor, r ivastigmine, did n o t  

replicate  positive effects on  cognitive pe r fo rm an ce  (Shaygannejad, Janghorban i,  Ashtari,  

Zanjani, & Zakizade, 2008). Modafinil w as found  to  have  beneficial effects  on p e r fo rm a n c e  in 

te s ts  o f  processing s p e e d  or  executive function , bu t d u e  to  w eak  m e thodo logy  th e s e  results  

w ou ld  n ee d  to  be  replicated  (Benedict & Zivadinov, 2011). Beneficial effects on cognitive 

p e r fo rm an ce  w ere  r ep o r ted  in a sm all-sam ple  s tudy  a f te r  single d o se s  of s tim ulan t 

m e th y lp h e n id a te  (Harel, Appleboim, Lavie, & Achiron, 2009). T here  is mixed ev id en c e  on th e  

u se fu lness  of o th e r  s tim ulants .  One small-sample study  portrayed  beneficial effects  on 

cognitive functions with  L -am phe tam ine  (Benedict, e t  al., 2008), w h e re a s  th e re  w e re  no 

significant effects on a t ten t io n  or  on t h e  s p e e d  of m e n ta l  processing in a la rge-sam ple  study  

(Morrow, Kaushik, e t  al., 2009). W h e n  a c o n s e q u e n t  re trospec tive  study (Sumowski, e t  al., 

2011) com paring  th e  s a m e  MS p a t ien ts  b ased  on th e  s ta tus  of th e ir  m e m o ry  im p a irm en t  w as 

con d u c te d ,  positive o u tc o m e  on cognitive p e r fo rm an ce  especially in visual m e m o ry  was 

ev iden t.  However, th e  neuropharm aco log ica l  m echan ism s  behind  th e  positive resu lts  require  

fu r th e r  study (Sumowski, e t  al., 2011). F u r the rm ore ,  t h e  effect of po ta ss ium -channe l b locker 

4 -am inopyrid ine  on cognitive functions in MS w as investigated in a preliminary s tudy  w ith  20 

subjects,  b u t  indicated  negative results  (Smits, e t  al., 1994). Po tass ium -channel blockers have 

th e  po ten tia l  to  facilitate neu rona l  function, as th e y  can correc t th e  ab n o rm a l  po ta ss ium  

c u rren ts  th a t  result  in im paired  action po ten tia l  duration  and  am p li tude  in dem y e lin a te d  axons 

(Benedict & Zivadinov, 2011). The lack of positive results  may be d u e  to  m e thodo log ica l  

limitations, as  po ta ss ium -channe l  blockers have b ee n  show n  to  have positive effects on  fa t igue 

and  m o to r  function (Bever, e t  al., 1996; Rossini, e t  al., 2001). A sm all-sam ple  study, of only 16 

subjects ,  re p o r te d  negative results  on th e  effects of a m a n ta d in e  on  cognitive function  in MS, 

a l though  th e re  w as a t r en d  for a bene f i t  from SDMT (Geisler, e t  al., 1996).

M ost previous s tud ies  exam ining th e  effect of pharm acological t r e a tm e n t  on  cognitive 

p e r fo rm an ce  in MS, have only utilised o n e  or  a coup le  of neuropsychological t e s t s  to  as sess  

th e  change  in cognitive function . In particular, only 3 have included electrophysiological 

m e asu res ,  such as P300 (Flechter, e t  al., 2007; Gerschlager,  e t  al., 2000b; Pliskin, e t  al., 1996). 

One of th e  electrophysiological s tud ies  r ep o r ted  a significant reduction  in bo th  P300 

am p li tu d e  and  in la tency af te r  o n e-y e ar  of t r e a tm e n t  with in te rferon  3 - lb  (Flechter, e t  al.,
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2007). Another study reported P300 latencies to be increased after one-year of interferon 3- 

Ib , but the differences disappeared after the exclusion of 3 patients with P300 latency, 2 

standard errors from the P300 mean (Gerschlager, et al., 2000a). Yet, in the other study there 

were no significant changes in P300 latency after 2 years of interferon 3 - lb  treatm ent (Pliskin, 

et al., 1996). These research studies are the only ones examining P300 longitudinally, and 

therefore the effect of disease progression (and age) cannot be excluded from the results. It is 

possible that interferon 3 - lb  does not have an effect on cognitive function in MS. These 

effects are difficult to  measure w ithout research on non-pharmacological with a longitudinal 

study designs. These studies have major methodological limitations, such as small sample 

sizes, omission of healthy control groups and progressive MS patient groups, also low-density 

EEG recording methods and data analysis.

2.2. Conventional methods to detect and monitor brain function, 

cognitive im pairm ent and visual dysfunction in multiple sclerosis

2.4.1. Neuropsychological methods

In the past, there has been a great variety in the range of different neuropsychological tests 

that have been utilised to measure cognitive function in MS. Furthermore, many attempts 

have been made to develop an optimum battery of neuropsychological tests most sensitive to 

cognitive impairment in MS. These batteries have been criticised for being either too brief or 

including tests that assess cognitive functions intact in MS (Benedict, et al., 2002). Currently, 

Brief Repeatable Battery (BRB) for MS (Rao, Leo, Ellington, et al., 1991) is widely considered as 

the gold-standard assessment tool of cognitive function in MS (Camp, et al., 2005a; Sepulcre, 

et al., 2006) and its sensitivity has been proven in clinical research studies (Amato, et al., 2004; 

Christodoulou, MacAllister, McLinskey, & Krupp, 2008; Huijbregts, et al., 2006). It only takes 

approximately 45 minutes to administer and includes a Selective Reminding Test (SRT; Buschke 

& Fuld, 1974), a 7 /24  Spatial Recall Test (Barbizet & Cany, 1968), a Controlled Oral Word 

Association Test (COWAT; Benton & Hamsher, 1989; Borkowski et al, 1967), a Paced Auditory 

Serial Addition test (PASAT; Gronwall, 1977), and the Symbol Digit Modalities Test (SDMT). The 

assets of BRB are rudimentary corrections for practice effects and the availability of several 

European translations and normative data (Portaccio, et al., 2009). However, the variation of 

clinical manifestations and cerebral pathology, possibly cause broad neuropsychological
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compromise. In particular, th is requires more comprehensive testing, especially the domains 

o f higher executive function and spatial processing not included in BRB.

The M inimal Assessment o f Cognitive Function in M ultip le  Sclerosis battery (MACFIMS; 

Benedict, et al., 2002) was developed to  address these deficits by an expert panel, including 

members from the United States, Canada, the United Kingdom and Australia, convened by the 

Consortium o f MS Centres. The MACFIMS is based on a thorough literature review, and the 

battery emphasises reliability, normative data and equivalent alternative forms. The main aim 

was to  develop a test battery tha t would be sensitive to m ild cognitive impairment, m on ito r 

the longitudinal course of the im pairment, work w ith  clinical treatm ent planning, be free of 

cultural and language biases and be relatively quick and easy to administer. MACFIMS takes 

approximately 90 minutes to complete and it includes most o f the original tests from  the BRB 

but the 7/24 Spatial Recall test is replaced by the Brief Visuospatial M em ory Test-Revised 

(BVMTR; Benedict et al., 1996; Benedict manual 1997), the SRT w ith  the California Verbal 

Learning Test-ll (CVLT-II; Delis et al., manual 2000), and Delis-Kaplan Executive Functioning 

System Sorting Test (Delis et al., manual 2001). The Judgement o f Line O rientation Test 

(Benton, 1994) has been added. The valid ity and reliab ility  o f MACFIMS have been 

demonstrated in previous studies (Benedict, Cookfair, et al., 2006; Duquin, Parmenter, & 

Benedict, 2008; Parmenter, et al., 2007). In the present research project, an adapted version of 

MACFIMS (see Table 3.3.) is employed to  assess cognitive function of MS patients.

The neuropsychological test that has attracted the most interest when investigating Cl in MS is 

the PASAT (Gronwall, 1977; Tombaugh, 2006). It is w idely used to evaluate the cognitive status 

o f MS patients. The PASAT is also the chosen task to  measure cognitive performance in MS 

functional composite (MSFC; Cutter, et al., 1999), w ith  the other tw o components measuring 

arm and leg function. The PASAT measures the attention processes, speed o f inform ation 

processing and the working m em ory (Tombaugh, 2006), which are known to be impaired in 

MS (Rogers & Panegyres, 2007). The PASAT is also a sensitive measure o f the longitudinal 

changes in cognitive functions in MS (Huijbregts, et al., 2006; Rosti, Hamalainen, Koivisto, & 

Hokkanen, 2007). However, the PASAT has proven to  be extremely challenging fo r many MS 

patients, and it is therefore very unpopular among patients which leads to  loss o f data. In turn  

it is disadvantageous in clinical tria ls in which repeated testing may increase the d rop-out rate 

(Williams, O'Rourke, Hutchinson, & Tubridy, 2006).
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In addition to  the PASAT, the SDMT is another short neuropsychological test generally 

accepted as one o f the most reliable and valid measures o f cognitive status in MS (Benedict & 

Zivadinov, 2011). The SDMT is a 90 second measure o f inform ation processing speed, and 

many studies (e.g. Benedict & Zivadinov, 2007; Christodoulou, et al., 2003; Tekok-Kilic, et al., 

2007) indicate that it is strongly correlated w ith brain pathology. The SDMT has been 

suggested to  replace the PASAT in MFSC, but until now, there has not been sufficient 

inform ation supporting this conclusion (Benedict & Zivadinov, 2011; W illiams, et al., 2006).

Nonetheless, performance in the neuropsychological tests may be affected by various factors. 

First o f all, the  physical symptoms related to  MS cause difficulties in completing some o f the 

neuropsychological tests. For example, upper extrem ity m otor dysfunction may interfere w ith  

performance on cognitive measures that require some aspects o f manual dexterity 

(Parmenter, Testa, Schretlen, Weinstock-Guttman, & Benedict, 2010). Similarly, dysarthria or 

impaired oral agility appears to  affect performance on measures dependent on rapid speech, 

such as the Controlled Oral Word Association Test (Arnett, Smith, Barwick, Benedict, & 

Ahlstrom, 2008). Depression is common in MS patients and has an impact on 

neuropsychological test performance (Arnett, et al., 1999; Demaree, et al., 2003; Diamond, et 

al., 2008; Gilchrist & Creed, 1994). Furthermore, the level o f anxiety and practice effect 

(Barker-Collo, 2005) also affect MS patient's neuropsychological performance.

2.4.2. Magnetic resonance imaging (MR!)

Structural MRI is commonly utilised to  determ ine the diagnosis of MS. Demyelinating lesions 

can especially be observed in the cerebral and spinal white matter, which satisfy the 

dissemination in space, which is standard fo r the diagnosis (Fazekas, et a!., 1999). T l-w eighted 

MRI is generally utilised to  define anatomy and it is also able to  detect abnormal signals in the 

w hite  m atter (represented as hypointensities reflecting chronic axonopathy), while detecting 

pathological changes is possible w ith  T2-weighted MR images (Truyen, et al., 1996; Zivadinov 

& Bakshi, 2004).

A variety o f studies have found associations between abnormal MRI findings and cognitive 

im pairm ent in MS (Benedict & Zivadinov, 2011). Early work (Rao, Leo, Haughton, St Aubin- 

Faubert, & Bernardin, 1989) reported a strong correlation between the area o f w hite  m atter 

lesions and cognitive dysfunction, which was replicated in subsequent studies. Demyelinating 

lesions are also found in the cerebral cortex (Geurts, Bo, et al., 2005; Geurts, Pouwels, et al., 

2005), which have been associated w ith cognitive im pairm ent (Bagnato, et a!., 2010;
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Roosendaal,  e t  al., 2009). O ne study  re p o r te d  cortical lesions in th e  m edial frontal and  

te m p o ra l  regions to  co rre la te  with  MACFIMS m e m o ry  task scores, a f te r  th e  influence of w hite  

m a t te r  lesions w as contro lled  (Bagnato, e t  al., 2010).

Lesion vo lum e m easu res  have n o t  b ee n  found  to  be inform ative in pathological su b s t ra te s  of 

cognitive dysfunction in MS (e.g. e d e m a ,  inf lam m ation or  axonal loss) (McDonald, Miller, & 

Barnes, 1992; Peterson,  e t  al., 2001; Trapp, e t  al., 1998; Trapp, Ransohoff, & Rudick, 1999). 

Brain a trophy  was show n to  w orsen  over  a 2-year period (Rudick, Fisher, Lee, Simon, & Jacobs, 

1999). Similarly th e  brain:intracranial vo lum e ratio w as found  to  co r re la te  with 

neuropsychological te s ts  of nonverba l m e m o ry  and  m ental processing sp e ed  (Hohol, e t  al., 

1997). Two s tud ies  em ploying  a linear regression approach  with m ult ip le  MRI m e a su re s  to  

d e te rm in e  th e  m ost robust  o r  statistically re levant p red ic to r  of cognitive im pa irm en t  

(Benedict, e t  al., 2004; Christodoulou, e t  al., 2003) rep o r ted  central a t rophy  to  acco u n t  for 

m os t  of th e  variance. Moreover, a n o th e r  study  (Benedict, e t  al., 2004) found  th ird  ventricle 

w id th  to  be  a p red ic tor  of cognitive dysfunction, and  tha lam ic  vo lum e m e a su re s  to  be  nearly 

17% low er  in MS p a t ien ts  and  strongly co rre la ted  with several MACFIMS variables. The 

re la tionsh ip  of cortical a t rophy  to  cognitive function  has  b ee n  investigated. Cortical a trophy  

w as clearly associa ted  with  various m e a s u re s  of m e m o ry  and  executive function  (Benedict, 

Bakshi, e t  al., 2002). The study  w as rep lica ted  by tw o  investigations using m o re  reliable 

q uan t i ta t ive  MRI m e th o d s  for calculating cortical vo lum e (Amato, e t  al., 2004; Benedict,  Bruce, 

e t  al., 2006). This displayed cortical vo lum e loss co rre la ted  with  cognitive dysfunction,  cortex 

vo lum e was reduced  and  cognitive function im paired  relative to  healthy  controls.

In MS, a n o th e r  area  re la ted  to  cognitive function  (particularly to  m em ory)  is th e  h ippocam pus ,  

especially mesial tem pora l  cortex  (Anderson, e t  al., 2010; Benedict,  Ramasamy, M unschauer,  

W einstock-Guttm an, & Zivadinov, 2009; Sicotte, e t  al., 2008). MS p a t ien ts  had cons iderab le  

vo lum e loss in specific mesial te m p o ra l  cortex s t ruc tu re s  (such as d e n ta te  gyrus, subiculum, 

en to rh ina l  cortex, curnu am m onis) .  T hese  vo lum es w ere  show n to  corre la te  w ith  episodic 

m e m o ry  tasks such as CVLT-II b u t  no t  th e  PASAT, indicating dissocia tions b e tw e e n  t h e  effects 

o f  p rocessing sp e ed  and  m e m o ry  (Sicotte, e t  al., 2008). This finding w as la ter  replicated 

(Benedict, e t  al., 2009).

The grey m a t te r  a trophy  is also a relevant risk fac tor  for cognitive im pa irm en t  in MS. Loss of 

grey m a t te r  t is sue  is notably  co r re la te d  with cognitive im pairm ent .  Multiple g rey  m a t te r  

regions are  com prom ised  and  are  assoc ia ted  with cognitive im pa irm en t  (Benedict & Zivadinov,
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2011). Independent associations between subcortical volume loss, and cortical atrophy, and 

MS-related cognitive dysfunction were demonstrated in one study (Benedict, et al., 2009).

An MRI procedure, the functional MRI (fMRI), measures brain activity by detecting associated 

changes in blood flow. fMRI provides information regarding how brain areas and neural 

networks underlying cognitive processes are affected by MS (Caramia, Tinelli, Francia, & 

Pozzilli, 2010). In studies, working memory functions of MS patients are by far the most 

comprehensively evaluated cognitive domain utilising fMRI. Most studies have reported 

increased recruitment of the prefrontal cortex during working memory performance, in tests 

such as the PASAT (Chiaravalloti, et al., 2005; Mainero, Pantano, Caramia, & Pozzilli, 2006; 

Staffen, et al., 2002), the Sternberg task (Hillary, et al., 2003), and the n-back task (Colorado, 

Shukla, Zhou, Wolinsky, & Narayana, 2012), especially in the right hemisphere. The increased 

activity in the right prefrontal cortex is also related to the slower processing speed measured 

with the SDMT (Genova, Hillary, Wylie, Rypma, & DeLuca, 2009). Furthermore, a few studies 

have shown that the brain activity related to working memory functions (measured with the 

PASAT and the Stroop) is more dispersed throughout the brain in MS patients compared to the 

healthy controls (Mainero, et al., 2004; Rocca, et al., 2009; Staffen, et al., 2002). The findings 

of brain activity related to attention deficit is conflicting, as MS patients with most adversely 

affected cognitive function have shown decreased activation in prefrontal cortex (Nebel, et al., 

2007), or no difference relative to healthy controls (Penner, Rausch, Kappos, Opwis, & Radu, 

2003). Overall, these findings suggest two main patterns of functional cerebral activity during 

cognitive performance in MS. Firstly, the regions of cortical activation are similar in MS 

patients and healthy controls, but MS patients can show Increased level of activation. 

Secondly, the responses seen in fMRI are frequently observed in MS patients in areas where 

no activations were found in healthy controls. These brain activity patterns can be explained to 

be due to compensatory cerebral reorganisation (as a result of neuroplasticity) and/or 

increased task effort (Caramia, et al., 2010; Chiaravalloti, & DeLuca, 2008). The fMRI has also 

been utilised to study cognitive fatigue in MS, and the brain's functional organisation with 

task-free resting state paradigms (Caramia, et al., 2010).

2.4 .3 . Visual evoked potentials (VEP)

Visual dysfunction is a common feature of MS as approximately 95% of MS cases have optic 

neuritis (ON) (i.e. swelling of the optic nerve). This causes patients to experience a decline in 

vision over a 7-10 day period with vision improving w ithin 30 days of onset. Other visual 

dysfunctions in MS include nystagmus (involuntary eye movement), internuclear
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ophthalm opleg ia (im p airm en t o f horizontal eye m ovem ents) and gaze palsies (inability  to  

m ove both eyes in the sam e direction). The type o f visual dysfunction depends on th e  site o f 

th e  dem yelinating lesion w ith in  cerebral w/hite m a tte r (Frohm an, Frohm an, Zee, McColl, &  

G aletta , 2005). Visual dysfunction is com m on at th e  onset of MS and the Visual Evoked 

Potentials (VEPs) can be utilised as part o f the clinical practice to  confirm  MS diagnosis 

(Polm an, e t al., 2011; Polm an, e t al., 2005 ). Their re liability in MS patients is m oderate, 

although only few  studies exist (Z iem ann, e t al., 2011 ). The VEP recordings rem ain  th e  

preferred  test fo r detecting changes in optic nerve function subsequent to  clinical and 

subclinical optic neuritis. MS patients w ith  ON show a pathologically prolonged VEP PlOO 

latency (Ziem ann, et al., 2011). The diagnosis o f MS is a lengthy procedure as no d efin itive  test 

exists for its detection. Furtherm ore, current diagnosis criteria for MS (Polm an, e t al., 2011) 

stipulates th a t a p atien t must present w ith  a specific com bination  of attacks and lesions which  

are detected  using m agnetic resonance imaging (M R !) or VEPs. A study conducted by Ko 

(2010 ) found th a t VEPs can be superior to  M RI in the detection of such lesions, and therefore  

are o f great im portance in the diagnosis o f MS.

The VEPs are visually evoked electrophysiological signals extracted from  the  

electroencephalographic activity recorded from  th e  scalp (O dom , e t al., 2010 ). The VEP 

paradigm  elicits a large positive peak around 100 ms a fte r stimulus p resentation, PlOO, 

preceded by a large trough. The PlOO is the largest com ponent over a large occipital area on 

th e  scalp, in o ther words over th e  visual processing areas on the cortex. As the visual cortex is 

prim arily  activated by th e  central visual field , th e  VEPs depend on th e  functionality  o f the  

patient's  central vision a t any level of the visual pathw ay including the eye, retina, optic nerve, 

optic radiations and occipital cortex (Figure 2.2).

Figure 2.2. VEPs depend on the functionality o f multiple parts o f the visual pathway (figures 
from  SA Medical (2010) and Kolb (2012)).
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To obtain a VEP, a visual stimulus is presented to a subject and the electrical activity of the  

visual pathway is recorded via EEG. A transient VEP (tVEP) is recorded when the tem poral 

frequency of the presented stimulus is low and consists of a number of discrete deflections. 

Responses can be evoked by either patterned stimuli (pattern stimuli) or un-patterned stimuli 

(flash stimuli). The three subtypes of tVEPs are defined according to their stimulus and 

recording conditions, which provide their core clinical information (Odom, et al., 2010). The 

pattern-reversal tVEPs, the pattern onset/offset tVEPs, and the flash tVEPs, all have their own 

benefits. The pattern-reversal tVEPs are commonly utilised to diagnose visual dysfunction in 

MS and they are the least variable in waveform and timing. The pattern onset/offset stimulus 

is suited to the analysis of patients with nystagmus (involuntary eye movement) and flash 

tVEPs are useful when pattern stimulation is not appropriate, e.g. due to poor vision, poor 

cooperation, poor optics, and/or inability to maintain focus on the pattern stimulus.

The standard pattern stimulus is a high-contrast black and white checkerboard pattern. 

According to the International Society for Clinical Electrophysiology of Vision (ISCEV)(Odom, et 

al., 2010), the contrast as defined by Michelson, should be at least 80%. (Note: Michelson 

contrast = ([Lmax -  Lmin]/Lmax + Lmin]) * 100%. Lmax = maximum luminance of white  

squares, Lmin = minimum luminance of black squares.) In the case of the pattern-reversal 

tVEP, the black and white checks of the pattern stimulus change abruptly (black squares 

change to white, white squares to black) at a specified number of reversals per second (ISCEV 

recommends tw o reversals per second). For the pattern onset/offset stimulus, the 

checkerboard pattern is interm ittently presented against a diffuse grey background. The mean 

luminance of the diffuse grey background and the checkerboard pattern must be equal for the 

duration of the stimulus presentation. The checkerboard pattern should be presented for 

200ms separated by 400ms of diffuse background. A flash stimulus consists of brief flashes of 

light presented in a dimly illuminated room at a standard rate, which for the presentation of 

flash stimuli is one flash per second. The major components of pattern reversal waveforms 

are N75 (negative peak, approximately 75ms), PlOO (positive peak, approximately 100ms) and 

N135 (negative peak, approximately 135ms), as shown below.
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Figure 2.3. The components o f pattern reversal tVEP.
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There is a wide range o f literature supporting the conventional tVEP as a valuable analysis tool 

(Ziennann, et al., 2011). In particular, MS w ith  optic neuritis (ON) show pathologically 

lengthened VEP PlOO latency. In general, in the acute stage o f optic neuritis the VEP shows an 

am plitude reduction that recovers while during the same period of tim e VEP latency increases. 

The recovery o f the VEP am plitude can be explained by resolution o f edema, whereas, 

reduced VEP am plitude developing in later stages of MS suggests axonal loss w ith in  the optic 

nerve (Ziemann, et al., 2011). Strong correlations have been found between prolonged and 

reduced tVEP responses in MS and the probability of having m otor or visual disorders (Balnyte, 

et al., 2011). On the o ther hand, sometimes the correlations between VEP measures and 

visual function is weak due to  VEP PlOO latency prolongation usually persisting despite 

complete or near complete recovery o f visual function (Ziemann, et al., 2011). Previous studies 

in MS all utilised a standard pattern reversal stimuli to generate tVEP responses (van Dijk, 

Jennekens-Schinkel, Caekebeke, Singh, & Zwinderman, 1992) and reported 30 MS patients to 

have significantly prolonged PlOO latencies at occipital sites fo r both eyes in comparison to  19 

healthy and age-matched controls. Balnyte, et al. (2011) found tha t PlOO responses o f 63 MS 

patients had prolonged latencies and reduced amplitudes fo r both eyes, when compared to 

the responses of 63 patients w ith  other neurological conditions. Furthermore, a significant 

correlation existed between symptom duration and the prolongation o f PlOO in both eyes o f 

MS patients. Moreover, delayed and reduced tVEP values indicated an increased probability o f 

having m otor and visual disorders. A retrospective longitudinal analysis (Niklas, Sebraoui, 

Hess, Wagner, & Then Bergh, 2009) reported that clinically, non-affected eyes o f the patients 

w ith  sub-clinicaliy delayed prolonged latencies remained stable over a period o f almost 5 

years. In contrast, patients whose eyes were clinically affected by ON and displayed an in itia lly  

delayed PlOO latency, displayed a shortening o f PlOO latency over a 4 year period. The study
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by Schlaeger, D'Souza, Schindler, Grize and Kappos, et al. (2012) showed that combined 

m ultim odal (visual, somatosensory, m otor) evoked potentials can be used as markers and 

predictors o f disability o f the early phase o f RRMS, as the m ultim odal EPs correlated well w ith  

cross-sectional clinical disability (EDSS value) over a 3-year period in 50 patients. The 

subsequent study (Schlaeger, D'Souza, Schindler, Grize, Dellas, et al., 2012) found tha t baseline 

EP parameters and EDSS at year 14 (and the change over 14 years) were correlated.

However, a major disadvantage o f VEPs is tha t as they present stim uli periodically (the 

responses are generated approximately every 400ms), the output results must be averaged 

over many trials to obtain a stable VEP response; typically a m inimum of 60 trials w ith  200-300 

trials being preferable. As a result, VEP testing sessions have a lengthy duration of 

approximately one hour and they can often be tiresome fo r subjects, which leads to  d ifficu lty 

maintaining focus and concentration. Therefore, there is a demand for an alternative, more 

e ffic ient and subject-friendly method to  probe and m onitor visual dysfunction in MS, such as 

Visual Evoked Spread Spectrum Analysis (VESPA) investigated as part o f the present research 

project (Lalor, Kelly, Pearlmutter, Reilly, & Foxe, 2007).

2.5. Electroencephalography and P3 event-related potentials: 

promising methods for detecting and monitoring brain function 

related to cognitive impairment in multiple sclerosis

Neuropsychological tests, such as the PASAT, are generally used to  measure Cl in MS. 

Cognitive-indexing electrophysiological measures, electroencephalography (EEG) and event- 

related potentials (ERPs), o ffer inform ation on brain functions related to cognitive dysfunction 

in MS. Therefore, they have the potential to  provide additional inform ation on cognitive 

im pairm ent in MS. As mentioned in Chapter 1, EEG is an electrophysiological method tha t 

records the ongoing electrical voltage changes on the scalp in order to  determ ine the 

underlying neural activity. EEG is caused by m ultip le  neuronal network interactions which can 

be affected by w hite  m atter damage. EEG may be used as an indicator fo r the global status of 

these neuronal network interactions (Comi, Leocani, Locatelli, Medaglini, & M artine lli, 1999). 

ERPs are averaged responses to specified stimuli. In other words, stimulus onsets are marked 

in the ongoing EEG data during recording, and afterwards these trials are averaged together to 

form  an ERP. P3 ERPs can be said to  act as an index o f cognitive function in MS (Leocani, et al., 

2010). The early sensory processing o f the brain can be explored w ith  EEG methods such as

36



visual evoked potentials (VEPs). Similar, but more advanced methods such as Visual Evoked 

Spread Spectrum Analysis (VESPA) can provide a more ecological and in depth perspective of 

visual processing in MS.

Other neuroimaging methods, such as fMRI, PET and SPECT, have tw o  main advantages over 

EEG analysis; better spatial resolution and an ability to  detect cellular activity in structures that 

do not contribute to  scalp EEG (i.e. in the cerebellum, subcortex). Nevertheless, EEG has 

several advantages over neuropsychological tests and neuroimaging methods. EEG has greater 

temporal resolution, and they are the summation o f cortical postsynaptic potentials 

themselves, not just measures o f cell metabolism as in other neuroimaging methods. 

Specifically, electrophysiological methods assess the consequences of axon dem yelination and 

degeneration as the activity recorded on the scalp reflects the action potentia l conduction 

along central visual, auditory, somatosensory and m otor pathways. The slowed action 

potential conduction, results from  a succession o f impaired cellular level processes; acute 

demyelination o f an axon results in increased current leakage at the internodal membrane. 

This causes delay in producing sufficient depolarisation at the next node o f Ranvier to  reach 

the action potential threshold (Ziemann, et al., 2011). In a given fibre bundle, demyelination 

may variably affect d ifferent axons, resulting in disperse action potential propagation 

(Ziemann, et al., 2011). Furthermore, EEG technology is favourable, as it has high temporal 

resolution, is independent from  behavioural responding, inexpensive and relatively easy to 

administer, portable, relatively convenient to use, to lerated better by some patients, and not 

adversely affected by practice effects (Barker-Collo, 2005), education, m otor delay o f speech 

or hand movement. As previously mentioned, some o f the neuropsychological tasks, such as 

the PASAT, are very unpopular amongst patients due to its d ifficulty, which leads to  loss of 

data, which is especially unfortunate in clinical trials w ith  repeated testing (W illiams, et al., 

2006).

2 .5 .1 . Electrophysiological measures

Clinical neurology continues to  rely on the principle o f cortical localisation of function despite 

recent advances in neuroscience suggesting brain to  function as a distributed, parallel and 

recursive network. In o ther words, in clinical practice it is still considered tha t defin ite 

functions are represented in specific parts o f the brain. It is thought tha t brain injuries disrupt 

these localised functions giving rise to  corresponding behavioural deficits. Moreover, stimuli 

are processed in a serial, bottom -up fashion, in the separate hierarchically organised brain
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a re as  perfo rm ing  different functions (Engel, Fries, & Singer, 2001; He, Shulm an, Snyder, & 

C orbe t ta ,  2007).

At th e  s a m e  t im e ,  it w as also generally  a c ce p te d  th a t  th e  brain is ana tom ica lly  organised  in 

w idely d is tr ibu ted  and  highly parallel networks.  Cortical rhy thm s are  cons idered  to  be  th e  

m ain  m e a n s  of  com m unica t ion  b e tw e e n  and  across th e s e  netw orks.  Cortical rhy thm s can arise 

from synchron isa tion  of coupled  oscillators w h en  noise  is a b s e n t  o r  small. Alternatively, they  

can e m e r g e  from  s trong  feedback  synaptic  in te ract ions in a p redom inan tly  asynchronous  

circuit, with highly stochastic  spiking activity of individual cells (Wang, 2010). Efficient transfe r  

of  in fo rm ation  with in  th e  brain has previously b e e n  th e o r i sed  to  d e p e n d  on b o t to m -u p  

m e chan ism s ,  such  as m odu la tion  of firing ra tes  o r  th e  d e g re e  of spike synchronisation  (Fries, 

2005). However, th e  m o s t  r ec en t  accoun ts  in th e  research  s tresses  th e  role of tem pora l  

b inding th ro u g h  rhythmic synchronisation  (Engel, e t  al., 2001; Fries, 2005; He, e t  al., 2007). 

Neural synchrony, i.e. c o h e re n t  oscillations, is cons idered  to  be  a universal fea tu re  of neural 

sys tem s  and  to  be  th e  in tegration  m ech an ism  a t  d iffe rent levels from individual neu ro n s  to  

local o r  in te rm e d ia te  netw orks up to  widely d is tribu ted ,  long-range ne tw orks  such as cortico- 

cortical f ibres and  tha lam ocortica l  reciprocal pa thw ays  (> lcm ) (He, e t  al., 2007; Varela, e t  al., 

2001). S ynchronous cortical rhy thm s can e m e r g e  from  th e  synchronisation  by excitatory 

connect ions ,  th ro u g h  an interplay  b e tw e e n  excitation and  inhibition, o r  even  a by purely 

inhibitory neu rona l  n e tw o rk  (Wang, 2010).

Neuronal synchrony is th o u g h t  to  play a cen tra l role in w ell-t im ed  coord ina tion  and 

co m m unica t ion  b e tw e e n  neural popu la tions  s im ultaneously  engaged  in a cognitive process, 

such as th e  pe rc ep t io n  of a stim ulus or  t h e  p e r fo rm a n c e  of a task  (Fries, 2005; He, e t  al., 2007; 

W ang, 2010). T hese  coord ina tion  m e ch a n ism s  rely on  th e  te m p o ra l  p a t te rn ing  of neuronal 

activity (Fries, 2005; Uhlhaas, e t  al., 2009). The brain rhy thm s in th e  waking brain occur 

in te rm itten tly  by sh o r t  ep iso d es  in t im e, synchronisation  is sub tle  and  typically confined to  

restr ic ted  neura l  popula tions.  It is p re su m e d  th a t  cortical n e tw orks  in w akefu lness  are  

p red o m in an tly  asynchronous  b u t  a t  th e  s a m e  t im e  w ea k  oscillations and selective co h e ren ce  

are  p re se n t  (Wang, 2010). Synchronisation su p p o r ts  th e  encod ing  of inform ation a b o u t  stimuli 

an d  is also highly sensitive to  contex t (Uhlhaas, e t  al., 2009). In particular, th ro u g h  th e  

m odu la t ion  of th e  s treng th  of synchronisation  (Engel, e t  al., 2001; Uhlhaas, e t  al., 2009) and  

th e  utilisation of th e  delays am o n g  th e  d ischarges of neu ro n s  participating in synchronised  

assem bl ies  (Uhlhaas, e t  al., 2009). Synchronisation  also results in a l te rna t ing  per iods  of 

excitation an d  inhibition, which rhythmically pace neu rona l  activity and th e re fo re ,  th e  t ransfe r  

o f  inform ation (He, e t  al., 2007; Uhlhaas, e t  al., 2009).
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The cortical rhythms are commonly measured by reporting the spectral power (absolute, 

relative, ratio) in specific frequency bands. Physiologically, EEG spectral power is an indirect 

reflection o f the number o f neurons tha t discharge synchronously, i.e. increased power implies 

increased synchronous firing  o f a group o f neurons (Klimesch, 1999). Moreover, cortical 

rhythms recorded during cognitive tasks can be examined w ith relatively novel methods of 

event-related spectral perturbations (ERSPs; event-related mean power spectral changes) and 

in ter-tria l coherence (ITCs; event-related consistency o f spectral phase). ERSPs are the mean 

latency-by-frequency images tha t show the frequencies and latencies when mean changes in 

log power (dB) occur from  a specific mean power baseline, showing them  time-locked to 

experimental events (Makeig, 1993). ITCs measure the tria l-to -tria l phase consistency at each 

frequency and latency relative to  a set o f tim e locking events. If ITC is close to  zero at a given 

frequency and latency (relative to  tim e-locking events), then the measured spectral phase is 

evenly d istributed across trials. In contrast, if ITC is near 1, then the activity is reliably phase 

locked to  the tim e-locking events (Makeig, 2002; Tallon-Baudry, Bertrand, Delpuech, &  Pernier, 

1996).

The cortical oscillations are divided into d ifferent EEG frequency bands. M ore specifically, the 

low  frequency bands, alpha (8-13 Hz) and theta (4-8 Hz), and the high frequency bands, beta 

(14-30 Hz) and gamma (>30 Hz) are associated w ith  cognitive processing and behaviour 

(Polich, 2007; Wang, 2010). The underlying anatomical mechanisms behind the low  and high 

frequency bands are d ifferent. The neural synchronisation in the high frequency range (gamma 

and beta) has found to be mainly mediated by cortico-cortical connections, reciprocally linking 

cells w ith in  the same cortical area. Also, cells d istributed across d ifferent areas, in tu rn  the 

generation and synchronisation o f oscillatory activity in the lower frequency bands (alpha, 

theta) seem to  be dom inated by subcortical structures, especially the thalamus (Uhlhaas & 

Singer, 2006). Furthermore, the frequency of the synchronised oscillations is associated w ith  

the distance over which synchronisation is observed. Short distance synchronisation most 

often manifests at gamma, and long-distance synchronisation at beta and theta (Schnitzler & 

Gross, 2005; Uhlhaas & Singer, 2006; Wang, 2010).

Rhythmic synchronisation plays a functional role in many cognitive functions. Transient 

synchronisation o f neuronal discharges is thought to  dynamically bind w idely d istributed sets 

o f neurons into functionally coherent assemblies tha t represent the neural correlates o f a 

cognitive content (Singer, 1999; Uhlhaas & Singer, 2006). Neural synchrony is also essential for 

the large-scale integration, as it is associated w ith  (complex) cognitive functions th a t demand 

large-scale integration o f d istributed neural activ ity (Uhlhaas & Singer, 2006). Furthermore,
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theta oscillations are related to information processing tasks, especially those of sustained 

attention and with high executive demands (Gevins, Smith, McEvoy, & Yu, 1997; Klimesch, 

1999; Mizuhara, Wang, Kobayashi, & Yamaguchi, 2004; Mizuhara & Yamaguchi, 2007). 

Furthermore, theta oscillations are linked with the maintenance of working memory (Gevins, 

et al., 1997; Varela, et al., 2001), and the encoding and retrieval of episodic memory 

(Klimesch, et al., 2006; Wang, 2010).

The extent of theta synchronisation has also been related to good working memory 

performance (Klimesch, 1999; Wang, 2010). Theta band oscillations may play a role in top- 

down processing, with field theta oscillations and theta-band inter-areal synchronisation being 

associated with working memory and attention (Wang, 2010). In addition, reduction in alpha 

power has been associated with attention focused on external stimuli processed by the 

studied brain area (Wang, 2010). Beta oscillations have been related to movem ent behaviour, 

response inhibition and also with broader cognitive processes (Wang, 2010). Inter-areal 

coherence associated with selective attention, working memory, guided search, object 

recognition, perception, sensorimotor integration is especially conspicuous in the beta 

frequency range. The primary generation of beta rhythm is thought to happen in the deep  

layers of the cortex, which are then involved in long-distance signalling (oscillatory 

synchronisation) along feedback pathways arising from subcortical structures such as the 

hippocampus, basal ganglia and the thalamus (Wang, 2010). Gamma-band oscillations have 

been linked to a variety of different processes such as attentional selection of sensory 

information/selective attention, arousal, focused attention, perceptual readiness, response 

preparation, attentive listening, visual search, attention to moving stimuli, object recognition, 

learning, language processing and emotional evaluation (Engel, et al., 2001; Schnitzler & 

Gross, 2005; Uhlhaas, et al., 2009). The gamma band couples with other frequency bands 

during attention, which is illustrated by reports showing synchronized beta/gamm a oscillations 

to be involved in attention dependent processes (Uhlhaas, et al., 2009), and attention to be 

associated with reduced alpha rhythm and increased gamma rhythm (Wang, 2010).

Recently, the importance of spatiotemporal balance of synchronisation and de- 

synchronisation has been recognised, and the specific synchronisation patterns have been 

found to be directly related to behaviour (Schnitzler & Gross, 2005). W ith regards to cognitive 

functions, superior working mem ory performance is related to an increase in theta power and 

to a decrease in alpha power after an increase in task demands, such as the presentation of 

less frequent target stimuli (Klimesch, 1999).
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In recent years, there has been an enthusiasm to  investigate if measuring the spectral content 

o f EEG  ̂ can be used as a predictive biomarker fo r neurological conditions (Klassen, et al., 

2011). The role of synchronisation o f neural networks has been investigated in brain disorders, 

such as schizophrenia, Alzheimer's disease, and autism (Uhlhaas, et al., 2009; Uhlhaas & 

Singer, 2006). Most research on the electrophysiological correlates of pathological brain states 

have focused on the analysis o f power distributions in various frequency bands o f resting-state 

EEG activity (either eyes-open or eyes-closed) or on the irregularities in averaged ERPs. 

However, lim ited research has investigated task- or performance-related synchronisation 

phenomena in brain disorders (Uhlhaas & Singer, 2006).

Distinct abnormal changes in (task-related) neural synchrony most likely play an im portant role 

in not only the cognitive dysfunction, but also the overall pathophysiology o f brain disorders 

(Uhlhaas, et al., 2009; Uhlhaas & Singer, 2006). These conditions involve the reduction o f both 

local and long-range neural synchronisation (Uhlhaas & Singer, 2006). Therefore, it can be 

suggested tha t the cognitive dysfunction w ith  the o ther overt symptoms o f these disorders 

arise, at least in part, from  dysfunction in the coordination o f distributed neural activity 

between and w ith in  functionally specialised regions in the cerebral cortex. Reduced neural 

synchrony may be the consequence o f a disconnection of these brain regions, but it can also 

be the cause of impaired coupling between brain areas. In particular, as synchronisation is 

required fo r the efficient propagation of neural responses across sparsely connected networks 

(Uhlhaas & Singer, 2006).

Only few studies (Cover, et al., 2006; Vazquez-Marrufo, Gonzalez-Rosa, Vaquero, Duque, 

Borges, et al., 2008; Vazquez-Marrufo, Gonzalez-Rosa, Vaquero, Duque, Escera, e t al., 2008) 

have examined the task-related neural synchronisation in MS. Although, it may present as a 

highly valuable clinical tool as the axonal damage and demyelination (present in MS), have 

been shown to  interfere w ith  the temporal coordination of neuronal activity (Uhlhaas & 

Singer, 2006). The previous scalp-based and low-density spectral EEG studies in early-stage MS 

patients tha t related to cognitive task performance (Posner paradigm), have identified 

increased power o f higher frequencies o f beta and gamma bands in MS patients only, 

compared w ith  controls over the whole scalp area after target-stimuli presentation. This was 

most prom inent over frontal areas (Vazquez-Marrufo, Gonzalez-Rosa, Vaquero, Duque, Escera,

 ̂The mathematical and statistical analysis o f human EEG, such as fast Fourier transform, is sometimes 
referred to as quantitative EEG. The term is especially used with regards to the spectral content of 
the EEG and is widely used in clinical literature.
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et al., 2008), and over anterior right hemisphere and bilateral posterior scalp regions (Vazquez- 

Marrufo, Gonzalez-Rosa, Vaquero, Duque, Borges, et al., 2008).

2.5 .2 . Event-related potentials: the  oddball and 3-stim ulus paradignns

One o f the fundamental skills o f human beings is the ability to  distinguish new/ events from  

those already experienced, which enables us to  react appropriate ly to the stimuli in the 

environment. People are constantly surrounded by subtle changes in our environment, and 

take notice of them  by comparing the new events to already existing memory traces o f prior 

events. This stimulus discrim ination process is a fundamental psychological process that 

determ ines several aspects of cognitive functioning.

Electrophysiologically, a sim ilar process can be elicited by a two-stim ulus oddball task (see 

Figure 2.4). First reported by Sutton, Braren, Zubin and John in 1965, the two-stim ulus oddball 

task is one o f the most popular ERP paradigms. In the oddball task an occasional target stimuli 

has to  be detected in a tra in  o f frequent irrelevant standard stimuli. A P3b component is 

typically elicited approximately 300 ms after each target stimulus, and it has maximal 

amplitude over the parietal scalp area. The P3b is thought to  reflect context updating (Polich, 

2007) and the categorisation of task relevant events (Kok, 2001).

Sometimes, there are novel, non-attended events in the environment which require more 

attention than the small, somewhat expected changes related to  P3b and context updating. In 

neurophysiology, this phenomenon is examined w ith  a variant o f P3b, the P3a (Figure 2.4). The 

P3a is considered to  reflect a basic orienting response to  a novel stimulus (Friedman, 

Cycowicz, & Gaeta, 2001), involuntary attention and response inh ib ition (Key, Dove, & 

Maguire, 2005). There are a variety o f d ifferent types o f P3a; the d ifficu lty  of the 

standard/target discrim ination and the perceptual distinctiveness o f the non-target stimulus 

a lter the latency, am plitude and topography o f the P3a. The most utilised P3a paradigms are 

the classical P3a, novelty P300 and no-go P3a. In the classical P3a paradigm, only infrequent 

distinct tones are presented w ith  a tra in  o f frequent tones, which produces a P3a component 

best observed on the central and /or parietal scalp areas and w ith  a relatively short latency. 

Novelty P300 task infrequent novel distracter stimuli are presented w ith  more typical stimuli, 

which generates a novelty P300 component most visible over frontal and/or central scalp 

areas, and which has a relatively short latency (Polich, 2007).
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The present research project focuses on no-go P3a, which is elicited by em ploying a th ree - 

stimulus oddball paradigm ; in addition  to  standard and targe t stim uli, ad d itiona l, infrequent, 

non-target stim uli are presented. Subjects are asked to respond only to  target stimuli and 

refrain from  responding to  th e  additional non-target stim uli and standard stimuli. 

F urtherm ore, a d ifficu lt s tand ard /ta rg et d iscrim ination is em ployed as it results in m ore easily 

detectab le  P3a com ponents. These com ponents are higher in am plitude and shorter in 

latency, com pared to those in an easy discrim ination task. Typically, this no-go P3a com ponent 

can be observed approxim ately 250  ms a fte r th e  non-target stim uli, especially over th e  central 

scalp region, w ith  shorter latencies in frontal areas and longer latencies in cen tra l/pa rie ta l 

areas (Polich, 2007). No-go PSa was th e  chosen P3a paradigm , as it is best suited for clinical 

environm ents w h ere  ERP com ponents have to  be reliably and objectively produced w ith in  a 

lim ited  tim e  fram e. In o ther w ords, th e  responses to  th e  same type o f d istracter stim uli in no- 

go P3a can be m ore reliably th ought to  reflect the sam e prelim inary a tten tio n  processes than  

th e  responses to  d ifferen t, novel stim uli, which may a lter according to  th e  stim ulus features of 

each individual novel stimuli. As a result, less repetitions o f the d istracter stimuli are required, 

w hich reduces the overall tim e of the task and is, therefore, b etter suited to  clinical 

populations. M oreover, the no-go P3a gives a robust response to  the unattended  distracter 

stim uli, making it a relatively easily reproduced ERP com ponent. It also reflects a d iffe ren t side 

o f the early stimulus processing, re lative to  traditional P3b tasks, and th e  m ultim odal 

em p lo ym en t of the tw o  tasks enables a thorough investigation of th e  early, cognitive  

processing functions in the brain.

Figure 2.4. Two-stimulus oddball (P3b) and three-stimulus (no-go PSa) paradigms (adapted  
from  Polich, 2007).
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2.5.2.1. Theoretical accounts o f P3 processing

One of the main theories of the processing of the P3 regards the task as context updating; P3 

component indexes brain activity arising from the comparison of incoming stimuli to the

existing mental representations in short-term memory (Figure 2.5). After initial sensory

processing, an attention driven comparison process evaluates the representation of the 

previous event in working memory. If a new stimulus is detected, the attention processes 

update the stimulus representation, which results in the generation of PS peak. On the other 

hand, if no change is detected, the current schema of the stimulus is maintained and only 

evoked sensory components (e.g. N l, P2) are elicited. This process resembles orienting 

response, with observed PS habituation/dishabituation. Nonetheless, the theory does not 

explain how and why the brain produces P3, and it does not suggest any biologically plausible 

hypothesis (Polich, 2007). In fact, the theory may reflect more PBa-like relatively strong initial 

target stimulus processing (Kok, 2001).

Figure 2.5. The context-updating theory o f P3b ERR (as in Polich, 2007).
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Another theory explains PS as a result of resource allocation: the overall arousal level 

modulates processing systems which governs the amount of attention available for task 

performance (Figure 2.6). The demands of the task determine the properties of the P3 

component, i.e. demanding task conditions require greater amounts of attentional resources 

which result in P3 amplitude to be larger and peak latency to be shorter. In contrast, when task 

conditions are undemanding, the P3 amplitude is smaller and peak latency longer. 

Furthermore, passive stimuli produce smaller P3 amplitudes than active tasks, because 

stimulus and non-task events engage attentional resources to reduce amplitude. The theory 

also assumes arousal systems to affect the availability of attention processes to modulate P3 

(Polich, 2007).
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Figure 2.6. The resource allocation theory o fP3b ERP (as in Polich, 2007).

AROUSAL

i PROCESSING 
I CAPACITY

ATTEHTTOM
ALLOCATION

TASK DEMANDS

P300 AUPLITUDE/LA TESCY

After linking P3 to orienting response and attention allocation effects, the focus shifted to 

memory. In a series of studies P3 amplitude and/or latency were found to be associated with 

recall performance, memory load, mem ory engagement, semantic compatibility, stimulus- and 

response-related processing and mental function speed. In sum, stimulus encoding that 

promotes successful memory storage to facilitate retrieval and recognition is thought to  

produce increased P3-like amplitude.

These early theories did not include the P3a component, and therefore, Polich and 

Comerchero (2003) created a schematic neuropsychological model of P3a and P3b (Figure 

2.7). The model is based on results from lesion studies, which imply a circuit pathway between  

frontal and tem poral/parietal brain areas indicated by P3a and P3b. According to the theory, 

processing sensory stimuli involves attention-driven working memory changes with frontal 

lobe activation. This produces the P3a component if sufficient attentional focus is engaged to a 

rare or otherwise physically alerting stimulus. Furthermore, the subsequent attentional 

resource activation promotes memory updating operations in tem poral/parietal areas that 

elicit the P3b component. Stimulus characteristics and task demands determ ine the distracter 

evaluation, and the topography and timing of P3a. The model is also consistent with the 

neurocognitive framework - the incoming stimuli invoke top-down attention switching, and 

the memory-driven bottom-up operations guide response organisation and production (Polich, 

2007; Polich & Comerchero, 2003).
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Figure 2.7. Schematic neuropsychological model o f  P3b and P3a ERPs (as in Polich, 2007).
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At present, the most refined theoretical model attempts, not only explain P3b and P3a 

generation w ith in  the cognitive and neuropsychological theoretical frame, but also includes 

the brain mechanisms underlying P3b and PBa generation (Figure 2.8). The model assumes 

there is a connection adapted by the electrical activity o f the neurons between frontal and 

tem pora l/parie ta l structures which modulates P3b and P3a generation and activ ity on the 

scalp. According to  the theory, stimulus in form ation is maintained in the working memory of 

the fronta l areas and monitored by anterior cingulate structures. The circuit pathway is 

thought to be activated when focal a ttention is distracted, which causes anterior cingulate 

cortex and related structures to  generate P3a, which can be observed on frontal scalp areas. 

The a ttention-driven neural activity signal is then transm itted to  tem poral-parieta l areas, 

which leads to  memory-related storage operations to  be engaged and the generation o f P3b 

via tem poral/parie ta l cortical structures. Therefore, every P3 component is presumed to be 

composed o f both P3a and P3b subcomponents which vary w ith  stimulus and task features 

(Polich, 2007). Polich (2007) links the model to  a hypothesis supported by a large number of 

neurophysiological results. These suggest P3b components to  be mainly related to  inh ib ition 

processes. Thus, P3b and P3a may be caused by brain mechanisms trying to  inh ib it 

extraneous, on-going brain activation to ease the transference o f stim ulus/task information 

from  fronta l to  tem poro-parieta l areas, fronta l activation reflecting P3a and tem poro-parieta l 

P3b.

M inim al processing of extraneous stim uli would, therefore, facilitate the transmission o f 

relevant incoming stimulus inform ation from  fronta l to  tem poro-parieta l areas, easing 

m em ory functions. This account is congenial w ith  all the functions o f P3. P3 is adaptive to  

inh ib it activ ity unrelated to  infrequent, low probability stim uli, possibly holding biologically 

im portant in form ation subsequently e liciting large P3 amplitudes. D ifficult and dual processing 

tasks inducing high cognitive demand lim it a ttentional resources to  resist inh ib ito ry control
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and thus, generate smaller P3 amplitudes. Arousal is suggested to modulate the level o f neural 

inh ib ition  engaged. The relationship between P3 peak latency and cognitive capability indexes 

the speed w ith  which extraneous processes are inhibited. Declined P3 am plitude and 

prolonged P3 latency w ith  aging and dementing conditions originate from  breakdowns in 

cortical processes underlying inh ib itory signals. The proposed neurotransm itter systems fo r 

P3b and P3a are consistent w ith  the inh ib ition hypothesis, as the same neurochemical effects 

influence inh ib itory signals to  affect P3. In sum, a general neural inh ib ition  approach appears 

to  function as an underlying P3 generation mechanism, when attention-engaging stimuli are 

detected and engage memory operations.

Figure 2.8. Schematic representation o f brain activation patterns underlying P3b and P3a 
generation (Polich, 2007).
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2.5.2.2 . Factors a ffec ting  P3 ERP co m p on en t

P3 components are influenced by natural, induced and subject factors. Natural factors such as 

body temperature, heart rate, food intake and seasons w ith  light, together w ith  induced 

factors including fatigue, exercise and common drugs such as caffeine, nicotine and alcohol, all 

have varying effects on P3 am plitude and/or latency. PS peaks are also affected by many 

subject factors including age, intelligence, handedness, gender, personality and genes (see 

Table 2.4. fo r details; (Polich & Herbst, 2000). P3 peak latency increases w ith  normal aging 

(Fjell & Walhovd, 2001; Polich, 1996), and also w ith  the increase o f dementia level (Polich, 

2007).

More importantly, the details involved in experimental set-up involving stimulus 

characteristics, subject instructions/behaviour and task and recording circumstances also have 

an effect on P3 components. Stimulus modality, duration, intensity and interstimulus interval
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influence P3 formation, together with subject and task related factors with seating position, 

eyes open, active and overt response to  targets, and target probability of 20% preferred. 

Favourably, the EEG signals should be recorded at least from the midline electrodes (Fz, Cz, Pz) 

with mastoid-, nosetip- or average-reference, band passed 0.01-100 Hz, and having an epoch 

length of 800-1200 ms and a minimum of 20 correct target trials (see Table 2.5. for details; 

Duncan, et al., 2009; Polich & Herbst, 2000).

Table 2.4. P3 latency and amplitude biological determinants (as in Polich, 2000).

Factor Am plitude Latency Com m ent

N a tu ra l

Circadian Indirect Indirect Circadian body changes affect P300 measures

- Body
no yes Increased tem perature, decreased latency

tem pera tu re

- H eart rate no yes Faster heart rate, decreased latency

- Food intake yes some Am plitude increases, latency shorter

- Activity tim e yes some Food interacts w ith  activity preference tim e

Ultradian some yes 90-in latency cycles

Seasonal yes no Seasons w ith  light. Increased am plitude

Induced

- Exercise; Indirect Direct Affects overall arousal level

— Tonic yes yes Increases am plitude, decreases latency

— Chronic no yes Decreased latency, variable results across studies

- Fatigue yes yes Decreased am plitude, increased latency

- Drugs com m on yes yes Specific drug, arousal level, tonic /  chronic use

-  Caffeine some yes Am plitude Increases if fatigued, latency decreases

— Nicotine small yes W eak am plitude effects, latency decreases

-  Alcohol

—  Acute yes yes A m plitude decreases, latency increases

—  Chronic no no Social drinking; no perm anent long-term  effects

— Alcoholism risk yes no At-rlsk; smaller am plitudes w ith  visual tasks

Constitutional

Age yes yes M odality, task, response parameters im portant

- Children yes yes A m plitude increases, latency decreases

- Adults yes yes Am plitude decreases, latency increases

Intelligence yes yes A m plitude from  complex tasks smaller for more  

Intelligent, latency shorter for perceptual /  speeded 

Classification tasks for more intelligent

Handedness yes yes Am plitude; left > right for frontal /  central sites 

Latency; left < right for frontal /  central sites

G ender small small Am plitude; fem ale > male, latency; fem ale < m ale

Personality yes no Am plitude; introverts < extroverts

Genetic yes yes Am plitude and latency genetically determ ined
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Table 2.5. Recommended parameters fo r eliciting and recording P3 ERP (adapted from  Polich, 
2004, and Duncan, e t al., 2009).

Param eter Com m ent

I .  Stimulus factors  

Auditory

- Frequencies

- Duration

- Intensity  

Visual

- Duration  

Interstimulus  

interval 

Dimensions of 
change 

Probabilities

II. Subject and task 

Position

Eyes

Two categories of stimuli, one rare, one frequent 

Tones, environm ental sounds, spoken w/ords 

1000 Hz (target), 500 Hz (standard)

5 0 -1 5 0  ms duration, 5 ms rise/fall 

70dB S P L

Colours, shapes, words, pictures 

5 0 -1 5 0  ms; stimuli should be perceptible

1 -2  s (fixed or variable), longer if categorisation task is difficult

Physical attributes of stimuli; m eaning o f stimuli. Stimuli must comprise tw o  

categories (high vs. low tone; fem ale vs. m ale names).

0 .1 0 -0 .2 0  (target), 0 .8 0 -0 .9 0  (standard)

Seated 

Open

D ocum ent integrity o f sensory function and relevant health factors (e.g., history 

of central nervous system disorder or injury, medications 

affecting CNS).

Attention to  stimuli required; concurrent behavioural task w ith  measurable  
perform ance (e.g., button press to  target stimulus) is necessary.

III. Electrophysiological recording

M inim al configuration is Fz, Cz, Pz, VEOG; additional electrode sites 
recom m ended to obtain inform ation on scalp distribution.

Nose or one earlobe used as online reference, w ith  offline averaging w ith  the  

other earlobe.

AFz

Sensory/health
factors

Active or passive 
task

Electrode sites

Reference

Ground  

Bandpass of 
am plifiers  

Digitization rate

Epoch length

Artefact reduction  

M inim um  ti trials 

Digital filtering  

IV. Quantification  

Average ERPs

Latency

Am plitude  

Scalp distribution

0 .0 1 -1 0 0  Hz

200 Hz m inim um  (4 low-pass filter setting)

1000 ms, w ith  a prestimulus baseline of 1 0 0 -1 5 0  ms; longer epoch for difficult 
categorisations

EOG rejection or correction, and rejection of trials w ith voltages ±100  IV in any 

EEG channel 

36 artefact-free

Not recom m ended for ERPs prior to  quantification; low-pass filtering at 12 Hz is 

acceptable for ERPs to  be displayed.

Average ERP waveform s, excluding trials w ith  incorrect behavioural responses, 
must be presented for each group and condition.

Typically peaks in the  3 0 0 -4 0 0  ms range but varies according to  the difficulty of 
categorizing the  stimuli, age, and clinical status.

Peak am plitude in a latency w indow  (e.g., 2 8 0 -4 2 0  ms) relative to  prestimulus 
baseline; m ean am plitude in a latency w indow  relative to 

prestim ulus baseline also acceptable; PCA/ICA  

Parieto-central in adults, becomes m ore equipotential in elderly.

N o te , b A 'p assive ' task m ean s  th a t  no resp on se, o v e r t  o r c o v e rt, is re q u ire d  o f th e  p artic ip a n t.
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2.5.3 Measuring EEG and P3 ERP components

The P3b and P3a components have trad itionally been measured by assessing tw o aspects of 

the ERP; am plitude and latency (i.e. the largest positive/negative-going peak and the time 

from  stimulus onset to  largest positive/negative-going peak, respectively) (Polich, 2007). In 

conventional P3 ERP studies, groups are compared by examining the differences between their 

grand mean ERPs. The latencies and sequence of ERP waves are related to  the tim e course of 

processing activity, whereas, the amplitudes o f ERP waves indicate the am ount of 

synchronised neurons and neural resources participating into specific cognitive processes 

(Polich & Herbst, 2000). Nevertheless, the informativeness o f ERPs is restricted due to  the fact 

tha t they are mostly generated by m ultip le, functionally d istinct neural sources, and the 

varying source projections cause EEG potentials recorded on the scalp to  overlap both 

tem porally and spatially (Dale, et al., 2000). Furthermore, the spatiotemporal overlap makes it 

d ifficu lt to  measure the exact sources o f EEG activations (Hagoort, 2003) and impairs the 

ability  to  compare ERP phenomena related to d ifferent types o f stim uli or experimental 

paradigms (Groppe, Makeig, & Kutas, 2008).

Event-related spectral perturbations (ERSPs) and in ter-tria l coherence (ITCs) are superior 

methods fo r visualizing event-related EEG dynamics since they reveal a more comprehensive 

overview o f the underlying EEG tim e-frequency properties than ERPs. ERSP depicts the mean 

power spectral changes, time-locked to  experimental events (Makeig, 1993). In addition, ITC is 

a measure o f the consistency o f the spectral phase o f recorded EEG activity across single trials 

(Makeig, 2002; Tallon-Baudry, et al., 1996). Furthermore, a high-density EEG array (128 scalp 

channels) is useful in identifying differences between the d iffe ren t subject groups and subtle 

longitudinal changes w ith in  subjects, as it covers the entire scalp area. High-density EEG 

enables the use of more refined and advanced analysis methods, such as statistical parametric 

mapping (SPM), independent component analysis and clustering o f independent components.

An advanced analysis tool, SPM is a more comprehensive method to  investigate the 

differences in am plitude/pow er o f scalp-based EEG. It includes all the activations across scalp- 

space and tim e  into the analysis, w ithou t the need to  average and thus possibly lose essential 

inform ation regarding the activations. It is a robust statistical measure: statistical parametric 

maps are derived from  the electrical activations recorded on the scalp and they depict 

activations across tim e and the whole scalp area. This makes it possible to  discover statistically 

significant differences between groups in the topographical d istribution o f task-related P3 EEG 

activities over the scalp. In addition, the correlations between the brain activities and
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behavioural task variables, such as neuropsychological test scores can also be examined w ith  

the method o f analysis.

Independent component analysis (ICA) is an advanced method to  address the problem of 

spatiotemporal overlap inherent in EEG. It is a relatively new linear decomposition method 

tha t attempts to  separate the observed EEG signals into both physiologically and behaviourally 

distinct components (Delorme & Makeig, 2004). In other words, its aim is to  identify 

tem porally independent and spatially fixed ICs from  high-density scalp EEG activities in which 

they are interm ingled, yielding functionally d istinct ICs which can be mapped onto  3D head 

space (Groppe, et al., 2008; Onton, W esterfield, Townsend, & Makeig, 2006). In contrast to 

other popular EEG source analysis methods such as BESA  ̂ (Hoechstetter, et al., 2004), ICA 

does not require a priori assumptions on the temporal dynamics or the spatial structure o f the 

underlying processes. Moreover, ICA is a useful method for isolating artefactual EEG sources 

(such as eye blinks and muscle artefact), which are then removed, yielding a more accurate 

representation of neural activity. Consequently, it is possible to aggregate ICs into functionally 

equivalent groups (1C clustering), which provides an estimate o f source EEG activities across 

subjects and conditions (Onton, et al., 2006).

The 1C clustering method holds many advantages over the classical scalp-based ERP analysis. 

This approach is more inform ative compared to  the established practice of reporting grand 

average ERPs between groups, which only capture the portion of the channel data tha t is 

phase-consistent at latencies relative to  the tim e-locking events (Onton, et al., 2006). It 

aggregates ICs into functiona lly  equivalent groups and therefore, estimates the source EEG 

activities across subjects and conditions. The 1C activities can then be compared between the 

groups (and optionally conditions) 'w ith in ' the 1C clusters. In contrast, the average scalp-based 

ERPs between groups only capture the portion o f the channel data that is phase-consistent at 

latencies relative to  the tim e-locking events and therefore, loses inform ation o f the activities 

(Delorme, Palmer, Onton, Oostenveld, & Makeig, 2012; Onton & Makeig, 2006).

This makes it possible to estimate source EEG locations more accurately, whereas the 

estimation w ith  scalp-based EEG analysis is more challenging as the results are affected by the 

differences between the subjects' brain anatomy and therefore the underlying differences in 

EEG activations may be overlooked. To be more specific, the ICA approach to  EEG source 

identification contrasts w ith  the predom inant approach of a ttem pting to  identify those EEG 

sources active during peaks in averaged evoked potential epochs, fo llow ing abrupt onsets of

 ̂ BESA den o tes  brain e lectrica l source analysis; a descrip tion  is availab le on line : h t tp : / /w w w .b e s a .d e /.
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experimentally presented sensory signals. The traditional procedure assumes that these scalp 

maps sum the projection(s) of one or at most very few cortical source areas. However, the 

effects of sensory signals on the statistics of cortical field activities spread quite rapidly, 

concurrent with neural cross-talk and feedback between early sensory areas, beginning at 

about 30 ms (Hupe, et al., 2001; Stettler, Das, Bennett, & Gilbert, 2002). This makes it less 

likely that later peaks in average evoked potential waveforms, represent the projection of 

activity from a single cortical source area, making spatial source filtering by response 

averaging and then 'peak picking', a relatively inefficient approach to isolating and locating 

individual EEG source signals (Delorme, et al., 2012).

In short, modelling ICs using equivalent dipole models allows the assessment and visualisation 

of the spatial homogeneity of clusters of functionally similar or equivalent 1C processes across 

subjects. The approach has been proposed by one research group (Onton & Makeig, 2006; 

Onton, et al., 2006), but it has not yet been adopted as a routine procedure when analysing 

EEG/ERP data. One reason may be that the 1C clustering method requires a relatively large 

amount of data recorded with high-density EEG, a large number of subjects and an ERP 

paradigm with a clearly distinguishable, task-related peak. Otherwise the automated  

algorithm is less likely to reject the noise from the data and the further analysis becomes 

unstable and imprecise. The other limitations of the 1C clustering approach include the 

subjective selection of the number of clusters, and the restrictions in matching 1C source areas 

with specific anatomical regions. These limitations have been addressed by the dipole 

modelling of ERPs based on source locations determined from fMRI activations (see for 

example Wagner, & fuchs, 2001). However, fMRI measurements were not available for the 

present research.

2.5.4. The neural origins of P3b and P3a

The neural generators of P3b and PSa have not yet been conclusively defined. The P3b is 

thought to have neural origins in the tem poro-parietal junction (Karch, et al., 2010; Menon, 

Ford, Lim, Glover, & Pfefferbaum, 1997; Verleger, Heide, Butt, & Kompf, 1994; Yamaguchi & 

Knight, 1991), and the involvement of different areas such as frontal lobe, anterior cingulate 

cortex, hippocampal form ation, dorsolateral prefrontal regions, superior temporal gyrus have 

all been suggested (Bledowski, et al., 2004; Bokura, Yamaguchi, & Kobayashi, 2001; Brazdil, et 

al., 1999; Crottaz-Herbette & Menon, 2006; Daffner, Mesulam, Scinto, et al., 2000; Knight, 

1996; Linden, et al., 1999; McCarthy, Luby, Gore, & Goldman-Rakic, 1997; Yamaguchi & Knight, 

1991). An 1C clustering study of auditory novelty P3b task in healthy, young volunteers
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indicated an 1C cluster reflecting P3b ERP c o m p o n e n t  activities to  ta rge t  stimuli, to  be located 

bilaterally a round  th e  p os te r io r  midline in th e  parie tal region a t  200-600  m s (Debener, Makeig, 

D elorm e, & Engel, 2005a). In addi t ion ,  1C clusters reflecting P3b activations sh o w e d  a d e c re a s e  

in alpha p o w er  pos t- ta rge t  stim ulus p resen ta t ion .  Similarly, o th e r  s tud ies  w ith  healthy  

vo lun tee rs  r ep o r ted  1C clusters reflecting P3b activa tions to  be  located  in p o s te r io r  brain a re as  

an d  to  show  a d e c re a s e  in alpha p o w e r  They also specified o th e r  1C clusters re la ted  to  P3b 

task  per fo rm ance ,  i.e. a frontal cluster reflecting dec is ion-m aking , a bilateral and central 'm u '  

c luste r  re la ted  to  tactile feedback ,  and  cen tra l medial cluste r  linked with a t ten t io n a l  orienting  

(Delorme, Sejnowski, & Makeig, 2007; Makeig, e t  al., 2004; O nton , e t  al., 2006).

Various neural su b s t ra te s  for P3a have also b e e n  ind icated ,  including m ost im portan tly ,  frontal 

lobe (Bledowski, e t  al., 2004; Daffner, e t  a!., 2003; Halgren, Marinkovic, & Chauvel, 1998) and  

in particular  o rb ito fron ta l cortex  involvem ent (Brazdil, e t  al., 1999). H ippocam pal form ation  

(Daffner, M esulam , Holcomb, e t  al., 2000), an te r io r  cingulate  (Brazdil, e t  al., 1999; Voipe, e t  al., 

2007b), parietal a reas  (Halgren, e t  a!., 1998; VoIpe, e t  al., 2007a), and  te m p o ra l  a r e a s  (Strobel, 

e t  al., 2008) a re  also indicated.

The n e u ro tra n sm it te r  sys tem s underly ing  P3 ERP c o m p o n e n t  g en e ra t io n  are  unclear. However, 

t h e  findings from  existing li tera ture  indicate th a t  n o rep in e p h r in e  is re la ted  to  P3b with 

te m p o ra l /p a r ie ta l  activity, w h e re a s  dopam inerg ic  activity m e d ia te s  P3a linked to  frontal focal 

a t te n t io n  and  working m e m o ry  systems. The P3b n eu ro p h a rm a co lo g y  li tera ture  is highly 

varied , bu t  a co m p re h en s iv e  review rep o r ted  locus co e ru leu s -n o rep in e p h r in e  system  to  

under l ie  parietal P3b form ation  (Nieuwenhuis,  Aston-Jones, & Cohen, 2005). D opam inergic 

involvem ent into especially P3a and  so m e  portion  of P3b g en e ra t io n  w as  s u p p o r te d  by 

findings showing reduced  am p li tu d e s  in Parkinson 's d isease  an d  restless legs syndrom e,  bo th  

neurological conditions with  deficits in dopam inerg ic  circuits (Polich, 2007). The im p o r tan ce  of 

d o p a m in e  for frontal P3a g en e ra t io n  is ev iden t in o th e r  s tud ies  utilising o th e r  neurological 

g roups  a n d /o r  pharm acologica l m an ipu la tions  (Polich, 2007). Although, th e s e  results  are  

cons is ten t  w ith  th e  P3 to pograph ic  d is tributions and  P3 th e o r ie s  o f  a t ten t io n ,  a rousa l and  

m e m o ry  effects,  it m us t  be  n o te d  th a t  m os t  of th e s e  s tu d ie s  have b e e n  with n o n -h u m an  

subjects.
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2.5.5. T im e-frequency EEG analysis and P3 ERPs

EEG rhythm s in specific frequency ranges are detectable on the background EEG during P3b 

and P3a ERP tasks, and they are shown to  be functionally related to  cognitive processing and 

behaviour (Polich, 2007). In previous studies theta band frequencies seem to  be more engaged 

to  novel stimuli, in comparison to non-novel stimuli. Novel visual stimuli producing P3a also 

created significantly more theta band activity (Demiralp, Ademoglu, Comerchero, & Polich, 

2001). In addition, spectral analysis o f PBb has indicated tha t P3b am plitude is linearly related 

to  delta and theta band spectral power (Spencer & Polich, 1999). Alpha band spectral power 

covaries w ith  P3b, which indicates ERP to be related to a ttention and memory processes 

(Polich, 1997).

Theta oscillations have also been shown to be related to  inform ation processing tasks. In 

particular, fo r those o f sustained attention and w ith  high executive demands (Gevins, et al., 

1997; Klimesch, 1999; Mizuhara, et al., 2004; Mizuhara & Yamaguchi, 2007), maintenance of 

working m emory (Gevins, et al., 1997), and the encoding and retrieval o f episodic memories 

(Klimesch, et al., 2006), which are all essential fo r a favourable P3b task completion. The 

extent of theta synchronisation has also been related to good working memory performance 

(Klimesch, 1999; Wang, 2010). The successful performance o f P3b tasks is dependent on these 

attention, m em ory retrieval and decision making processes. In addition, reduction in alpha 

power has been associated w ith  a ttention focused on external stimuli processed by tha t brain 

area (Wang, 2010).

The parietal and prefrontal cortical areas are 'source areas' fo r top-down attentional signals to 

sensory systems and coherence between these areas and early visual areas is modulated by 

attention. The parieto-prefrontal circuit is also im portant fo r working memory, and it is 

suggested th a t it may share a common cortical circuit substrate w ith  attention control (Wang, 

2010). Slow alpha rhythm  is implicated in suppressing irrelevant inform ation in m em ory and 

attention tasks. Hence, at a given cortical site, alpha rhythm may be reduced when a ttention is 

focused on external stim uli processed by that area, but enhanced when sensory in form ation 

flow  to  that area is behaviourally irrelevant and should be ignored (Wang, 2010).

Moreover, theta rhythm appears to be particularly prom inent in the frontal m idline, including 

anterior cingulated cortex-P3 birthplace, a subregioni of the prefrontal cortex implicated in 

behavioural m onitoring, valuation o f response outcomes and other aspects of cognitive 

functions (Wang, 2010). These findings can be linked to the predom inant P3 ERP theory  of
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Polich (2007) that assumes P3b and P3a generation to be modulated by 'neuroelectric' 

connections between frontal and temporal/parietal structures, which are also thought to be 

involved in working memory and attention control through theta oscillations (Wang, 2010). 

Theta is prominent in the frontal midline, which encompasses anterior cingulated cortex 

(Wang, 2010), the same area implicated for monitoring the stimulus information, while it is 

maintained in the working memory of the frontal areas and thought to be involved in the 

generation of P3a component (Polich, 2007). Polich (2007) also suggests P3b component to be 

related to inhibition processes, which can be linked to alpha rhythm, thought to suppress 

irrelevant information during memory and attention tasks (Wang, 2010).

2.5 .6 . Use o f EEG and P3 ERPs in diagnostics and m onitoring o f m ultip le  

sclerosis

EEG and ERP approaches have been utilised to examine the brain and cognitive function in 

different neurological and neuropsychiatrical conditions. Most P3 ERP literature concentrates 

on dementias, schizophrenia, mood disorders (depression, bipolar disorder), traumatic brain 

injury and MS (Duncan, et al., 2009). The P3 ERPs have not yet been conclusively and 

comprehensively utilised to investigate brain and cognitive function in MS.

2.5.6.1. Cross-sectional P3 event-related potentia ls and EEG as an index o f cognitive 

function  in m u ltip le  sclerosis

Several studies have investigated the relationship between Cl and ERPs by employing a two- 

stimulus oddball (P3b ERP) task (see Table 2.6). A consistent finding is that MS patients show 

prolonged P3b latencies and reduced P3b amplitudes (Magnano, et al., 2006). Furthermore, 

the previous cross-sectional electrophysiological studies have reported MS patients to have 

decreased amplitudes and increased latencies in auditory P3b amplitude (Aminoff & Goodin, 

2001; Ellger, et al., 2002; Gil, et al., 1993; Honig, Ramsay, & Sheremata, 1992; Piras, et al., 

2003; Polich, Romine, Sipe, Aung, & Dalessio, 1992; Sailer, et al., 2001; Triantafyllou, et al., 

1992) and in visual P3b amplitude compared to controls (Ellger, et al., 2002; Piras, et al., 2003). 

Some studies have shown latency prolongation in auditory P3b (Aminoff & Goodin, 2001; 

Ellger, et al., 2002; Giesser, et al., 1992; Gil, et al., 1993; Polich, et al., 1992) and in visual P3b 

(Ellger, et al., 2002; Piras, et al., 2003; van Dijk, et al., 1992) in MS. However, one of the studies 

(Sailer, et al., 2001) observed no differences between MS patients and controls in visual or 

auditory P3b latencies, or in visual P3b amplitudes. The P3a has also been studied in MS (Jung,
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Morlet, Mercier, Confavreux, & Fischer, 2006; Sailer, et al., 2001). One study (Jung, et al., 2006) 

reported reduced auditory P3a amplitude while employing a mismatch negativity paradigm 

(also resulting in the P3a). In contrast, another study (Sailer, et al., 2001) utilising novelty P3a 

paradigm (i.e. the distracters were novel, instead of repeated) with an easy standard/target 

discrimination, did not find any differences.

There is some evidence that the ERP latency delay and amplitude reduction can be observed 

in varying degrees in different MS subtypes. In general, decreased P3 ERP amplitudes and 

delayed P3 ERP latencies can be observed more commonly in patients with secondary or 

primary progressive disease courses when compared to patients with a relapsing-remitting 

course (Ellger, et al., 2002; Gil, et al., 1993). Gil, et al. (1993) reported the progressive forms of 

MS to  have the most delayed auditory P3b latencies. Later Ellger and colleagues (2002) found 

a similar result in visual modality by observing significantly reduced amplitudes for PPMS, 

compared to RRMS, and increased latencies for SPMS compared to both PPMS and RRMS. The 

rate of pathological P3 ERP latencies was also significantly higher in the SPMS subgroup, in 

comparison to PPMS and RRMS subgroups. In summary, these studies have found clear 

changes in P3 ERP activities in MS (Magnano, et al., 2006). These are most likely due to 

demyelination and axonal degeneration that causes the disruption of the cortical-cortical and 

cortical-subcortical neural connections (Leocani, et al., 2010), which is particularly evident 

w ith the progressive courses of MS.

The role of early sensory components on the P3 component in MS is disputed. The earliest 

components, PI, N1 and P2, are considered to only reflect sensory processing, whereas some 

authors regard N2 to indicate an early cognitive elaboration concerning subject's attention 

orientation (e.g. Piras, et al., 2003). Some studies have reported latency delays in early sensory 

components of N1 (Giesser, et al., 1992) and P2 (Giesser, et al., 1992; Gil, et al., 1993), and 

amplitude decreases in N1-P2 complex (Gil, et al., 1993; Jung, et al., 2006), besides P3 latency 

delay and amplitude reduction. The latency prolongation and amplitude decrease were shown 

to  be more pronounced in progressive forms of MS (Ellger, et al., 2002; Gil, et al., 1993). The 

delays in early sensory components have been explained by demyelinating lesions in primary 

afferent pathway and thought, subsequently determining prolonged N2 and P3 components 

(Magnano, et al., 2006). This underlying mechanism is thought to be similar to the 'subcortical 

dementia' seen in Parkinson's disease and Huntington's disease (Gil, et al., 1993; Magnano, et 

al., 2006). Other studies have reported normal early sensory components of N1 and P2 with 

delayed or reduced N2 and P3 waves (Gil, et al., 1993; Honig, et al., 1992; Newton, Barrett, 

Callanan, & Toweil, 1989; Onofrj, et al., 1991; Piras, et al., 2003; Triantafyllou, et al., 1992; van
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Dijk, et al., 1992). This has been interpreted to  be due to  demyelinating plaques and axonal 

degeneration causing functional disconnection o f subcortical regions from  higher cortical 

areas (Honig, et al., 1992; Magnano, et al., 2006; Piras, et al., 2003). The disconnection causes 

impaired processing at cortical level, not in subcortical structures as manifested by Parkinson's 

disease and Huntington's disease (Honig, et al., 1992; Piras, e t al., 2003). Interestingly, one of 

the studies (Sailer, et al., 2001) did not find any irregularities in P3a and P3b components of 

MS patients, but they reported visual N1 and N2 peak amplitudes to  be reduced in MS 

patients w ith  high lesion volume, and a correlation between visual N2 am plitude and lesion 

load, explaining these results to  be in line w ith  views tha t lesions cause partial disconnections 

w ith in  widespread cortical networks. M odality effects on the early components remain 

unclear as most of the studies only employed a unimodal paradigm (Ellger, et al., 2002; 

Giesser, et al., 1992; Gil, et al., 1993; Honig, et al., 1992; Jung, et al., 2006; Triantafyllou, et al., 

1992), w ith  the rest reporting deficits to  be greater in visual (Piras, et al., 2003), auditory 

(Newton, et al., 1989), or in both modalities (Onofrj, e t al., 1991). It can be concluded tha t the 

early components and the ir significance regarding MS require further, more thorough 

examination due to  variability o f the results and the m ultip le  methodological lim itations 

previously mentioned.

Nevertheless, these studies include m ultiple lim itations, which may not a llow  for the fu ll view 

o f the changes in brain and cognitive function measured by the P3 ERPs, thus impeding the 

accurate interpretation of the P3 ERP activations. One o f the most consistent restriction found 

in the research is the utilisation o f low-density EEG (<30 electrodes) and typically reporting the 

results measured from  only one electrode. This prevents statistical topographical analysis that 

is essential, as the pathological changes in the brains o f people w ith  MS may a lter the 

topographical presentation o f the P3 ERP. The earliest studies examining P3 ERPs in MS did not 

conduct any statistical analyses (Newton, et al., 1989; Onofrj, et al., 1991; Tourtellotte, 

Shapshak, Baumhefner, Staugaitis, & Syndulko, 1984) and only reported the rate of 

abnormalities in P3 ERPs. Furthermore, some studies lacked a healthy control group (Ellger, et 

al., 2002; Tourtellotte, et al., 1984); examined P3 ERPs in only one m odality (Ellger, et al., 2002; 

Giesser, et al., 1992; Gil, et al., 1993; Honig, et a!., 1992; Jung, et al., 2006; Tourtellotte, et al., 

1984; Triantafyllou, et a!., 1992); did not provide the number o f patients w ith  d ifferent disease 

courses (Giesser, et a!., 1992; Honig, et al., 1992; Newton, et al., 1989; Sailer, et al., 2001); had 

a very low number (<15) of participants in each group (Giesser, et al., 1992; Onofrj, et al., 

1991; Piras, et al., 2003; Ruchkin, et al., 1994; Sailer, et al., 2001); and had varied instructions
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Table 2.6. A summary o f the P3 ERP studies in MS.

Patients Scalp electrodes
Study Paradigm Modality (subgroups)/ N(locs, r e f -

_____________________________ ____________ controls___________ result electrode)
Tourtellotte oddball Aud — —
et al. (1984)

Newton et 
al. (1989)

Onorf et al. 
(1991)

3-stimuli;
target
detection
oddball

Vis & 23 MS (+1 ON) /  7, mastoid - Pz
aud 19 C

Vis & 10 progressive 19, ? ref -  Pz/Cz
aud M S / I O C

Honig et al. 
(1992)

oddball
(count)

Aud 31 M S / 3 2 C 20, bilateral 
cheek -  Pz/Cz

Giesser et al. 
(1992)

double 
oddball with 
easy & hard 
target (RT)

Aud 6 Cl & 6 non-CI 14, linked
MS /  7 C m astoids-Pz

Result

P3b P3a Early comp. topo
Comment

MS normal; 
Cl MS 
abnormal

lat 57%
abnormal;
aud1'
lat 50%
abnormal;
modality—

la t t ,
ampsb;
65%
abnormal; 
lat corr NP

lat 30% 
abnormal

N2 ampsl/; 
N2 lat
abnormality 
N2 lat 20% 
lat
abnormal; 
N2 lat 
-> P 3 b la t t

P3b 30%
abnormal/absence; 
N2 20% abnormal

clear 16% +mild 
19% abnormal

Only preliminary; design and 
procedure not described; no 
controls;
No visual; no statistical group 
comparisons 
No statistical group 
comparisons; MS subtype not 
defined
No statistical group 
comparisons

Controls not age-matched; MS 
subtype not defined

Cl MS l a t t  -  
vs. non-CI 
&C; lat 
corr NP

N1 & P2 
Iat1^ in Cl 
MS vs. Non- 
C I / C

Low N -> weak statistical 
analysis; MS subtype not 
defined; Cl MS group older; no 
P3 amplitude results; no MS vs. 
control group comparison



Triantafylliou oddball Aud
e ta l.(1 9 9 2 ) (count)

47 RRMS (EDSS 16, linked cheeks 
groups-cutoff 3) /  -  Pz?
24 C

Van Dijk et 
al. (1992)

Gil et al. 
(1993)

Oddball (RT) Vis &
with easy & aud
hard
discrimination
tasks
oddball Aud
(count)

30 MS (13 RRMS, 
17 progressive 
M S ) / 1 9 C

98 MS (82 RRMS, 
16 progressive 
M S ) / 71 C

Ruchkin et 
al. (1994)

Phonological
& visuo-
spatiai
matching
(motor
response)

vis 10 MS (9 RRMS, 1
chronic
progressive) /1 0  
C

3, linked ears -  
Fz

1, linked 
m astolds- Cz

18, linked tragus 
-P z

M S /h ig h - 
EDSS la t t  
&  ampv]/ 

vs. C; high- 
EDSS l a t t  
vs. low- 
EDSS 
Easy: MS 
vis l a t t  vs. 
C;
Hard: MS 
l a t t  vs. C; 
l a t t  
in MS; 
espec. 
l a t t  in 
progressive 
MS; lat 
corr with 
NP

no lat

MS /  high- 
EDSS lat 
N 2 t  & 
amp4/vs. C; 
high-EDSS 
N2 l a t t  vs. 
low-EDSS 
Easy: MS vis 
N2 l a t t  vs. 
C;

P 2&  N2 

l a t t  in 
MS; P2 
l a t t  & N 1 - 
P2 ampsl/ 
in
progressive 
MS; P2 & 
N2 lat corr 
with NP

No diff Eyes closed -> artefacts; 
topographic maps calculated 
from only 16 channels->vague 
results; no visual; no NP 
measures-no link to cognitive 
functions

Eyes closed -> artefacts;utilised 
one-sided t-test; only 3 
electrodes; no NP measures-no 
link to cognitive functions; no 
comparison of subgroups 
Only 1 electrode; no visual 
condition; Small group sizes for 
statistics

Small group sizes for statistics; 
paradigm not established; no 
correlational analysis between 
ERP and neuropsychological 
variables
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Boose et al. 
(1996)

Aminoff & 
Goodin 
( 2001 )

Sailer et  al. 
(2001)

Oddball (RT) aud

Oddball aud
(count)

oddball & 3- Vis &
stimulus (RT) aud

P 3 :12 M S / 1 2 C; 
other: 30 MS/SO 
C

8 RRMS/IOC

34 MS (grouped 
into 3 based on 
lesion volume) /  
15 C

1, linked 
earlobes-Fz

7, linked mastoid 
-  Cz

12, right mastoid 
-  electrode pair 
P3/P4

Ellgeretal.  oddball (RT) Vis 
( 2002)

179 MS (107 1, mastoid - P z
RRMS, 50SPMS,
17 PPMS)/OC

No stat — no — Low/ N in groups Included in
diff; 60% statistical analyses; No subtype
abnormal information; no 

neuropsychological tests 
included; no visual condition; 
only 1 electrode

l a t t  & - Nl, P2, N2 — Low N; MMSE too general to
ampvL-; lat l a t t ;  P2 measure typical cognitive
& amp corr amp -I; N2 profile of MS; no visual
MMSE lat, N2 condition; controls not age- etc

amp, P2 matched
amp corr
MMSE

No no v isN l& N 2  - Proportions of RRMS and SPMS
ampsl/ in not specified; small groups; MS
high-lesion patients as one group not
MS; visN2 compared to  controls; ERP and
amp corr neuropsychological variables
lesion load not tested for correlation

S P M S Ia t t  - SPMS& - No control group; no
& amp4^ PPMSP2, neuropsychological tests; no
vs. RRMS; N2 l a t t  vs. auditory condition; only one
PPMS RRMS electrode; uneven groups as
amp4/ vs. PPMS group significantly
RRMS; smaller-effect on statistics
SPMS l a t t
vs. PPMS



P irase ta l ,
(2003)

Jung e t  al. 
(2006)

oddball
(count&RT)

Vls&
aud

12 R R M S /1 5 C

MMN
(ignore)

aud 46 MS (19 RRMS, 
21 SPMS, 6 
P P M S ) /4 6 C

30, linked 
earlobes -  Fz, 
FCz, Cz, CPz, Pz

1, right mastoid 
- F z

vis & aud 
l a t t  & 
ampvl^; vis 
lat & amp 
corr NP; 
visi'

MS latsU 
MS vs. C; 
absen t 
m ore  in 
MS; no 
diff in Cl 
groups

vis & aud 
N2 l a t t ;  
vis N2 lat 
corr NP

MS reduced 
early N1-P2 
am plitude 
and MMN 
latency and 
area

no Small group sizes; 
topographical differences not 
statistically tes ted ; no o th e r  
subtypes; no mention  
differences in which e lec trodes

reporting P3a area  not 
amplitude; classigying to  Cl 
group based on 1 tes t;  no 
correlations te s ted  be tw een  
ERP and neuropsychological 
variables

N o te ,  a u d  = au d i to ry ,  vis = visual,  C = co n tro ls ,  MS = MS p a t i e n ts ,  RRMS = r e la p s in g - re m it t in g  MS p a t i e n t s ,  SPMS = s e c o n d a r y - p r o g r e s s iv e  MS p a t i e n t s ,  PPMS = 
p r im a ry - p ro g re s s iv e  MS p a t i e n t s .  Cl MS = MS p a t i e n t s  w i th  co g n it iv e  im p a i r m e n t ,  Non-CI = MS p a t i e n t s  w i th  n o  co g n i t iv e  im p a i r m e n t ,  c o u n t  = s u b j e c t s  a sk e d  to  
c o u n t  t h e  t a r g e t s  d u r in g  t h e  P3 task ,  ig n o re  = s u b je c t s  a sk e d  t o  ig no re  ta r g e t s  d u r in g  t h e  P3 task ,  RT = re a c t io n  t i m e  fo r  t h e  t a r g e t s ,  ON = o p t i c  n eu r i t i s ,  d iff = 
d i f fe re n t ,  re f  = r e f e r e n c e  u ti l ised  in t h e  EEG ana lys is .  Iocs = e le c t ro d e ( s )  t h a t  u se d  in t h e  s ta t is t ica l  a n a ly s e s ,  M M N  = m is -m a tc h  nega tiv ity ,  e a r ly  c o m p .  = ea r ly  ERP 

c o m p o n e n t s ,  t o p o  = to p o g r a p h ic a l  d i f fe re n c e s ;  I '  = in c re a se ;  4/ = d e c r e a s e



to the participants (i.e. overt response to target or silent counting of the number of targets; 

eyes open or closed; see Table 2.6.) causing methodological differences that make the reliable 

comparison of the results across the studies very difficult.

P3 ERPs have been found to correlate w/ith neuropsychological test performance. Auditory 

(Giesser, et al., 1992; Gil, et al., 1993; Honig, et al., 1992) and visual (Piras, et al., 2003) P3b 

latencies increased, and auditory P3b amplitudes reduced (Honig, et al., 1992) with poor 

cognitive performance. Moreover, measures sensitive to im pairment in learning, attention 

working m em ory were correlated with P3 waves (Giesser, et al., 1992; Gil, et al., 1993; Hohol, 

et al., 1997). On the other hand, some studies have reported P3b as not correlated with 

neuropsychological test scores (Onofrj, et al., 1991). The neuropsychological methods utilised 

are very limited and a more comprehensive investigation is necessary. Only one study (Giesser, 

et al., 1992) grouped MS patients based on their neuropsychological test scores into patients 

with and w ithout cognitive decline. The comparison revealed MS patients with most cognitive 

im pairm ent to have delayed auditory P3b latencies. However, the number of patients in each 

group was very low and the neuropsychological examination was not comprehensive enough 

to determ ine the cognitive status reliably.

P3 ERP latency delay and/or amplitude decrease are also related to lesions detected with MRI. 

An early study (Newton, et al., 1989) found MS patients with abnormal ERPs to have larger 

MRI cerebral lesions. Similarly, delayed P3b and P3a latencies were shown to correlate with 

the presence of extensive demyelinatlve lesions seen with MRI (Honig, et al., 1992). More 

recent investigation was more anatomically specific as it examined 15 different cerebral sites 

for lesions, and reported auditory P3b latency to correlate with lesions in frontal horn and 

brain stem (Piras, et al., 2003). Sailer and colleagues (2001) assigned 34 MS patients to low 

lesion volume, high lesion volume and frontal lesion volume groups based on lesion volume 

and distribution on T2-weighted MRI scans. Results revealed N2 amplitude to be significantly 

reduced in the high lesion volume and frontal lesion volume groups compared to controls. In 

addition, they discovered N2 amplitude to be correlated with the lesion volume. However, the 

P3b and P3a components did not show any differences and/or correlations with regards to 

lesion volume.

The few studies including sufficient numbers of electrodes to conduct topographical analyses 

over the scalp have reported abnormal topographies in 16-30% of MS patients (Honig, et al., 

1992; Onofrj, et al., 1991). Others did not find marked differences relative to controls (Piras, et 

al., 2003; Ruchkin, et al., 1994; Triantafyllou, et al., 1992). Source localisation methods have
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not been employed in previous literature on electrophysiological alterations in MS. This is 

most likely due to relatively low numbers of electrodes (<30) and because most source 

localisation data analysis methods have only been developed in recent years and have not 

been available at the tim e of the earliest studies. The ability to  estimate EEG source location 

related to information processing and cognitive performance more accurately has importance 

In studies with neurological conditions, as it may ultimately provide insight on the locations of 

the brain where the changes impacting cognitive function are occurring.

2.2.7.1 . Longitudinal P3 event-related potential studies examining cognitive function in 

m ultiple sclerosis

There has been some interest in studying longitudinally evoked potentials in different sensory 

modalities in order to better monitor the progression of disability in MS (Leocani & Comi, 

2008; Pelayo, et al., 2010). P3 ERPs have been used to  monitor the effects of treatm ent and 

disease course in MS. Previous studies (Flechter, et al., 2007; Gerschlager, et al., 2000a; Pliskin, 

et al., 1996; Pokryszko-Dragan, et al., 2009) have focused on the effects of interferon and 

methylprednisolone (HDMP; Filipovic, Drulovic, Stojsavljevic, & Levic, 1997) treatm ent on 

cognitive function. Flechter, et al. (2007) studied 16 MS patients using an auditory P3b 

paradigm prior to, and one year after, they received interferon 3 -lb  treatm ent. They reported 

that auditory P3b latencies were shortened one year later, but they did not include a control 

group in the study. P3 ERPs are demonstrated to change with age (Polich, 2004) and therefore, 

the changes seen in the P3 components may be due to age, not disease progression or 

treatm ent. This fact makes it crucial to include a healthy control group in the longitudinal ERP 

studies to distinguish the changes related to MS disease progression, from normal aging 

related changes.

Longitudinal ERP studies that included a healthy control group failed to find any differences in 

visual P3b after low/high-dose interferon 3 - lb  treatm ent (Pliskin, et al., 1996), in auditory P3b 

after interferon 3 - la  treatm ent (Pokryszko-Dragan, et al., 2009) and after interferon 3 - lb  

treatm ent (Gerschlager, et al., 2000a). Gerschlager, et al. (2000) also reported that three  

patients developed abnormal ERPs after one year. All of the studies revealed MS patients to 

have improved performances in neuropsychological measures of attention and memory after 

the treatm ent period (Flechter, et al., 2007; Gerschlager, et al., 2000a; Pliskin, et al., 1996; 

Pokryszko-Dragan, et al., 2009). These studies do not exhaustively examine whether the P3 

and early ERP components remain stable or undergo progressive changes during the disease 

course of MS.
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2 .5 .7 . Visually Evoked Spread Spectrum  Response Potential (VESPA)

By convention, visual evoked potentials (VEPs) have been em ployed to  exam ine th e  function  

o f th e  visual systems in MS patients (Polm an, e t al., 2011; Polm an, e t al., 2005 ). How ever, VEP 

testing sessions can be quite long (one session typically lasts approxim ately one hour) because 

th e  o u tp u t results m ust be averaged over m any trials to  obtain a stable VEP response -  

typically a m in im um  o f 60 trials, w ith  20 0  -  300  trials being preferable. Thus, VEP tests can 

often  be tiresom e for subjects which leads to  d ifficu lty in m aintain ing focus and concentration  

(already com prom ised in a large portion o f MS patients).

Visual Evoked Spread Spectrum  Analysis (VESPA) is a special case o f VEP w here  the visual 

stimulus is continuously presented to  th e  subject. The VESPA is an estim ate o f th e  linear 

im pulse response o f th e  visual system. The lum inance o f th e  stimulus is m odulated  by a 

stochastic w aveform , w ith  a high refresh rate (typically around 60 Hz). This m ethod allows for 

th e  rapid acquisition o f a VEP w ith  a com plete  tem pora l profile and higher signal-to-noise ratio  

(SNR) than VEP, w ith in  the sam e tim efram e. The pow er o f th e  underlying w aveform s used to  

m odulate  the lum inance of the visual stimulus is spread over a range o f frequencies and as a 

result are te rm e d  spread spectrum  w aveform s. The VESPA considers the hum an brain to  act as 

a linear system. The input to  the system is the stimulus brightness w aveform . The resulting  

EEG is th e  o u tp u t from  this linear system and a llow ing for the addition o f noise to  the system, 

the impulse response function of this system (the VESPA) can be d eterm ined  (Lalor, e t al., 

2006). The VESPA m ethod  generates and obtains a response from  th e  subject for th e  entire  

duration o f stimulus presentation.

The VEPs present stim uli periodically, thus responses are only generated approxim ately every  

400m s. The VESPA m ethod  on the o ther hand, allows for the presentation o f sim ultaneous  

stim uli th a t produces separate VESPA responses (Lalor, e t al., 2006). By continuously  

presenting a stim ulus to  th e  subject, com prehensive tim e-freq uency data potentia lly  lost w ith  

periodic presentation o f VEPs can be acquired and m ore im portantly , the testing tim e  is 

dram atically decreased. A single VESPA run lasts fo r 120s and subjects usually undergo 2 runs 

per test sessions, w hich are averaged to  generate a stable VESPA response. The tem pora l 

profile o f VESPA responses includes a clearly defined , m easurable VESPA-like PlOO com ponent, 

which is highly correlated w ith  th a t o f evoked VEPs using standard discrete stimuli (Figure 2.9). 

Scalp maps showing topographical evolution o f VESPA indicate th a t this m ethod  generates  

highly specific scalp topographies (Figure 2 .10), w hich m ay im ply th e  involvem ent o f d ifferen t
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visual neural pathways. In fact, a previous study (Lalor & Foxe, 2009) showed the fu ll range 

VESPA to  be biased towards parvocellular pathways.

The VESPA stimuli have been shown to  target towards parvocellular pathways w ith in  the brain 

(Lalor & Foxe, 2009), which is one o f the m ajor pathways o f the visual system w ith  the 

anatom ically distinct magnocellular pathways (Liu, et a!., 2006). The P cells in the retina 

project to  layers 3 - 6 in the lateral geniculate nucleus (LGN) o f the thalamus. The projections 

o f the M and P cells appear to  be d istinct in the LGN and remain so, from  the LGN to  the 

prim ary visual cortex (V I), w ith  the M pathway term inating prim arily in layer 4Ca o f V I  and 

the P pathway term inating prim arily in layers 4A and 4C3 o f V I (Liu, et al., 2006). The 

parvocellular pathway shows greater sensitivity to  higher spatial frequencies, lower temporal 

frequencies and chromatic stimuli. In addition, it is thought to be central for chromatic 

processing and visual acuity and to provide input to  higher-order pattern processes. The 

parvocellular pathway can be expected to  be susceptible to  the pathological changes in the 

brains o f MS patients, as the parvocellular pathway accounts fo r approximately 80% o f optic 

nerve fibres. It consists o f th in ly  myelinated ganglion cells likely to be prone to  disruptions 

caused by widespread demyelination in MS (Cao, et al., 2011).

The group averages o f VEP and VESPA responses have been found to be strongly correlated, 

bu t at an individual level the correlation was reported to  be much weaker. These results 

indicate tha t while the same information regarding group averages was being extracted w ith  

both methods, the VESPA may be more sensitive to  individual responses. Moreover, each of 

the single stimulus presentations o f VEPs and VESPAs were found to be very highly 

reproducible (w ith  the mean checkerboard stimulus having a higher reproducibility fo r both 

VEP and VESPA results) (Lalor, et al., 2005). Reproducibility o f a method is a good indicator as 

to  its usefulness in clinical applications. Due to  the s im ilarity of the VESPA and the VEP 

methods, it can be suggested that the VESPA method may hold promise to  probe changes in 

optic nerve function, and visual function in general, in MS, likewise to the VEP (Ziemann, et al., 

2011). The disadvantage o f VESPA in comparison to  standard VEPs is that it requires greater 

computational power. However, as Lalor, et al. (2006) discussed, given the power of modern 

computers, this should not be a factor in the choice o f method, rather the speed at which 

results can be obtained should be prioritised.
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Figure 2.9. VESPA luminance checkerboard stimuli, comparison o f  VESPA and VEP group 
averages, and a topographical illustration o f  VESPA signal (Adapted from  Lalor e t al., 2006).
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2.6. Thesis objectives

Following th e  detailed  review  o f th e  litera tu re , the m ain objective o f the research was to

investigate if the proposed electrophysiological m ethods can be applied  as potential tools to

d etec t and m on ito r th e  changes associated w ith  th e  dysfunctions in cognitive and brain 

functions in MS. Four general objectives to  the research w ere  posed.

1. To investigate cross-sectional scalp-based and source P3 EEG activations and cognitive  

function in M S patients. Also, to  com pare these b etw een  d ifferen t MS subgroups (based on 

subtype or genetic factors). In addition, to  com pare th e  P3 EEG activations to th e  Paced 

A uditory Serial Addition Test (PASAT) perform ance (Chapter 4).

2. To exam ine change in P3 EEG activations and cognitive function in MS patients over 12

m onth and 24 m onth periods (C hapter 5).

3. To conduct a m ultim odal investigation o f cognitive function in MS by exam ining associations 

b etw een  the findings from  high-density EEG, neuropsychological exam ination and structural 

M RI (Chapter 6).

4. To exam ine the u tility  o f the VESPA m ethod to probe visual dysfunction in MS (Chapter 7).

2.7. Specific research questions

Following the detailed  review  o f th e  litera tu re , a series o f specific aims and research questions  

rem ain.

1. Do the scalp-based P3 ERP activations a t M o n th  0 d iffer betw een  MS patients and healthy  

controls, and b etw een  MS subtypes? Does the PASAT score correlate w ith  th e  scalp-based P3 

ERP activations? (C hapter 4)

1.1. Do th e  visual and aud itory P3b and P3a ERPs d iffer in MS patients and in healthy  

controls? O r in d iffe ren t MS subtypes? Do the visual and aud itory P3b and P3a ERPs 

d iffer in progressive M S patients versus age-m atched controls? W hich P3 ERP task(s) 

are most sensitive to  detect these differences? Is th ere  a d ifference betw een  visual 

and aud ito ry  m odalities?

1.2. Do the PASAT scores correlate w ith  visual and aud itory latencies an d /o r  

am plitudes w ith the P3b and P3a ERPs? O ver which brain areas and during which tim e  

period can the correlations be found?
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2. Do the source P3 EEG activations at Month 0 differ between MS patients and healthy 

controls, and between MS patients with and w ithout cognitive impairment? (Chapter 4)

2.1. Do the source P3 EEG activations differ in MS patients relative to controls? If so, 

how? W here is the source of the PS EEG activations in MS?

2.2. Do the source P3 EEG activations differ in MS patients with impaired cognitive 

functions in comparison to MS patients with intact cognitive performance? If so, how? 

W here is the source of the P3 ERP/EEG activations in MS?

2.3. Which of the measures utilised as part of the novel independent component (1C) 

clustering method show the differences; ERPs, ERSPs, ITCs, spectra, or topographical 

maps?

2.4. Which P3 ERP paradigm (P3b vs. P3a, visual vs. auditory) detects the best of these 

differences?

3. Do the PS ERP activations and the PASAT score differ between MS patients with different 

oligoadelynate synthetase 1 (OASl) genotype (Chapter 4)?

3.1. Do MS patients with AA OASl-genotype have different auditory P3 ERP latencies, 

amplitudes and topographies relative to MS patients with AG the OASl-genotype?

3.2. Do MS patients with AA OASl-genotype have different PASAT scores relative to 

MS patients with the AG OASl-genotype?

4. Do the P3 ERP activations change over a 12-month period in MS? If they do, is the change 

greater compared to healthy controls? Does the 12-m onth change in the PASAT score correlate 

with the change in the P3 ERP activations? (Chapter 5).

4.1. Do the MS patients show greater decrease in P3 ERP amplitudes compared to 

controls? Do the MS patients show greater delay in P3 ERP latencies compared to 

controls? Do the RRMS and SPMS patients differ? Over which brain areas and what 

tim e period can this difference be observed? Which task(s) detect this difference? Is 

there a difference between visual and auditory modality?

4.2. Do the P3 ERP amplitudes change after 12-months in MS patients? If so, how do 

they change? Do the P3 ERP amplitudes change after 12-months in controls, how? 

Over which brain areas and during which time period can this difference be observed?

4.3. Does the PASAT score correlate with visual and auditory P3b and P3a ERPs over a 

12-month period? Over which brain areas and during which tim e period can the 

correlation be found?

4.4. Does the PASAT score correlate with P3 ERP tasks at Month 0 and at Month 12? Is 

there a correlation when all subjects, only MS patients, or only controls are included?
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5. Do the P3 ERP activations change over a 24 -m o n th  period in MS? If they do, is th e  change  

greater in comparison to  healthy controls? Does th e  change in the P3 ERP activations correlate  

w ith  the change in the PASAT score? (C hapter 5).

5.1. Do the P3 ERP am plitudes change a fte r 24-m onths in MS patients? if so, how  do 

they change? O ver which brain areas and during w hich tim e  period can this d ifference  

be observed?

5.2. Do MS patients show greater decrease in P3 ERP am plitudes com pared to  

controls? Do MS patients show g rea ter delay in P3 ERP latencies com pared to  

controls? Do RRMS and SPMS patients differ? O ver which brain areas and w h a t tim e  

period can this difference be observed? W hich task(s) d etec t this d ifference? Is th ere  a 

difference b etw een  visual and aud itory m odalities?

5.3. Does the PASAT score corre late  w ith  visual and aud ito ry  P3b and P3a ERPs over a 

24-m onth  period? Is th ere  a correlation w hen all subjects, only MS patients, or only 

controls are included?

6. Are the findings from  m ultim odal measures of P3 ERPs, MRI (lesion load) and 

neuropsychological exam ination associated in MS?

6.1 . Do the visual and aud ito ry  P3 ERP am plitudes and latencies correlate w ith  the  

neuropsychological tests o f th e  adapted  M ACFIM S battery?

6 .2 . Do th e  visual and aud ito ry  P3 ERP am plitudes and latencies correlate w ith  M RI T2  

lesion loads of d iffe ren t brain regions? If so, w hich brain regions? Can th e  brain 

regions w ith  lesions be associated to  the sources o f th e  P3 ERP activations in MS?

7. Does th e  VESPA m ethod have u tility  to  probe visual dysfunction in MS?

7.1. Do th e  MS patients have reduced VESPA-like PlOO am plitudes and delayed VESPA- 

like latencies relative to  th e  controls?

7.2 . How  do the VESPA-like PlOO com ponent activations d iffe r in d ifferen t MS patient 

subgroups; RRMS vs. SPMS, PPMS vs. SPMS, MS patients w ith  visual dysfunction vs. 

MS patients w ith  no visual deficits?

7.3. Do th e  VESPA-like PlOO com ponent activations change over a 24 -m o nth  period?  

W hich M S p atien t group(s) show the m ost im paired VESPA-like PlOO com ponents?

7.4. Does the VESPA-like PlOO activations corre late  w ith  physical disability an d /o r  

dem ographic variables such as age and education?
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2.7. Conclusion

This chapter reviewed thoroughly the research literature on MS disease and the cognitive 

deficits associated with MS. It also provided a description of the methods utilised to measure 

brain and cognitive function in MS, and the main findings in MS to date acquired with these 

methods. The shortcomings of the conventional methods and the advantages of the new  

methods to detect and monitor Cl in MS were discussed with each method. Furthermore, the 

thesis objectives with the specific research questions were presented. The specified principal 

objective of the research was to examine if the proposed advanced electrophysiological 

methods can be applied as potential tools to detect and monitor the changes in the brain 

activations related to cognitive dysfunctions in MS.

Previous research conducted utilising the gold standards for detecting cognitive and brain 

function in MS, namely the neuropsychological examination and MRI, have shown cognitive 

deficits in MS to manifest particularly in attention, the information processing speed and 

working memory, and to be related to demyelinating lesions in cerebral cortex and atrophy of 

the brain, especially of the cortex and hippocampus. However, the cognitive-indexing 

electrophysiological measures present as favourable auxiliary measures to detect and monitor 

cognitive function in MS were due to a number of reasons. Firstly, they have higher temporal 

resolution, and are cost-effective, relatively easy to administer and portable, in comparison to 

other brain imaging measures (Polich, & Herbst, 2000). Secondly, electrophysiological 

measures are not confounded by practice effects (Sandman, & Patterson, 2000; Segalowitz, & 

Barnes, 1993; Walhovd, & Fjell, 2002), are independent from behavioural responding and 

thus, not dependent on physical ability (Magnano, et al., 2006), and there is no evidence to  

suggest that they are affected by demographic factors such as education. The previous 

research literature has shown MS patients to have delayed P3 ERP latencies and/or reduced PS 

ERP amplitudes that index cognitive function, but the studies have numerous methodological 

limitations and thus, a thorough cross-sectional and longitudinal examination of the P3 

ERP/EEG activations in MS utilising advanced EEG recording and analysis methods is required. 

The research on the differences between the MS subtypes in P3 ERP and cognitive functions is 

scarce and needs elucidating. Moreover, the task-related source EEG activations indexing 

cognitive function in MS have not been investigated earlier. The relationship between  

cognitive function and the P3 ERP/EEG activations, neuropsychological performance, MRI 

variables and genetic factors in the context of MS are largely unknown. Furthermore, the
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utility  o f a novel m ethod, th e  VESPA, in probing visual dysfunction in MS, needs to  be 

exam ined.

A num ber o f overreaching hypotheses w ere  posed based on previous research. It was 

hypothesized th a t MS patients (especially progressive MS and those w ith  O A Sl genotype  

re la ted  to  increased disease activity) w ould  have reduced and delayed scalp-based and source 

P3 EEG activations, and im paired PASAT perform ance, re lative to  th e  healthy controls. It was 

hypothesized th a t the P3 EEG activations w ou ld  co rre late  w ith  th e  PASAT scores. M o reo ver, 

th e  M S patients w ere hypothesized to  show g rea ter prolongation and decrease o f th e  P3 EEG 

activations, and a reduction in the PASAT score, com pared to  the healthy controls over th e  12- 

and 24 -m o nth  fo llow -up  periods. Additionally, in th e  m ultim odal study the delayed and 

reduced PS EEG activations w ere  hypothesized to  be associated w ith  poor neuropsychological 

test scores and increased lesion load. Lastly, th e  VESPA-like PlOO com ponent was hypothesized  

to  be reduced and delayed a t baseline, and show gradual delay in latency and reduction in 

am plitud e over a 24 m onth period, in MS patients in com parison to  healthy controls. The 

specific hypotheses are presented in the introduction to  each study.
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Chiapter 3 - General Methods

n onder to  address the specific research questions presented at the end o f the Chapter2- 

J te r^ tu re  Review, a number of advanced methods are required. This chapter provides a 

detaiiled account o f each method utilised in this research.

3.1.. Study procedure

The (experiments were conducted as a collaboration o f the Department o f Neurology in St. 

\Zince?nt's University Hospital (SVUH), the Trinity Centre for Bioengineering, and University 

Colle.'ge Dublin Psychology Department. Exclusion criteria included a current use o f 

benziodiazepines or neuroleptics w ith  a m inim um  suspension period o f seven days, a history of 

alcohiol or drug misuse, head injury or stroke. The subjects were asked to  participate in the 

study/ once a year over a period o f three or four consecutive years.

Ethical approval was obtained from  the Ethics and Medical Research Committee of the St. 

V incent's Healthcare Group (Appendix 1). Informed consent was obtained from  all subjects on 

each testing occasion. Participants were also informed tha t they had the right to  w ithdraw  

from the study at any tim e fo r any reason and that this would not affect the ir fu ture  health 

care in SVUH. All participants were also informed tha t all data would be anonymous, as each 

data set was labelled w ith  a code.

The research project began in 2007; 40 MS patients completed the EEG experiment w ith  the 

P3 ERP and the VESPA tasks, the standard 3-s PASAT (Tombaugh, 2006) and the 21-item  

Ham ilton rating scale fo r depression (HRSD) (Vieweg & Hedlund, 1979). MS patients also 

com pleted a physical examination, including Kurtzke Expanded Disability Status Scale (EDSS) 

(Kurtzke, 2008) which was administered by a neurology registrar in the Departm ent of 

Neurology, SVUH.

In th e  second year o f the research project (October 2008 -  Spring 2009) structural MRI scan 

and neuropsychological assessment, encompassing cognitive and psychological functioning 

measures, were added to  the study procedure. Structural MRI scans were acquired by the 

D epartm ent of Radiology in SVUH. Neuropsychological assessment lasted 60-90 m inutes, 

conducted by trained psychology postgraduate students o f the Department o f Psychology of 

University College Dublin. Over half of the MS patients returned (N=24) in the second year of 

the  project, and 8 new MS patients were recruited to  the study.
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The procedure comprising o f the EEG experiment, structural MR! and the neuropsychological 

assessment was repeated in the th ird  year (January -  March 2010) and also again in the fourth 

year (January -  February 2011). In the th ird  year, 30 MS patients returned, although two 

patients from  the previous year dropped ou t o f the study. In the fourth  year, 17 MS patients 

returned, 13 MS patients dropped out and a fu rthe r 13 new MS patients were recruited, to  

a llow a more refined cross-sectional analyses o f M onth 0 data.

Furthermore, in 2010 five additional PPMS patients were recruited to  take part in a cross- 

sectional study comparing PPMS and SPMS subtypes. The patients completed the EEG 

experiment, the PASAT test, the HRSD-21 and the physical examination including EDSS 

(Kurtzke, 2008). In 2011, PPMS patients were not asked to  take part in the study due to  drop­

outs and the small numbers in comparison to  previous years.

In total, 14 MS patients completed EEG experiments over a 4-year period and 17 completed all 

the required measures (EEG, MRI, neuropsychological assessment) over a 3-year period. Due 

to  the addition o f the structural MRI and the com plete neuropsychological battery in the 

second year, most o f the studies include the lim ited data o f MS patients who took part in the 

first year (2007 -  Summer 2008). The same components applied in the fo llow ing years, even 

though patients completed more measures, and few o f the studies included the complete data 

w ith  all the measures starting from  the  second year

Age-matched controls, which were recruited in the second year o f the study, all completed the 

fu ll neuropsychological battery, in addition to  the EEG experiment. Controls did not complete 

e ither physical assessment or structural MRI. The data was collected from  the controls in the 

fo llow ing second, th ird  and fourth  year.

Table 3.1. illustrates the tw o study procedures both w ith  and w ithou t the full 

neuropsychological test battery and the structural MRI conducted in the studies. The table also 

includes the exact numbers o f subjects at each tim epoint.

Demographic details were recorded from  all participants. These included age, date o f birth, 

gender, education level, years o f education and handedness. Furthermore, the MS patients 

were asked to  provide inform ation on the ir past and current drug therapies, the age they first 

experienced a symptom, the age when first diagnosed, history o f depression and /o r other 

psychiatric diagnoses, possible relapses and the ir history o f visual dysfunction such as optic 

neuritis.
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The demographic information and the behavioural task scores of subject samples are 

described in detail in the methods section of each study, conducted as part of the overall 

research project.



Table 3.1. The two study procedures with and without the full neuropsychological test battery 
and the structural MRI included in the studies conducted. The exact numbers o f subjects are 
indicated a t each timepoint.
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3.2. The EEG, the P3 ERP and the VESPA measures

As stated in Chapter2-Literature Review the conventional methods, such as the 

neuropsychological examination, MRI and VEP, have m ultip le  lim itations. The EEG, the P3 ERP 

and the VESPA measures are new and promising methods for investigating cognitive, brain and 

visual function in MS. These measures are employed in this research and are presented in 

detail below.

EEG was recorded w ith  the ActiveTwo Biosemi™ electrode system from  134 electrodes, of 

which 128 electrodes were placed on the scalp, tw o electrodes on mastoids, one on the nose 

and tw o  electrodes were placed bilaterally approximately 3 cm below the eye, and tw o  on the 

outer canthi to record the vertical and horizontal electro-oculograms (see Figure 3.1). The 

scalp electrodes were organised according to  the extended 10-5 system (Oostenveld & 

Praamstra, 2001) and digitised at 512 Hz. Subjects performed the tasks in a darkened, 

soundproofed room. The subjects were seated 70 cm from  a cathode ray tube (CRT) com puter 

m on ito r w ith  a screen resolution o f 1024 x 768 pixels, at a refresh rate o f 60Hz. Data was 

referenced to one scalp electrode during recording and later average-referencing was 

conducted during the data processing as this method is considered appropriate w ith  high- 

density EEG arrays.

Figure 3.1. A diagram o f the EEG set-up utilised in the research project.
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3.2.1. The P3 ERP paradigms

The tw o-stim ulus oddball task is one o f th e  nnost utilised ERP paradigm s. It was em ployed  in 

the present research, as it is one of the m ost robust ERP paradigm s; producing a clear and 

easily m easurable change in th e  EEG. In th e  oddball task occasional targe t stimuli m ust be 

detected  in a train  o f freq u en t irre levant standard stimuli. A P3b com ponent is typically  

elicited approxim ately 30 0  ms a fte r each targe t stimulus, and it has m axim al am plitude over 

th e  parietal scalp area. In the present study, th e  stimuli and task param eters  w ere  based on 

th e  recom m endations by Polich (2004). The visual P3b paradigm  consisted o f blue circles, 

separated by an inter-stim ulus interval o f 2 seconds, presented for 205 trials in a 

pseudorandom  order. F requent n on-targe t (80% ) and in frequent targe t (20% ) circles w ere  2 

cm or 4  cm in d iam eter, respectively. The au d ito ry  P3b paradigm  consisted o f tones, separated  

by an inter-stim ulus interval of 2 seconds, presented binaurally fo r 205 trials in a 

pseudorandom  order. F requent n on-targe t (80% ) and in frequent targe t (20% ) tones w ere  

presented at 500  Hz and 1000  Hz respectively. Subjects w ere  instructed to  press a button  as 

quickly as possible fo llow ing a target stimulus. Their reaction tim es w ere  recorded and used as 

a part of the behavioural data analysis.

The present research pro ject also focuses on a variant o f the P3b; th e  no-go P3a, elicited by 

em ploying a three-stim ulus oddball paradigm . In addition to  standard and target stim uli, 

fu rth er in frequent, non-target stimuli are presented (Figure 3 .2 ). Subjects are asked to  

respond only to  targe t stimuli and refrain from  responding to  the add itional n on-targe t stimuli 

and to  the standard stim uli. Furtherm ore, a d ifficult s tand ard /ta rg et discrim ination is 

em ployed because it results in m ore easily detectab le P3a com ponents; higher in am plitude  

and shorter in latency com pared to  those in an easy discrim ination task. Typically, this no-go  

P3a com ponent can be observed approxim ately  250 ms a fte r th e  n on-target stim uli. This is 

especially ev ident over the central scalp region, w ith  shorter latencies in frontal areas and 

longer latencies in cen tra l/pa rie ta l areas (Polich, 2007 ). The visual P3a paradigm  consisted of 

stim uli separated by an inter-stim ulus interval o f 2 seconds, presented for 41 0  trials in a 

pseudorandom  order, across tw o  separate runs each consisting o f 20 5  trials. Frequent 

standard (80% ) and in freq uent target (10 .24% ) circles w ere  3.5 cm or 4 cm in d iam eter, 

respectively. The non-target stimulus was a checkerboard (9 .76% ) w hich was 5 .25 cm per side. 

The aud itory P3a paradigm  consisted o f stim uli separated by an inter-stim ulus interval o f 2 

seconds, presented binaurally for 4 1 0  trials in a pseudorandom  order across tw o  separate runs 

o f 205 trials each. Frequent standard (80% ) and in freq uent targe t (10 .24% ) tones w ere  

presented at 90 0  Hz and 1000 Hz respectively. The non-target (9 .76% ) stimulus was indicated
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by a w h ite -no ise  burst. Subjects  w e re  in s truc ted  to  p ress  a bu t ton  as quickly as possible, 

following a ta rg e t  stimulus. During th e  EEG recording, th e  o rd e r  of modality  and  task  w ere  

co u n te rb a la n c e d  across sub jects .  The s a m e  EEG p ro ce d u re  was r e p e a te d  a t  th e  follow-up 

sessions.

The P3b and  P3a c o m p o n e n ts  w e re  ex trac ted  from  s e p a ra te  paradigm s. This was essen tia l in 

o rd e r  to  co m p a re  th e  resu lts  from t h e  p re se n t  research  to  th o s e  from  previous studies, m ost  

o f  which had  only utilised th e  P3b parad igm . F u rthe rm ore ,  th e  use of highly es tab l ished  ERP 

parad igm s, such as  th e  oddball  parad igm , is rec o m m e n d e d  with clinical g roups  (Duncan, e t  al., 

2009). Also th e  task  condit ions,  such  as stimuli p re se n ta t io n  frequency, influence P3 ERP 

w avefo rm s  (Polich, 2007). Therefore  utilising tw o  parad igm s with clearly d iffe rent task 

condit ions  ( the  well-studied P3b and  th e  le sse r -em p loyed  P3a) w ere  d e e m e d  optim al with the  

MS group.

Figure 3.2. Two-stimulus oddball (P3b) and three-stimulus (no-go PSa) paradigm s with 
exam ples o f  stimuli utilised in the research (adapted from  Polich, 2007).
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Note. The b o t to m  panel illustrations visualize th e  topograph ica l  d is tribution of th e  
e lectrophysiological activa tions recorded  from  128 e lec t ro d e s  (based  on data acqu ired  from  a 
hea lthy  vo lun teer) .  WN = w hite -no ise ,  m s = milliseconds.
A high-density  EEG (128 scalp channels)  is useful in identifying d ifferences bo th  b e tw e e n  th e  

s e p a r a te  su b je c t  g roups  and  also th e  sub tle  longitudinal changes  in th e  subjects ,  as it covers 

th e  en t ire  scalp a rea .  H igh-density EEG m akes  it possib le to  em p loy  in d e p e n d e n t  c o m p o n e n t  

analysis (ICA) an d  statistical pa ra m e tr ic  m app ing  (SPM). Advanced ICA m e th o d s  allow efficient 

removal of noisy, ar te fac tua ly  da ta ,  th e  dep ic tion  of EEG source  activations and  robust
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statistical analyses. The SPM maps depict activations across tim e  and the w ho le  scalp area, 

m aking it possible to  discover statistically significant differences in scalp EEG and P3 ERP 

activities.

3.2.2. The P3 ERP and EEG data analysis methods 

3 .2 .2 .1 . Data analysis o f P3 ERP latencies and annplitudes

The P3b and P3a com ponents are m easured conventionally by assessing th e  am plitude and  

latency o f averaged PS ERPs (see Figure 3 .6 ). The P3 ERP am plitudes and latencies are thought 

to  index cognitive function, and th ey  can reflect the pathological changes occurring in th e  

brains of MS patients. In th e  data processing and analysis, th e  EEG data is first filte red , 

referenced, epoched and baseline corrected. This is then  fo llow ed by artefact rejection and 

possible interpolation o f bad channels. Firstly, all th e  epochs o f each subject fo r a chosen 

condition are averaged, w hich then can be grand-averaged using th e  averages o f all subjects 

included in the same group. G enerally, th e  P3b and P3a com ponents o f each subject are  

identified  from  these averaged and tim e-locked  ERPs. A m plitude (piV) is defined  as the  

difference betw een  th e  m ean pre-stim ulus baseline voltage and th e  largest positive-going  

peak o f th e  ERP w aveform  w ith in  an ap propria te  tim e w indow . Latency (ms) is defined  as th e  

t im e  from  stimulus onset to  th e  poin t o f m axim um  positive /negative am plitud e, w ith in  a tim e  

w in d o w  (Polich, 2007). In practice, tw o  assessors usually identify ERP com ponents m anually, 

according to th e ir polarity, am plitude, latency and topography. A higher level of objectiv ity can 

be acquired by utilising sem i-au tom ated  algorithm s. In particular, these enab le the m axim um  

or m in im um  am plitude, and its latency, to  be autom atica lly  extracted from  the data for all 

electrodes using th e  m anually identified  com ponent as a guide to define a tem pora l w indow . 

A nother possibility in identifying a specific com ponent is to  fit a param etric  function to  the  

ERP o f a chosen channel by utilising a Gaussian profile and then  determ in ing  th e  delay at th e  

peak am plitude, in a p re-d eterm in ed  tim e  w in d ow  (Gerson, Parra, &  Sajda, 2005 ). The  

com ponents o f interest can be identified  in th e  ERPs o f one channel or in the ERPs o f regions 

o f interest (ROI) which are th e  m ean value o f all the electrodes included in the ROI, typically  

fo rm ed  by electrodes in the frontal, central and parieta l areas (see Table 3 .2 ). The specific 

details o f pre-processing and data analysis o f th e  EEG data are described in detail in the  

m ethods section o f each study conducted as part o f th e  overall research project.
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Figure 3.6. EEG and ERR approaches with latency and amplitude measures (based on data 
acquired from  a healthy volunteer).
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Table 3.2 . Regions o f interest computed from  groups o f electrodes and utilised in spectral 
power analysis.

ROI Electrodes (1 0 -5  system , O ostenveld  200 1 )

Frontal F2', F2', AF2', AFz, AFz', Fz, Fz', F I', F I ', A F l'

C entra l Cz', FC2', Cl'. Cl, Cl', CPz, a'. Cl', F C l', FCz

P arietal CPz', P I',  P O l', P I',  Pz, Pz', POz, P 0 2 ', P2’, P2'

Note. ROI = region of interest

3.2.2.2. Statistical param etric mapping: the  statistical analysis o f EEG am plitude and 

topography

As referred to in Chapter 2-Literature Review, abnormalities in the topographical distribution 

of P3 ERP activations in MS are rarely reported as part previous research. However, the 

intervening demyelinating lesions and other pathological brain changes in MS may alter the 

representation of these activities on the scalp. The statistical parametric mapping (SPM)^ is a 

statistical method for examining differences in brain activity recorded during EEG experiments. 

SPM is a more comprehensive method used to investigate the differences in amplitude of 

scalp-based EEG. It includes all the activations across scalp-space and time into the analysis, 

w ithout the need to average and potentially lose essential information about the activations. 

Therefore it is a robust statistical measure to compare amplitudes and topographical

’  The SPM tool w ith  a detailed description is available online ( h ttp ://w w w .fil.io n .u c l.ac .u k /sp m /). 
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distributions betw een  subject groups and conditions. In short, SPM involves statistical 

p aram etric  maps derived from  the electrical activations recorded on th e  scalp and th ey  depict 

activations across tim e and th e  w ho le  scalp area. This makes it possible to  discover statistically 

significant differences in scalp EEG and P3 ERP activities b etw een  groups. In addition, SPM can 

enab le  th e  correlational analysis o f the EEG activations and behavioural scores such as 

neuropsychological test scores.

EEG produces a 'm ap' o f th e  scalp surface th a t is represented as voxels, w hich is th e  unit of 

m easurem ent in th e  SPM m ethod. Each voxel typically represents the activ ity o f a particu lar 

coordinate in three-d im ensional space (2 spatial dim ensions + tim e ). Statistics are used to look 

fo r the m ost significant d ifference, beyond background brain activ ity, to  highlight th e  areas of 

activ ity  specifically linked to  the process under investigation. Prior to  any statistical analysis, 

high-density EEG data (from  all channels) needs to  be preprocessed to  rem ove noise. This data  

preparation process includes transform ing high-density EEG data into tw o-d im ensional sensor- 

space and sm oothing. Sm oothing involves voxels being averaged w ith  th e ir neighbours, 

typically using a Gaussian filte r  or by w avelet transform ation , to  m ake th e  data less noisy; 

sim ilar to  th e  'b lu r' effect (the present studies utilised fu ll-w id th  half-m axim um  6:6:4 a.u). 

Subsequently three-d im ensional spatiotem poral EEG images w ere utilised in statistical 

analyses using a general linear m odel. In some instances, for exam ple, w ith  longitudinal 

w ith in-sub ject designs, it is possible to  create difference images th a t show th e  topographical 

difference in am plitude of one subject, across the en tire  scalp and tim e  b etw een  tw o  EEG 

sessions. The images can be created w ith  th e  SPM 8 Im age Calculator tool by subtracting the  

subject's images for the same task. If th e  spatiotem poral characterisation of ERP is w ell 

known, it is beneficial to  focus only on these areas by restraining the spatial characterisation  

o f activations w ith  spatial masks. In addition, it is m ore appropria te for testing specific 

hypotheses based on previous research as opposed to  exploratory data analysis, it also has the  

b en efit of reducing the num ber o f statistical comparisons and the Type 1 erro r rate.

In relation to  statistical com parison, param etric  statistical m odels are assumed to  describe th e  

variability  in th e  data in term s o f experim ental and confounding effects and residual variab ility  

a t each voxel by using the general linear m odel. Hypotheses expressed in term s o f th e  m odel 

param eters are assessed a t each voxel w ith  univariate statistics. Analyses m ay also be  

conducted to  exam ine differences over a tim e  series; using linear convolution m odels th a t  

m easure th e  signal th a t is caused by underlying changes in neural activity. Furtherm ore, it is 

possible to  exam ine correlations b etw een  a task variable and brain activity in a certain area. 

Due to the large num ber o f statistical tests conducted, adjustm ents have to  be m ade to
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control for Type I errors (false positives) potentially caused by the comparison of levels of 

activity at a large number of voxels. In this case, a Type I error would result in falsely detecting 

background brain activity as activity related to the task. Based on the number of resolution 

elements (RESELs) in the image and the theory of continuous random fields adjustments are 

made, in order to set a new criterion for statistical significance that adjusts for the problem of 

multiple comparisons. In addition, it is possible to set a restrain for statistical results to 

show/retain scalp areas in which at least a certain number of voxels are significant, or to 

employ a stringent family-wise threshold test to further correct for multiple comparisons. 

Moreover, additional covariates can be added to the statistical comparisons to control for the 

effects of demographic variables such as age and education.

Differences in measured brain activity can be represented in a number of ways. They can be 

presented as a table, displaying coordinates that show the most significant differences in 

activity between tasks or the most significant correlations between a task variable and brain 

activity. However, the differences in brain activity, and correlations between a task variable 

and brain activity, are more often represented as pseudocolour on a scalp surface image; with 

the grey areas representing the location of voxels that have shown statistically significant 

differences between conditions. The gradient of grey is mapped to statistical values, such as t- 

values or r-values (the darker the area, the higher the t-value, r-value and/or statistical 

significance). The same areas are also represented by grey areas in the time image (time being 

the third dimension of the analysis). In short, these images create an intuitive means of 

delineating the relative statistical strength of a given area of activation in time.

3.2.2.3. Independent com ponent analysis (ICA) and Independent com ponent (1C) 

clustering

The cognitive deficits in MS are related to pathological changes occurring in the brains of MS 

patients, such as demyelinating lesions and atrophy. Independent component analysis (ICA) 

and independent component (1C) clustering can be utilised to  measure the source P3 EEG 

activations, which reflect the brain function related to cognitive-indexing events, at the 

estimated brain source. Therefore, these methods offer a novel way to elucidate the 

relationship between cognitive and brain function in MS. The details related to ICA, modelling 

the 1C sources and the 1C clustering are depicted in the next section.
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3 .2 .2 .3 .1 .  I n d e p e n d e n t  c o n n p o n e n t  a n a ly s i s  (ICA)

The ICA w as originally d ev e lo p e d  as p a r t  of 'blind source  s e p a ra t io n '  p rob lem s,  which a t t e m p t  

to  se p a ra te  individual source  signals from m ulti-d im ensional data  in which th e y  are  mixed. 

Thus, w h e n  ICA is applied  to  h igh-density  EEG d a ta  th e  aim is to  distinguish s e p a ra te  sources,  

called in d e p e n d e n t  c o m p o n e n ts  (ICs) and  from scalp EEG activities in which th e y  are 

in te rm ingled .  In a technical sense ,  ICA finds a s e t  of fixed spatial filters, th a t  to g e th e r  

co n s t i tu te  th e  m o s t  d istinct (i.e. tem pora lly  n ea r - in d e p e n d e n t)  signals in th e  data.  In o th e r  

words ,  activity of every resulting 1C is a w eigh ted  sum  of th e  signals recorded  a t  all of t h e  input 

scalp channels  and  every  scalp channel is a w e igh ted  sum  of th e  p ro jec ted  activities of all th e  

ICs (Onton & Makeig, 2006). The general and  physiologically sound  a s sum ption  underlying 

m o s t  EEG analysis is th a t  m os t  of t h e  far-field po ten tia ls  m e a su re d  on th e  scalp a re  g e n e ra te d  

w ith in  spatial dom ains  of similarly o r ien ted  cortical pyramidal neurons.

EEG recordings a re  a t im e  series  of m e asu red  po ten tia l  d ifferences b e tw e e n  tw o  scalp 

e lec trodes ;  th e  po ten tia ls  will sum  activities from  a lm ost all active cortical EEG source  

d o m a in s  and  additionally  from  nearly  every  active a r te fa c t  signal sources. As a result , EEG 

signals recorded  on  th e  scalp are  highly variable in am p li tude ,  f requency  c o n te n t  and  t im e 

course  and  have a w ide band . The ICA m odel as su m es  th a t  th e  far-field activities recorded  a t  

t h e  scalp are  g e n e ra te d  in cortical EEG source  dom ains ,  which projec t a lm os t  instantly to  th e  

scalp e lec trodes  th ro u g h  v o lu m e conduction.  Scalp EEG signals are  th e re fo re  a mix of 

po ten t ia ls  originating from  bo th  cortical and  ar te fac t  (i.e. non-neura l)  source dom ains .  

Accordingly scalp e lec tro d e  signals can be  m odelled  as in s tan ta n eo u s  linear m ix tures  of 

cortical source  plus n o n -a r te fac t  signals. In o rd e r  to  s e p a r a te  EEG source  signals, ICA m ode ls  

m ake  tw o  main a s sum ptions .  Firstly, th a t  th e  far-field signals p roduced  by cortical and  non- 

cortical EEG sou rces  are te m p o ra l ly  distinct and  nearly  tem pora lly  in d e p e n d e n t  o f  o ne  

another .  Secondly, th a t  t h e  cortical and  a r te fac t  so u rce s  cons ti tu t ing  to g e th e r  th e  EEG sources 

rem ain  spatially fixed over t im e  and  th u s  p ro jec t  to  th e  scalp channe ls  with fixed weights  

(Onton & Makeig, 2006). T hese  as su m p tio n s  a re  reasonab ly  well su p p o r te d  by ev idence  from 

physiological s tud ies  (Arieli, Sterkin, Grinvald, & A ertsen ,  1996; Budd & Kisvarday, 2001; 

F reem an ,  2004).

In practice, th e  EEG channel record ings are a r ran g e d  in a m atr ix  of n ch a n n e ls  by t  t im e  points, 

which are  th e n  su b m it te d  into ICA. The ICA th e n  perfo rm s blind separa tion  of th e  data  matrix 

(x), based  on th e  criterion th a t  resulting source  t im e  courses  (u) a re  maximally in d e p e n d e n t .  

S ubsequen t ly  th e  ICA finds a c o m p o n e n t  'unm ixing ' matrix (W) th a t  linearly unmixes (i.e.

83



decomposes) the multichannel EEG data (x) into a sum o f maximally tem porally independent 

and spatially fixed components u (i.e., u=Wx; x and u are nxt matrices, W nxn matrix) (Onton & 

Makeig, 2006). The rows o f the resulting matrix u are the 1C activations and its columns the t 

tim e points o f the input data (Jung, et al., 2001; Makeig, 2002). Columns o f the inverse matrix, 

gives the relative projection weights from  each 1C to  each scalp electrode. It can also be 

expressed x=W‘^u. W'^ is the inverse o f W, an nxn component 'm ixing ' matrix whose columns 

give the relative projection weights from  each 1C to  each scalp electrode (Onton & Makeig, 

2006; Onton, et al., 2006). Neither the 1C scalp maps nor the 1C activations are in original 

recorded units. However, despite the m inor loss in subtlety these activations can be converted 

back to  original units. Therefore the gains o f the ICA method outweigh its m inor 

disadvantages.

The quality o f the ICA decomposition is highly dependent on sufficient number o f tim e points 

o f n-channel data, and also on the removal o f 'irregular' artefact periods (i.e. large muscle 

movements such as clenching the jaw  and yawning) p rior to perform ing ICA on the data. ICA 

can be utilised in the prelim inary data processing stage to  identify these stereotypical artefact 

ICs, such as eye blinks and electromyographical (EMG) activities, and to  remove them from  the 

1C composition and also from  the EEG data e ither manually or w ith  automated EEGLAB'* 

(Delorme & Makeig, 2004) software tools such as the Fully Automated Statistical Thresholding 

fo r EEG Artefact Rejection (FASTER^) (Nolan, Whelan, & Reilly, 2010). The remaining ICs can 

then be used in the fu rthe r analyses.

The ICA method involves isolation o f artefactual EEG sources (eye blinks, muscle artefacts) and 

removal o f them  from  the data. This method yields a more accurate representation of neural 

activity compared to  scalp-based ERPs w ith  artefacts. It makes the ICA method favoured over 

the trad itional scalp-based ERP analyses. Therefore, the independent component analysis is 

regularly utilised to remove artefacts from  the EEG data (Groppe, et al., 2008; Nolan, et al., 

2010), and results in the enhanced signal-to-noise ratio o f the EEG data (Delorme, et al., 

2012).

The scalp-ERP analysis procedure includes averaging, which is commonly conducted to  reduce 

the noise in the scalp-based EEG. However, th is methodology leads to  the discarding o f a large 

m ajority o f the data and therefore has the  effect o f preventing the identification o f the

" The open source EEG analysis software available from (http://sccn.ucsd.edu/eeglab/). 
 ̂The FASTER software tool w ith a detailed description Is available online 

http://www.mee.tcd.ie/neuraleng/Research/Faster.
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sources in the great m ajority o f ongoing EEG activ ity tha t is not captured in ERP averages. The 

ICA approach, in contrast, allows identification o f individual cortical source projections; both 

the ir scalp maps and activ ity tim e courses, and the ir individual contributions to  the ongoing 

(or tria l averaged) data. Therefore, it makes a w/ider range o f source and netw ork level 

analyses available. In doing so, it avoids severe confounds produced by the unavoidable 

summation o f the ir signals, which are broadly volume conducted from  each brain and non­

brain source to most o f the scalp electrodes (Delorme, et al., 2012).

3 .2.2.3 .2 . C om ponen t source m od e lling

Electrode locations are usually considered only crude indicators o f the locations o f underlying 

cortical sources. However, inverse modelling of the individual 1C scalp maps is a promising 

approach to  EEG source localisation (Onton & Makeig, 2006). At its simplest, the aim is to 

match each observed scalp map w ith  the best-fitting projection pattern o f a single active 

equivalent dipole, placed in a 3D head model (Scherg & Von Cramon, 1985). Each dipole is 

associated w ith  a location and a particular orientation tha t determines the pattern o f its scalp 

d istribution. If an 1C scalp map cannot be well modelled by a single d ipole it is typically not 

modelled. Yet If an 1C scalp map appears to  be bilaterally symmetrical, it can be modelled 

reasonably well by tw o  dipoles symmetrically located in both hemispheres, (though possibly 

w ith  d iffering dipole orientations). iCs accounting fo r most event-related dynamics are likely to 

be dipolar or eye artefacts, whereas non-dipolar ICs are assumed to account fo r relatively little  

in term s o f the EEG signals. Therefore, they represent activity tha t does not f it  the ICA spatial 

stationary assumption, or represent m ixtures o f small and Inconsistent sources (Delorme, et 

al., 2012; Onton & Makeig, 2006; Onton, et a!., 2006).

In practice, an equivalent current dipole model was computed fo r each brain activity 

component map. This was achieved by using a four-shell spherical head model (BESA) in the 

DIPFIT2® software tool included in the EEGLAB (Delorme & Makeig, 2004), co-registered to the 

Biosemi coordinates via a Talairach transform ation matrix. The DIPFIT2 uses automatic single 

dipole source localisation algorithm  fo r individual component maps in order to test the 

goodness-of-fit fo r modelling each 1C scalp map, w ith  a single equivalent current dipole to  

quantify component quality. Specifically, international 10-5 system of Biosemi utilised fo r EEG 

recording was co-registered to four-shell spherical head model (BESA), via a Talairach 

transform ation matrix. Therefore, approximate Talairach coordinates were matched w ith  each

 ̂The DIPFIT2 software tool w ith  a detailed description is available online 

(http://sccn.ucsd.edu/eeglab/pluglns.htm l).
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equivalent dipole source. The ICs were excluded from further analysis if 1) the best-fitting 

equivalent current dipole model had more than 15% residual variance from the spherical 

forward-model scalp projection (over all 128 scalp electrodes) and/or 2) the component with 

equivalent dipole was located outside of the model brain volume.

The component source modelling is a favoured method for estimating the location of the 

activation when compared to the scalp-based ERP approach. This approach assumes the 

recorded signals of the scalp electrodes are comparable to results achieved from equivalently 

placed electrodes for all the subjects. Thereby, it does not adequately take into account the 

physical differences of the brains of different people (e.g. differences in the orientations of 

cortical gyri and sulci, which cause different projections of exactly equivalent cortical sources) 

(Delorme, et al., 2012; Onton & Makeig, 2006). In addition, the ICA method with component 

source modelling more accurately reflects the spatiotemporal features of the EEG activations. 

The scalp-based EEG is a sum of the recorded channel activities originating from multiple, 

functionally distinct neural sources and non-brain sources, and therefore overlapping both 

temporally and spatially on the scalp (Dale, et al., 2000; Delorme, et al., 2012; Hagoort, 2003). 

Instead of the scalp-based EEG analysis of the locally highly-correlated source signal mixtures 

recorded at the two-dimensional scalp surface, the ICA decomposition is an analysis of the 

time courses and spatial 3-D source distributions of maximally temporally independent data 

sources. These separate patterns of projection via volume conduction to the scalp sensors are 

indicated by the decomposition (Delorme, et al., 2012). Therefore, the topographies of the ICs 

are not considered as informative as the 3-D locations of the equivalent dipoles. The evidence 

for this is shown by the minor differences across subjects in the orientation of equivalent 

dipoles for a set of equivalent ICs, which can produce quite different scalp maps (Onton, et al., 

2006).

3.2.2.3.3. Independent com ponent clustering

As electrode locations at the scalp are only crude indicators of the locations of underlying 

cortical sources, EEG recordings are generally considered to have low spatial resolution of the 

function of the brain. This is in contrast to functional MR! and PET which have high spatial 

resolution, but low temporal resolution. Typically, in order to achieve EEG source localisation, 

inverse modelling of EEG source locations from one or more scalp potential distributions is 

attempted. Nevertheless, the majority of all EEG scalp maps are the sum of the recorded 

activities from multiple brain and non-brain sources, and the problem has remained unsolved. 

Originally, by computing the average scalp distribution at specific latency/latencies following
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certain task events it was hoped to  minimise the number of active EEG sources. However, as 

more than one cortical EEG process is involved in the brain reacting to  a stimulus, this 

approach is inadequate.

The classical scalp-channel signal analysis attempts to cluster event-related EEG phenomena 

across subjects. It is a relatively straight-forward procedure as each scalp electrode is assumed 

to  be comparable w ith  results from  equivalently placed electrodes fo r all subjects. 

Nevertheless, the approach is too simplified as subject's brains have clear physical differences. 

In particular, the differences in the orientations of cortical gyri and sulci can cause different 

projections of exactly equivalent cortical sources. In addition, it is questionable whether 

activity at a given scalp location is equivalent in every subject. Consequently, the comparison 

o f ICA results across subjects requires tha t ICs from d iffe ren t subjects should be similarly 

grouped into functionally equivalent 1C clusters, despite the differences in the ir scalp maps.

Clustering ICs may appear imprecise at firs t but in comparison to the inherent disadvantages 

o f averaging and grouping o f channel activations across subjects (as achieved in the classical 

scalp channel signal analysis), it is a valid method in investigating the EEG source activities. In 

practice, clustering o f ICs can be based on various features o f ICs. In order to acquire 

comprehensive source EEG activations related to  the P3b task, 1C clusters can be defined by 

means of a jo in t distance measure based on these features; 3D dipole source locations and 

orientations, scalp maps, mean spectra, and ERP, ERSP and ITC activations. ERSPs are the mean 

latency-by-frequency images that show the frequencies and latencies when mean changes in 

log power (dB) occur from  a specific mean power baseline, showing them to be time-locked to 

experimental events (Makeig, 1993). ITCs measure the tria l-to -tria l phase consistency at each 

frequency and latency relative to a set o f tim e locking events, if ITC is close to 0 at a given 

frequency and latency (relative to  time-locking events) then the measured spectral phase is 

evenly d istributed across all trials. Whereas, if ITC is near 1, then the activ ity is reliably phase 

locked to  the time-locking events (Makeig, 2002; Tallon-Baudry, et al., 1996). ITC can be 

considered to  be very similar to cross-coherence measures as they both relate to the 

consistency o f the phase angle from  trial to  tria l, at each tim e point and frequency. However, 

the only difference between the tw o  measures is tha t ITC represents the consistency o f the 

phase angle fo r a single signal across trials, fo r each tim e  point and frequency. While channel 

or 1C cross-coherence represents the consistency of the phase angle difference between tw o 

signals across tria ls fo r each tim e point and frequency. The number o f cycles fo r the tim e- 

frequency decomposition was set to  [1 0.5] and the number o f output frequencies to  100 for 

ERSP and ITC measures. The mean spectra display the log mean power spectrum fo r a
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specified frequency range. Fast Fourier transform (FFT) was used to acquire the mean spectra 

(w indow length 256, FFT length 512 and overlap 0). The sliding windows in the frequency 

analysis were based on the M orlet wavelet transform (maximum 185 ms). Computation was 

performed on 100 frequencies from 3-256 Hz. The frequency bands of interest were theta (4-8 

Hz), alpha (8-12 Hz) and beta (12-30 Hz). These cortical rhythms recorded during the P3 ERP 

task were examined with ERSPs and ITCs, revealing a more comprehensive overview of the 

underlying EEG time-frequency properties and providing a better visualisation of event-related 

EEG dynamics in comparison to classical ERPs. Besides ERSP and ITC, 1C cluster source 

locations, ERP, scalp maps and mean spectra are also examined.

Principal component analysis (PCA) was utilised for pre-clustering. The open source EEG 

analysis toolbox EEGLAB (Delorme & Makeig, 2004) includes a clustering interface, which 

enables component clustering via different methods across subjects and sessions using the 

mentioned 1C features. The 1C clustering interface in EEGLAB (Delorme & Makeig, 2004) 

enables one to set the weights for the 1C features when building a pre-clustering matrix. In the 

present studies, default values were used (i.e. dimensions were set to  10 for all of the 

measures, except for dipoles which were set to 3, and where relative weight was 1 for all of 

the measures, except for dipoles which was set to  10). A K-means method is the most stable 

algorithm that can be employed in 1C clustering. It utilises Euclidean distances between the 1C 

to  find first 1C cluster centroids, and then includes each 1C observation into a cluster with the 

nearest mean. Cluster centroids include all the cluster measure centroids for each measure 

used to cluster the components. Dimensionality can be managed by preliminary PCA 

reduction. Another approach is to  combine dissimilar 1C activity and/or location measures in 

computing component 'distance' measures. Outlier components of more than two standard 

deviations from any of the centroid properties of the 1C clusters were assigned to specific 

outlier 1C clusters, which were then excluded from any further analyses.

The distinct 1C clusters can be defined by their most prominent activities in 1C features and the 

number of clusters set accordingly. In practice, the number of clusters can be decided based 

on experimentation; by increasing or decreasing the number of the clusters. Thus, the  

optimum num ber of final clusters was determ ined by starting with a small number of clusters, 

i.e. the smallest number in which activation properties were not merged across clusters. The 

number of clusters was then increased by one. Following the addition of an extra cluster, if 1C 

dipole groups were divided into tw o, but where the other 1C properties (and the differences 

between the groups and conditions) remained approximately the same, then the maximum
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n um ber of clusters was d eem ed  to have been exceeded. As a result, the simplest and m ost 

in fo rm ative cluster solution can be chosen.

The 1C clustering interface also includes th e  possibility of conducting statistical analyses to  

com pare the EEG source dynamics betw/een the groups an d /o r conditions, w ith in  each 1C 

cluster. Perm utation statistics w ere  utilised in th e  studies of th e  thesis as it corrects for 

m ultip le comparisons in EEG data (D e lorm e, 2006; M aris, 2004), param etric  and bootstrap  

statistics w ere also available. The m ultip le  comparisons w ere  fu rth e r contro lled  w ith  

Bonferroni correction and w ith  th e  false discovery rate (FDR) statistical m ethod (Benjam ini &  

Yekutieli, 2001).

3 .2 .3 . Visual Evoked Spread Spectrum  Analysis (VESPA)

In Chapter 2 -L ite ra tu re  Review th e  lim itations o f th e  conventionally utilised m etho d  to  

m easure visual dysfunction in MS, th e  VEP, w ere  discussed. Furtherm ore, a novel m etho d , the  

VESPA, was introduced and the subtleties related to  this m ethod are detailed  below.

3 .2 .3 .1 .  T h e  VESPA p a ra d ig m  an d  e x p e r im e n ta l s e t-u p

The VESPA is a variation o f VEP w here th e  visual stimulus is continuously presented to  th e  

subject (Lalor, e t al., 2006). It is based on th e  assum ption th a t the EEG response to  a stimulus, 

w hose lum inance or contrast is rapidly m odulated  by a stochastic signal w ith  a high refresh  

rate (60 Hz), consists o f a convolution of th a t signal w ith  an unknow n impulse response plus 

noise, i.e.,

y(t) = w(T)*x(t) + noise^

The pow er o f th e  underlying w aveform s used to  m odulate th e  lum inance of the visual 

stimulus (x(t)) is spread over a range o f frequencies and as a result are te rm ed  spread  

spectrum  w aveform s. The VESPA m ethod allows fo r the presentation o f sim ultaneous stimuli 

th a t produce separate VESPA responses (Lalor, et al., 2006).

VESPA stimuli presented to the subjects o f this study consisted o f 68 checkerboards w ith  64  

squares, as shown in Figure 3 .3 ., featuring  a varying contrast w ith  the lum inance m odulated  

using a stochastic signal. The m ean lum inance o f the lighter and darker squares is

 ̂y(t) Is the output, x(t) is the known input, * indicates convolutlon and the noise is assumed to be 
Gaussian. w ( t )  is the VESPA, I.e. the impulse response function to the brightness of the stimulus.
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approximately equal for each of the 68 checkerboard patterns. The power of the underlying 

waveforms used to modulate the luminance of the visual stimulus is spread over a range of 

frequencies and as a result are term ed spread spectrum waveforms. Each refresh of the 

stimulus monitor presented the subject with a new image. Each session lasted for 120 seconds 

and subjects underwent two sessions that were later averaged for the data analysis. Subjects 

were asked to maintain their focus on the presented stimulus.

Figure 3.3. 64 square mean luminance checl<erboard patterns with varying contrast.

3 .2 .3 .2 . The analysis and data processing o f VESPA

Data processing of the EEG data comprised of data pre-processing, extracting the VESPA 

response and plotting the VESPA responses (see Figure 3.4). Pre-processing of the raw EEG 

data included setting a low pass filter to cut-off frequency of 35 Hz and a high pass filter to cut 

off frequency of 0.5 Hz. Pre-processing also included interpolating 'bad' channels by using the 

6 nearest neighbouring channels to reduce the noise in the data. EEG data was referenced to 

Fz, and digitised at 512 Hz. The pre-processed EEG data included EEG matrix and a vector of 

the triggers; the EEG matrix represented the voltages measured on the scalp for each of the 

128 channels at each tim e point, and the triggers vector represented the input values to the 

system and their corresponding times. The VESPA response for each subject was extracted by 

deconvolving the recorded EEG with the known input signal and then was stored in a cell 

matrix, (each cell containing number of channels x datapoints matrix). An impulse response 

function was then calculated for each channel, based on the stimulation rate (60 Hz) and the 

num ber of coherencies (1). Finally, all VESPA responses for each subject were stored together 

in a single .mat file. In most cases, where tw o runs were recorded in a single session, the  

VESPA responses were then averaged to generate a single VESPA response for that year. The 

average response of the tw o runs was used to generate values for the statistical analysis.
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Figure 3.4. Presentation o f  the various stages involved in VESPA d ata  processing.
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Given the known stim ulus signal and the m easured EEG, th e  VESPA im pulse response can be 

estim ated  using th e  m ethod o f linear least squares. In th e  present study VESPAs w ere  

m easured using a sliding w in d ow  o f 500  ms o f data starting 100 ms pre-stim ulus. VESPA 

responses at Oz w ere  plotted as a function o f tim e  for each subject and for each year. Once 

th e  VESPA responses had been plotted fo r each o f th e  participating subjects, th e  VESPA-like 

PlOO peak am plitude, trough am plitude, VESPA-like PlOO peak latency and trough latency  

w ere  m anually extracted. VESPA-like PlOO am plitude and latency differences w ere  calculated  

by com paring the peak and trough values. Therefore , the key VESPA features exam ined in 

statistical analysis w ere  th e  VESPA-like PlOO am plitude (absolute value), VESPA-like PlOO 

am plitud e difference, VESPA-like PlOO latency (absolute value), and VESPA-like PlOO latency  

d ifference (Figure 3.5).

Figure 3.5. Absolute and difference values o f VESPA-like PlOO amplitude and latency.
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3.3. MRI measures

The pathological changes occurring in the brains o f MS patients, such as dem yelinating lesions, 

are likely to  have an effect on th e ir cognitive functioning as discussed in C h ap ter2-L lte ra ture
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Review. Therefore, the present research incorporated MRI, to measure lesion loads in different 

brain regions.

Ail MRIs were acquired with a 1.5-T Siemens Avanto scanner A high-resolution three- 

dimensional Tl-weighted magnetization-prepared rapid-acquisition gradient echo (MPRAGE) 

sequence was acquired (TR = 1160 ms; TE = 4.21 ms, Tl = 600 ms, flip angle = 15°) with a 

sagittal orientation, a 256 x 256 matrix size and 0.9 mm isotropic voxels. A double inversion 

recovery DIR image (2.5 mm per slice, TR=8000 ms, TE = 95 ms, flip angle = 90 deg) was also 

acquired. The DIR images were thresholded and filtered in order to produce binarised lesion 

maps for each subject. The T l images were segmented using SPM 8's (Wellcome Centre for 

Neuroimaging, London, UK) optimised segmentation, which incorporated image registration 

and classification into a single generative model (Ashburner & Friston, 2005). This process 

generated a set of normalisation parameters for converting each native brain space to 

standard Montreal Neurological Institute (MNI) space. The normalisation parameters from the 

T l for each subject were then applied to that subject's lesion mask. Following this application, 

regions of interest in MNI space, were generated using anatomically defined masks (Wake 

Forest University PickAtlas) (Maldjian, et al., 2003). These regions of interest (ROIs) included 

the total, left and right volumes of the following areas: frontal, prefrontal, temporal, occipital 

and parietal lobes, caudate, corpus callosum, cerebellum, inferior, medial and superior frontal 

gyrus, globus pailidus, hippocampus, insula, lateral ventricle, limbic lobe, medulla, midbrain, 

nucleus accumbens, pons, precentral gyrus, precuneus, putamen, retrosplenium, substantia 

nigra, thalamus and Wernicke's area. Finally, the total lesion load for each ROI was calculated 

(i.e., the sum of the binarised lesions within that ROI).

3.4 . Psychological measures

As stated in Chapterl-lntroduction neuropsychological measures are widely utilised in clinical 

practice to measure cognitive function in MS. However, these measures can be affected by 

practice effects, anxiety, depression, physical disability and education (Arnett, et al., 1999; 

Barker-Collo, 2005; Demaree, et al., 2003; Diamond, et al., 2008; Gilchrist & Creed, 1994; 

Litvan, et al., 1988; Thornton & Raz, 1997). In contrast, electrophysiological measures are not 

confounded by practice effects (Sandman, & Patterson, 2000; Segalowitz, & Barnes, 1993; 

Walhovd, & Fjell, 2002) and are not dependent on physical ability and are thus, independent 

from behavioural responding (Magnano, et al., 2006). There is no evidence to suggest that 

they are affected by demographic factors such as education. One of the main objectives of this
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research is to  examine the associations between the cognitive-indexing electrophysiological 

methods and the neuropsychological tests sensitive to  cognitive deficits in MS. This research 

makes use o f the neuropsychological test battery M inimal Assessment o f Cognitive Function in 

M ultip le  Sclerosis (MACFIMS) to examine the cognitive function in MS, and psychological 

functioning measures, to determ ine mood disturbances tha t may have an impact on the 

cognitive function.

3.4.1. Neuropsychological measures: Adapted version of M inim al 

Assessment of Cognitive Function in M ultiple Sclerosis (MACFIMS) battery

An adapted version o f the M inimal Assessment o f Cognitive Function in M u ltip le  Sclerosis 

(MACFIMS) battery was utilised in the present research to  measure the cognitive function in 

MS (see Table 3.3). The adapted version focuses on cognitive functions found to be most 

adversely affected in MS (Benedict, Fischer, et al., 2002). Additional psychological functioning 

measures were also used in the testing process. The individual tests are described in detail in 

the next section.

Table 3.3. The adapted version o f M in im al Assessment o f  Cognitive Function in M ultip le  
Sclerosis battery (MACFIMS; (Benedict, et a!., 2002) by cognitive domains and relative  
neuropsychological test.

Cognitive domain Neuropsychological test

Processing Speed Paced Auditory Serial Addition Test (Gronwall, 1977)
/  Working Memory Symbol Digit Modalities Test (Smith, 1982)
Learning and Memory California Verbal Learning Test-ll (Delis, Kramer, Kaplan, & Ober, 2000)

Brief Visuospatial Memory Test-Revised (Benedict, 1996)
Executive Functioning Stroop Neuropsychological Screening Test (SNST; Trenerry, Crossan,

DeBoe, & Leber, 1989)
The Stockings of Cambridge Test (Lowe, & Rabbitt, 1998; Rabbitt, Lowe, & 
Shilling, 2001)

Verbal Fluency_____________ Controlled Oral Word Association Test (Benton & Hamsher, 1989)________
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3 .4 .1 .1 . Processing S p eed /W o rk in g  m em ory: Paced A ud itory  Serial A dd ition  Test 

(PASAT) and Symbol Digit M o d a lities  Test (SD M T)

The Paced Auditory Serial Addition Test (PASAT; (Gronwall, 1977; Rao, Leo, Bernardin, & 

Unverzagt, 1991) measures auditory information processing speed, working memory, divided 

attention and arithmetic capacity. The PASAT requires participants to add 60 pairs of 

randomised digits so that each is added to the digit immediately preceding it. For instance, if 

the first tw o numbers are '5 ' and '2', the participant will respond '7', if the next number is '3'; 

the next correct response is '10'. The task is presented in tape recorded form to allow equal 

timing (3 seconds) between each number. The subjects were asked to perform calculations 

silently, w ithout writing or using fingers and a practice sequence was administered prior to the 

test. The subjects sat with the examiner in a quiet room and were asked to respond orally.

The dependent measure of the PASAT is the number of correct responses; scores can range 

from 0-60. It is a difficult task, in which normal adults typically achieve a 72% correct response 

rate (Fisk, & Archibald, 2001). The PASAT is demonstrated to have an internal reliability of 96% 

(Egan, 1988), and 93-97%  test-retest reliability (McCaffrey, et al., 1995). Nevertheless, the 

overall validity of the PASAT has been established on numerous occasions (e.g. Drake, et al., 

2010).

Symbol Digit Modalities Test (SDMT) (Smith, 1982) is a simple measure of processing speed 

and working memory in visual modality (Drake, Weinstock-Guttman, Morrow, Hojinacki, 

Munschauer, & Benedict, 2010). Participants are given a reference key that they must use to 

match numbers to a series of symbols. Participants have 90 seconds to complete the task. One 

point is allocated to each correct response (range 0-110). The present study made use of the 

oral form to accommodate participants with m otor problems as recommended by Benedict, et 

al. (2002). The SDMT has yielded a reliability of 76% and it has good discrimination validity 

(Rathburn, & Smith, 1982).

As information processing speed, attention and working memory are the most adversely 

affected cognitive areas in MS (Rogers, & Panegyres, 2007), both the PASAT and SDMT are the 

most popular neuropsychological tests to assess Cl in MS (Forn, Belenguer, Belloch, Sanjuan, 

Parcet, & Avila, 2011). The test scores of PASAT and SDMT have been reported to correlate 

with diffuse brain injury, which indicates that the performance in tests measuring these 

cognitive functions is associated with a diffuse disease process and thus, provides a marker of 

disease progression (Brochet, et al., 2008). Furthermore, the PASAT is the chosen task to
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measure cognitive performance in MS functional composite (MSFC; Cutter, et al., 1999); the 

other two components measuring arm and leg function. The PASAT has been shown to be a 

sensitive measure of longitudinal changes in cognitive functions in MS (Huijbregts, et al., 2006; 

Rosti, et al., 2007). Above all, the PASAT has been reported to be a more reliable measure than 

the Symbol-Digit modalities test to detect Cl in MS (Williams et al., 2006; Brochet et al., 2008). 

Therefore, the PASAT was chosen to be the principal neuropsychological test utilised in the 

present research.

3.4.1.2. Learning and Mennory: California Verbal Learning Test II (CVLT-II) and Brief 

Visuospatial M em ory Test-Revised (BVMT-R)

California Verbal Learning Test-Second Edition (CVLT-II; Delis, Kramer, Kaplan, & Ober, 2000), 

examines the strategies and processes used to learn and remember verbal information. The 

CVLT-II assesses recall and recognition of two 16-item word lists. List A is presented five times, 

and following each presentation, the participant is given the chance to recall as many words 

from the list as possible, in any order. The total free-recall score (sum of Trials 1 to 5 of List A) 

was utilised in the statistical analyses of the present research project. The CVLT-II 

demonstrates high levels of reliability (72-89%). It has been found to be a valid test to measure 

verbal memory in MS and to have high levels of external validity (Stegen et al. 2010).

Brief Visuospatial Memory Test -  Revised (BVMT-R; Benedict, 1996), examines visuospatial 

learning and memory. Participants are presented with a display that consists of six geometric 

shapes in a 2 X 3 matrix, and are instructed that they have 10 seconds to remember as much 

information from the display as possible. Once the display is taken away they must try and 

draw the shapes as accurately as possible. Participants have an unlimited amount of time to 

complete this recall trial (Trial 1). This first trial is followed by two additional trials, in which 

the participants are asked to remember more information and to reproduce this visuospatial 

information during two more recall trials (Trials 2 and 3). Recall performance for Trials 1 to  3, is 

based on a simple scoring procedure, (a maximum score in each trial is 12). The total recall 

variable (Trial 1 + Trial 2 + Trial 3 raw scores) was used in the statistical analysis of the present 

research project. The BVMT-R has been deemed both reliable and valid (Benedict et al., 1996) 

with moderate to high test-retest reliability and high construct validity (Osterreith, 1944; Rey, 

1941; Spreen & Strauss, 1991).
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3.4.1.3 . Executive functioning: Stroop Neuropsychological Screening test (SNST) and 

the Stockings of Cambridge Test

Stroop Neuropsychological Screening Test (SNST; version by Trenerry, Crossan, DeBoe, & Leber, 

1989) is premised on the phenomenon that there is a delayed naming response for colours 

printed in ink of a different colour, in comparison to colour names printed in black ink, or 

equally, colour names printed in a corresponding ink (Lezak, et al., 2004). Recent research 

supports the view that slowed naming represents deficits of processing speed (Denney & 

Lynch, 2009; Macniven, et a!., 2008). In the task, the (non-colour blind) participants are 

presented w ith the first task called the Colour Task, in which they are required to read the 112 

words on a sheet as quickly and as accurately as they can in 120 seconds. Subsequently, the 

participants complete a second task, the Colour-Word, in which participants are asked to 

name aloud, the colour of the ink in which the word was printed (112 items in 120 seconds). 

The present study is only concerned with Colour-Word scores that were arrived at by taking 

the number of incorrect items from the number of correct items in the Form C-W. The SNTS 

yields high test-retest reliability of 90%, and it also has relatively high discriminant validity.

Cambridge Neuropsychological Test Automated Battery (CANTAB; Robbins, et al., 1994) is a 

computer based assessment of cognitive functioning making use of language independent 

tests and using touch-screen technology (Spreen & Strauss, 2006). The present study made 

use of the Stockings of Cambridge Test (SOC) from the CANTAB battery. The SOC is a test of 

executive functioning, specifically a test of spatial planning and spatial working memory 

abilities. Participants are shown two arrangements of coloured balls, one on the top and one 

on the bottom of the screen. The participants are instructed to view the balls as hanging in 

stockings. The main aim of the task is to make the bottom arrangement look exactly like the 

top arrangement, by moving the balls in a certain order, in as few moves as possible. The total 

of all problems solved in the least moves across the test as a whole, was utilised in the 

statistical analyses of the present research project. The SOC has low test-retest reliability; 

however, the SOC has good convergent and discriminant validity (Lowe & Rabbitt, 1998).

3.4.1.4. Verbal Fluency: Controlled Oral Word Association Test (COWAT)

Controlled Oral Word Association Test (COWAT; Benton & Hamsher, 1989; Spreen & Strauss, 

1998) is a timed test that assesses language and verbal fluency. Participants are presented 

with three letters, F, A, and S, and are instructed to name as many words beginning with those 

letters as quickly as possible in three one-minute trials. The total number of correct responses
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across each trial was added to  form  a to ta l raw score, which was utilised in the statistical 

analyses. COWAT has a moderately high test-retest re liab ility (70-82%) (Basso, Bornstein, & 

Lang, 1999; Harrison, Buxton, Husain, & Wise, 2000; Lemay, Bedard, Rouleau, & Tremblay, 

2004; Ross, et al., 2007; Tombaugh, Kozak, & Rees, 1999), very high inter-rater reliab ility (Ross, 

et al., 2007), high internal consistency and good construct va lid ity (Tombaugh, et al., 1999).

3.4.1.5. Demographically corrected MACFIMS scores for the enhanced assessment of 

cognitive function in MS

Typically, the implem entation o f MACFIMS in clinical and research settings relies on 

manualized norms from  disparate sources. These discrete norms include sets of descriptive 

statistics fo r specific age groups (Klein, Foerster, & Hartnegg, 2007). It should be noted tha t 

these age bands can be rather arbitrary causing instability in the performance rating (i.e. the 

corrected score could change drastically by aging a single day, when the raw scores pass from 

comparison w ith  one age band/group to another). Parmenter, et al. (2010) derived regression- 

based norms fo r the MACFIMS tests to  control for standard demographic variables (i.e. age, 

sex, education). The subjects in the large sample (395 MS patients, 100 healthy volunteers) did 

not d iffer in age, level o f education, sex or race. M u ltip le  regression analyses were conducted 

on the test performance of the healthy adults, and the resulting models were used to  predict 

MS performance on the MACFIMS battery. The regression-based norms fo r the MACFIMS were 

constructed using data from  healthy controls. The regression-based norms identified higher 

rates of im pairm ent compared w ith  manualised norms fo r many o f the MACFIMS measures.

In the present research project, the raw scores o f the tests included in the adapted version of 

MACFIMS were converted to  demographically corrected scores and utilised in the statistical 

analyses of the tw o prelim inary studies. SNST and the computerised version o f SOC were not 

part of the MACFIMS battery utilised to derive regression-based norms (Parmenter, et al., 

2010). Therefore, only the ir raw total scores were included in the statistical analyses.

The raw scores of the MACFIMS tests were converted to  Z scores, based on the regression- 

based norms. Firstly, the raw score o f one MACFIMS measure was converted into a scaled 

score using the raw-to-scale-score conversions originally derived from  the healthy controls in 

the Parmenter study (2010). Then the m ultip le  regression equations were applied to compute 

demographically predicted scores; taking in to  account age, education, sex and sex^ for each 

subject. Subsequently, these predicted scores were subtracted from each subject's actual
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scores and the differences were divided by the standard deviation o f the original Parmenter 

study control group's raw/ residuals, to  obtain a Z-score.

Z score = (scaled score -  predicted score) /  residual SD^

Predicted score = [Bconstom+ age(Boge)+age^(Bage2)+sex(Bse„)+education(Bedjf

The raw score-to-scaled score conversion tables, the standard deviations o f the residuals of 

the Parmenter's healthy control group, as well as the final regression models fo r the MACFIMS 

tests are all included in the paper o f Parmenter, et al. (2010).

3 .4 .2 . Psychological functioning measures

It has been documented tha t depression and mood disturbance can affect performance on 

neuropsychological tests (Benedict, Fischer, et al., 2002). Therefore, it is w idely recommended 

tha t both should be measured in conjunction w ith  the neuropsychological battery, in order to 

control fo r confounding effects. The present study used the Hamilton Rating Scale for 

Depression (HRSD), the Beck Depression Inventory (BDI) and the Beck Anxiety Inventory (BAI). 

Extensive details o f each measure are provided below.

3.4.2.1 . The H a m ilto n  Rating Scale fo r Depression (HRSD)

The Hamilton Rating Scale fo r Depression (HRSD; Hamilton, 1960) is a semi-structured 

interview used to  assess depressive symptoms. It consists o f 21 items, some o f which are 

defined by increasing severity, while others are defined as equal-valued options.

The first 17 items evaluate the fo llow ing features; depressed mood, guilt, suicide, insomnia 

(in itial, m iddle, and delayed), work and interests, retardation, agitation, anxiety (psychological 

and somatic), appetite , genital symptoms, fatigue/pain/energy, hypochondriasis, insight and 

loss o f weight. The last four items relate to diurnal variation, derealisation, paranoid 

symptoms and obsessive-compulsive behaviours. Some are scored on a five-poin t scale, while 

others are scored on a three-point scale, depending on the symptom in question. The HRSD 

was once the gold standard in the assessment o f depression in both research and clinical

g
Scaled scores converted from  raw  scores, conversion based on tlie  regression-based norms (Parmenter, et a!., 

2010, see conversion in Table 1). Residual SD denotes the standard deviation of the residual extracted from the 
sample of healthy controls for each MACFIMS task (Table 2 in Parmenter, e t al., 2010)

9
6 = regression values extracted from Table 4 in Parmenter et al. (2010) displaying final regression models for 

MACFIMS measures.
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settings (Williams, 2001). However, a systematic review questions its valid ity even though it 

has been found to  have adequate internal reliab ility (Bagby, Ryder, Schuller, & Marshall, 2004).

3.4.2.2 . The Beck Depression In ve n to ry -ll (BDI-II)

The Beck Depression Inventory-ll (BDI-II; Beck, Steer, & Brown, 1996) is a 21-item self-report 

questionnaire used to  assess depressive symptoms in the preceding tw o  weeks. Each o f the 21 

items examines a symptom or an experience o f depression, fo r instance; sadness, guilt, 

suicidal ideation, anhedonia, indecisiveness, fatigue, appetite, irritability , libido and self­

esteem. Participants are instructed to  select one o f four statements o f graded severity, for 

each item on the scale. Items are scored from  0 (absence o f problem) to  3 (most severe form 

o f the problem). Scores across each item are added to  form  a to ta l score. The BDI-II manual 

reports cu t-o ff scores fo r categorical purposes; whereby <13 is m inimal depression, 14-19 is 

m ild, 20-28 is moderate, and >29 is severe depression. The BDI-II has been shown to  be 

reliable w ith  92-93% test-retest re liab ility (Beck et al., 1996) and a valid measure of depression 

in individuals w ith  m ultip le  sclerosis (Moran & Mohr, 2005).

3.4.2.3. The Beck A n x ie ty  In ven to ry  (BAI)

The Beck Anxiety Inventory (BAI; Beck, Epstein, Brown, & Steer, 1988) is used to  assess 

symptoms o f anxiety in the past month. This is a 21-item  self-report questionnaire, whereby 

individuals rate items on a four-po in t severity scale, from  0 (not at all) to 3 (severely, it 

bothered me a lot). The BAI evaluates the fo llow ing indications o f anxiety; numbness or 

tingling, feeling hot, wobbliness in legs, inability to  relax, fear o f the worst happening, 

dizziness, heart pounding, unsteadiness, terror, nervous disposition, fear of choking, trem bling 

hands, shaking, fear o f losing control, d ifficu lty  in breathing, fear o f dying, being scared, 

indigestion, fa inting, flushed face and sweating (not due to  heat). Scores across each item are 

summed to form  a tota l score (0-63, higher scores indicating higher levels o f anxiety). 

According to  the BAI manual (Beck & Steer, 1990) 0-9 represents normal anxiety, 10-18 mild to 

moderate anxiety, 19-29 moderate to  severe anxiety, and 30-63 severe anxiety. The BAI has 

high test-retest re liab ility (75%) and also construct va lid ity (Spielberger, 1983).

The patients also completed the M ultip le  Sclerosis Impact Scale (MSIS-29), the Modified 

Fatigue Impact Scale (MFIS), and visual Analogue Fatigue Scale (VAS). However, these were not 

included in the statistical analyses of the present research project and therefore are not 

discussed further.
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3.5. Clinical assessment measures

When examining cognitive function in MS, the level o f physical disability needs to  be taken 

into account as it may affect cognitive processes and/or performance in neuropsychological 

tests. This research evaluates the relationship between physical disability and cognitive 

function in MS.

3.5.1. Expanded Disability Status Scale (EDSS)

The Expanded Disability Status Scale (EDSS; Kurtzke, 1983) measures the extent of the 

participant's physical disability, as a result o f having MS. Patients are evaluated on eight 

m utually exclusive functional systems. These include the fo llow ing: pyramidal, cerebellar, brain 

stem, sensory, bowel and bladder, visual, cerebral or mental, and other or miscellaneous 

functions. These functions comprise the neurological abnormalities tha t can be attributed to 

MS lesions in both the brain and spinal cord. Each functional system is graded individually 

from  0-5/6, depending on the category; where 0 represents normal functioning, and scores of

5 and 6 are indicative o f maximum impairment. Grades fo r each functional system are added 

to  acquire a to ta l score on a 20-point scale ranging from  0 to  10, where 0 represents a normal 

neurological examination and 10 represents death due to  MS.

The EDSS is the most w idely used scale fo r the measurement o f disability and impairment in 

MS (Sharrack, Hughes, Soudain, & Dunn, 1999). It has an inter-rater reliab ility agreement of 

96%, and an intra-rater re liab ility agreement of 89% (Sharrack, et al., 1999). The EDSS has also 

been found to  have good convergent va lid ity (Hobart, Freeman, & Thompson, 2000; Mahoney

6  Barthel, 1965). Very few  studies have investigated the relationship between the EDSS and 

electrophysiological measures. The N2 and P3b component alterations in MS were associated 

w ith  the EDSS scores (Triantafyllou, et al., 1992). However, the power spectral density o f 

d ifferent EEG bands was not related to  EDSS findings (Vazquez-Marrufo, Gonzalez-Rosa, 

Vaquero, Duque, Borges, et al., 2008). Nevertheless, there has not been an investigation into 

the sensitivity o f EEG to  patients w ith  impairments in the EDSS functional systems. In the 

present research project, the EDSS was administered by a neurology registrar at each yearly 

test session, at St. Vincent's University Hospital.
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3.6. Genetic measures

As noted in Chapter2-Literature Review, the cognitive function in MS may be affected by 

genetic factors. Oligoadenylate synthetase 1 (OASl) genotyping was utilised to examine the 

influence o f high versus low RNAseL enzyme activity to brain and cognitive function in MS 

patients. OASl is up-regulated by Type 1 interferons and a single-nucleotide polymorphism 

(SNP) in exon 7 o f OASl, results in d ifferential ribonuclease L (RNAseL) enzyme activity. The G 

allele confers high while the A allele confers low activity. Genomic DNA was isolated from  

peripheral blood samples. Primers (i.e. strands o f nucleic acid tha t serve as a starting 

po in t/p la tfo rm  fo r DNA synthesis) were designed to  specifically am plify a 347-bp product 

surrounding the rsl0774671 single-nucleotide polymorphism (SNP; a DNA sequence 

variation). The prim er sequences were as follows: forward 5'-gggatccagatggcatgtca- 3' and 

reverse 5'-ctggatcaagagtcccacctg-3'. A to ta l o f 5 |ig o f genomic DNA was amplified by 

polymerase chain reaction (PCR; a method to  reproduce small segments o f DNA, and PCR 

products were digested w ith  the ALU l restriction enzyme (i.e. an enzyme tha t cuts DNA up at 

specific sequences). These digested products were analysed by agarose gel electrophoresis, 

which is used to  separate DNA fragments, and genotypes were assigned.

3.7. Conclusion

This chapter presented a detailed account o f the study procedure and each o f the measures 

utilised in the present research project. Firstly, the advanced EEG and P3 ERP measures, 

including the SPM method, the 1C clustering approach and the VESPA were presented. 

Subsequently, the MRi, psychological, clinical assessment and genetic measures were detailed. 

The sophisticated EEG and P3 ERP methods w ill be utilised in Chapter 4 to  reveal the cross- 

sectional differences between MS patients and healthy volunteers and between the MS 

subgroups based on differing disease courses, level of cognitive function, and OASl genotypes. 

Furthermore, the relationship between the P3 ERP and neuropsychological measures is 

im portant fo r the studies proposed and detailed in Chapter 4. These measures w ill also be 

utilised in Chapter 5 in investigating the longitudinal changes in the cognitive function in MS. 

Chapter 6 w ill incorporate the findings acquired w ith  both comprehensive neuropsychological 

test battery MACFIMS and MRI and incorporating the P3 ERP latency and amplitude variables. 

This is in order to  examine the m ultim odal associations between these methods in detecting 

changes in cognitive function in MS. The novel VESPA method detailed in this chapter w ill be 

applied in Chapter 7, to assess its u tility  in detecting visual dysfunction in MS.
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Chapter 4 - Cross-sectional P3 ERP studies

The present chapter exam ines th e  Research Questions 1, 2 and 3 as stated in Section2.7. 

Thesis objectives are included in C h ap terZ -L itera tu re  Review. These research questions set out 

to  investigate the following: 1) if the scalp-based P3 ERP activations at M o nth  0  differ 

b etw ee n  MS patients and healthy controls, and b etw een  MS subgroups, and if th e  PASAT score 

correlates w ith  the scalp-based PS ERP activations, 2) if th e  source PS EEG activations at 

M o n th  0  d iffe r betw een MS patients and healthy controls, and b etw een  MS patients w ith  and 

w ith o u t cognitive im pairm ent, and finally 3) if the P3 ERP activations and th e  PASAT score 

differ betw een  MS patients w ith  d iffe ren t o ligoadelynate synthetase 1 (O A S l) genotypes.

The studies in this chapter investigated the cognitive-indexing electrophysiological activations 

in a relatively large sam ple o f MS patients and healthy controls w ith  advanced high-density  

electroencephalography (EEG) m easures presented in C h ap ter3 -G en era l M ethods. Based on 

th e  previous research lite ra tu re , it was hypothesized th a t MS patients, especially w ith  a 

progressive disease course, w ould  have reduced P3 ERP am plitudes and delayed P3 ERP 

latencies in comparison to  healthy controls. The PASAT score was hypothesized to  correlate  

w ith  P3 ERP am plitudes and latencies. In addition, it was hypothesized th a t MS patients versus 

controls, and cognitively im paired  MS (CI-M S) patients versus non-cognitively im paired MS  

(non-C I-M S) patients, w ould  show  reduced th e ta  and a sm aller decrease in alpha band afte r  

P3b ta rg e t stimuli over parietal brain regions 20 0 -4 00  ms, which is th e  expected P3b peak tim e  

period. As MS patients w ith  AA O A S l-genotype have increased disease activity, it was 

hypothesized th a t they w ould  also have a poorer outcom e in the PASAT and display reduced  

P3b ERP am plitudes and delayed P3 ERP latencies, com pared to  the MS patients w ith  AG 

O A S l-genotype.

The findings of the studies in this chapter give an expanded and detailed  insight into the  

cognitive-indexing electrophysiological activations underlying m ore high-level cognitive  

functions in MS, such as a tten tio n  and w orking m em ory. These findings extend previous P3 

ERP and EEG studies reported  in th e  litera tu re . M ost of th e  previous studies reported in 

C h ap ter2 -L ite ra tu re  Review utilised low -density EEG arrays, w ith  low  num bers o f subjects, 

w hich w ere  rarely com pared to  d iffe ren t MS subgroups. Previous studies also seldom  

a tte m p ted  to link th e ir P3 ERP findings to  cognitive processes measured w ith  

neuropsychological tests.
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4.1. Scalp-based analysis of high-density P3b ERPs and multiple  

sclerosis

This section of Chapter 4 examines Research Question 1, as stated in Section 2.7. of the thesis 

objectives, included in ChapterZ-Literature Review.

4.1.1. Introduction

The study utilised the typical oddball, P3b paradigm, in which occasional target stimuli are 

detected in a train of frequent irrelevant standard stimuli. The stimuli evoke a num ber of 

event-related potential (ERP) components, i.e. the early components -  P I, N l, P2 -  and the 

late components N2 and P3. The P3b timing is independent of behavioural reaction tim e and is 

therefore a suitable paradigm for subjects with potentially impaired motor ability (Polich, 

2004). P3b latency and amplitude are sensitive to neural degenerative conditions and several 

types of dementia and psychiatric diseases (Polich, 2004). As illustrated by the comprehensive 

literature review in Chapter 2-Literature Review, previous electrophysiological studies of 

cognitive functions in MS have reported varying results in ERP differences between MS 

patients and controls, particularly in relation to early sensory components (P I, N l, and P2).

The variability of previous MS ERP findings may be due to several reasons. Cognitive 

im pairment is more frequent and severe in SPMS than in RRMS (Zakzanis, 2000) and therefore 

the composition of the MS study group may affect results. Previous studies have employed  

electrode numbers ranging from 1 (Ellger, et al., 2002) to 30 (Piras, et al., 2003); although 128 

electrodes are required to optimally sample the topography of the human EEG (Srinivasan, 

Nunez, & Silberstein, 1998). Employing low numbers of electrodes indicates that there may 

not be sufficient scalp coverage to detect activity from the early ERP components, which are 

generated across a number of subcortical regions and are observed over widespread scalp 

regions. Neuropsychological studies of Cl in MS have provided mixed evidence of modality- 

specific impairments (i.e. if impairment is more pronounced in one modality than in the other, 

or is common across modalities (Foong, et al., 1997; Sperling, et al., 2001). It is possible that 

there is a modality-specific effect on ERP latency in MS because of differing neuronal pathways 

(K ing& N elken, 2009).

The present study aims to provide a comprehensive and systematic account of the P3b ERPs in 

MS. A high-density EEG array was employed and a relatively large MS group was recruited,
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including both RRMS and SPMS patients. The study examines the differences in latency, 

amplitude, and topography between MS patients and controls and also between the RRMS 

and SPMS patients. ERP differences w ith  respect to  modality, and the relationship between 

the PASAT and visual and auditory P3b amplitude and latency were also investigated. It was 

hypothesized tha t MS patients have reduced P3b ERP amplitudes and delayed P3b ERP 

latencies in comparison to  healthy controls, as indicated by previous research (Amato, et al., 

2006; Leocani, et al., 2010; Magnano, et al., 2006). The progressive MS subtypes were 

hypothesized to have reduced P3b ERP amplitudes and delayed P3b ERP latencies relative to 

RRMS patients. It was fu rthe r hypothesized, tha t SPMS patients have reduced P3b ERP 

amplitudes and delayed P3b ERP latencies compared to PPMS patients, based on previous 

research (Ellger, et al., 2002). The PASAT score was hypothesized to  correlate w ith  P3b ERP 

amplitudes and latencies, as previous research has shown neuropsychological performance to  

be associated w ith  P3b ERP activations in MS (Aminoff, & Goodin, 2001; Giesser, et al., 1992; 

Gil, et al., 1992; Honig, et a!., 1992; Leocani, et al., 2010; Piras, et al., 2003). The findings o f 

this chapter may provide additional inform ation on the electrophysiological activities 

underlying the cognitive processing in MS subjects, and u ltim ately lead to  better 

understanding and management o f the condition.

4. 1.2. Methods

4.1.2.1 . Subjects, p rocedure  and data analysis

Seventeen right-handed RRMS patients, 16 right-handed SPMS patients and twenty-one 

healthy volunteers were included in the study. One RRMS patient was unable to complete the 

visual task, and one SPMS patient and one control subject were unable to  complete the 

auditory task. Table 4.4.1. displays the demographic data o f the subjects from  whom EEG data 

were collected.
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Table 4.4.1. Subject demographic data.

Visual Auditory
RRMS SPMS Control RRMS SPMS Control

N 16 16 21 17 15 20
Male 
/  female

5/11 10/6 9/12 6/11 10/5 9/11

a a a a a a
Age 37.73 9.16 50.90 9.09 40.32 9.19 37.18 8.79 50.46 8.09 40.15 9.4
PASAT % 73.93 27.49 63.50 21.55 85.10 12.87 78.88 22.59 66.65 22.35 85.62 13.11
Yrs symptoms 7.76 5.85 24.0 10.67 N/A N/A 7.95 6.07 25.06 11.99 N/A N/A
RT (<800 ms) 376.04 65.40 396.70 60.22 383.68 54.79 372.76 70.08 356.63 60.50 370.52 72.27

M IQR M IQR M IQR M IQR M IQR M IQR
EDSS 2.00 1.5 6.00 2.50 N/A N/A 2.00 2.00 6.00 2.62 N/A N/A

Note. ^ = mean, a  = standard deviation, M  = median, IQR = interquartile range, RRMS = relapsing-remltting MS patients, SPMS = secondary-progressive MS 
patients, PASAT = Paced Auditory Serial Addition Test, Yrs symptom = the number of years since the first symptom, RT = reaction tim e, EDSS = Expanded Disability 
Status Scale.



All subjects completed the standard Paced Auditory Serial Addition Test PASAT (Tombaugh, 

2006) as described in Chapter 3-General Methods, approximately one hour prior to ERP 

recording. The details o f the EEG recording procedure w ith  visual and auditory oddball 

paradigms are also described in Chapter 3-General Methods.

SPSS 16 (Statistical Package fo r the Social Sciences; SPSS Inc., Chicago, IL, USA) was utilised fo r 

all statistical analyses, except fo r the topographical analysis completed using SPM 8 

(http ://w w w .fil.ion .ucl.ac.uk/spm ). EEGLAB (Delorme & Makeig, 2004) was used fo r all the ERP 

analyses. The EEG data were bandpass filte red between 1 and 90 Hz, bandstopped between 

48 and 52 Hz, average referenced across all scalp electrodes, epoched and baseline corrected 

(100 ms before baseline). Epochs w ith  large, obvious artefacts (e.g., muscle tw itch) were first 

rejected manually. Independent components analysis, using the infomax a lgorithm , was used 

to  identify artefacts, which were subsequently removed (see Delorme, e t al., 2007). Ocular 

artefacts were removed by identifying the components tha t correlated most highly w ith  the 

EOG channels (m inim um  correlation o f 0.5). Visual inspection o f the  EOG channel before and 

after removal o f the component was performed in order to ensure that the ocular artefacts 

were removed. A 99% confidence interval was calculated across all channels fo r mean 

am plitude and variance: any channel falling outside the confidence interval was interpolated. 

Each ERP component was identified by tw o of the authors according to  its polarity, latency and 

topography. A component was deemed to be not identifiable if the m orphology of the ERP 

was not clear to  both assessors. Next, the maximum (or m inimum where appropriate) 

am plitude was automatically extracted from  the data fo r all electrodes using the manually 

identified component as a guide to define the temporal w indow. If there was no peak inside a 

temporal w indow  fo r a component at a particular electrode then data at tha t electrode for 

that component were recorded as missing. The early components were determ ined fo r P I 

(visual only), N1 and P2 fo r trials tha t fo llowed presentation o f the standard stimulus. The N2 

and P3 components were calculated for trials tha t fo llow ed presentation o f the target 

stimulus. ERP descriptors often identify electrodes where maximum amplitudes are typically 

observed and d iffe r according to modality. Electrode groups, regions of interest (ROIs), were 

generated and are displayed in Table 4.4.2. We used composite mean am plitude measures, 

i.e., the mean value o f the electrodes in the ROI, computed from  groups o f electrodes where 

the peak o f interest was maximal to  specify its amplitude and latency.

107



Table 4.4.2. A list o f  the regions o f interest (ROIs) generated using composite amplitude  
measures computed from  groups o f electrodes.

ROI Electrodes Modality
Auditory Visual

Midline fronto-central Cz, Cz' Fz Fz' FCz Cz' (97) N l, P2 P2
Midline centro-parletal Cz Cz' CPz CPz' Pz Pz' POz POz' Oz N2 N2
Midline occipital Pz' POz POz' Oz PI, N l
Left inferior temporal T7 T7' T9 N l
Right inferior temporal T8 T8' TIO N l
Midline central Cz Cz' CPz P3b P3b
Midline parietal CPz' Pz Pz' POz P3b P3b

SPM 8 (h ttp ://w w w .fil.ion .ucl.ac.uk/spm ) was used to  create statistic parametric maps in order 

to  test fo r topographical differences in ERP am plitude across the entire scalp and across tim e. 

Data from  each subject were transformed into two-dim ensional sensor-space (interpolated 

from  128 channels) and in peri-stimulus times from  0 -250 ms fo r responses to  the standard 

condition and from  230-600 ms fo r responses in the target condition. This transform ation 

produced a three-dimensional spatiotemporal characterisation of the ERP, which was then 

compared between groups. The significance level was set at p < .001 and this was fu rthe r 

restrained by only retaining scalp areas in which at least 100 contiguous voxels were 

significant. Furthermore, a stringent family-wise threshold was implemented separately, thus 

showing only significant voxels follow ing correction fo r m ultip le  comparisons.

4.1.3. Results

The mean percentage o f retained epochs was 86%, 84%, and 82% for the control, RRMS, and 

SPMS groups, respectively. Overall, 18% o f independent components were identified as noise 

and removed. There were no significant reaction tim e  differences between the groups for 

e ither auditory or visual modalities (Table 4.4.1.). A one-way ANOVA comparing PASAT score 

across groups was significant (f(2 , 46) = 3.21, p = .49). A Tukey post-hoc test showed th a t the 

SPMS patients had significantly lower PASAT scores compared to  the controls. Level of 

education was not significantly d ifferent between MS patients and controls.
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4 .1.3 .1 . ERP latency and am plitude

The descriptive and inferential results for each com ponent are displayed in the Tables 4 .1 .3 . 

and 4 .1 .4 .. In the visual m odality, P2, P3b Central and P3b Parietal am plitudes and N2 latency  

w e re  significantly d iffe ren t across groups. In th e  aud itory  m odality, P2, N2, and P3b latencies  

and N1 am plitude w ere  significantly d ifferen t across groups. Post-hoc tests indicated th a t  

th ere  w ere no significant differences b etw een  the RRMS and SPMS patients on any ERP 

com ponent. Figure 4 .1 .1 . displays th e  ERP following presentation o f the targe t stimulus from  

all 128 channels for both m odalities and for all groups. Scalp maps o f th e  ERP activity are also 

displayed. W hen  MS patients w ith  visual dysfunction, such as history o f optic neuritis, w ere  

excluded from  th e  analyses th e  results rem ained th e  same except for the com parison of 

auditory N1 am plitud e th a t lost statistical significance.
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Figure 4.1.1. Butterfly plots showing responses fo r  a ll electrodes across a ll modalities and 
groups. Scalp maps showing the topography o f the response a t particu la r latencies are 
displayed above the bu tterfly  plots.
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Table 3. D escriptive and  in fe ren tia l results fo r  the  visual condition.

Visual
Component Measure ANOVA TUKEY RR MS SP MS Control

P I
Amp f(2,24) = 1.80, p = .181 1.91 1.53 2.73
Lat F(2,24) = .121, p = .887 118.43 112.47 116.83

Mid N1
Amp F(2,35) = 0.23, p = .792 -0.79 -0.45 -0.91
Lat F(2,3S) = .852, p = .435 214.10 206.28 188.42

Left N1
Amp F(2,25) = 2.27, p = . 125 -1.73 -1.68 -.62
Lat F(2,25) = 1.03, p = .371 231.77 203.48 181.73

Right N1
Amp F(2,34) = 1.19, p = .318 -0.57 -1.71 -1.09
Lat f(2,34) = .953, p = .396 197.92 208.33 182.29

P2
Amp f{2,36) = 3.39,p = .045* 0.34 -1.11 0.25
Lat f{2,36) = .645, p = .530 271.94 268.59 247.97

N2
Amp f(2,32) = .46, p= .637 -1.58 -1.65 -1.09
Lat f(2,32) = 4.80, p = .015* RR>C 347.17 293.44 244.65

Central P3b
Amp f(2,49) = 4.17, p = .021* O S P  1.18 0.84 2.35
Lat f(2,49) = 0.52, p = .595 409.26

C > RR
397.30 379.36

Parietal P3b
Amp F{2,50) = 8.88, p = .001* 2.63

& C> SP
2.64 4.74

Lat F(2,50)=1 29.,p = .283 421.93 395.69 369.88
N ote. C = con tro l, RR= RR MS, SP = SP MS, Am p =: am p litude , Lat = latency. M id  N1 = M id line
fro n to -ce n tra l. Left N1 = Left in fe rio r tem pora l. R ight N1 = Right in fe rio r tem pora l. * Denotes
that the comparison is significant at p < .05.

Table 4. Descriptive and  in fe re n tia l results fo r  the au d ito ry  condition.

Auditory
Component Measure ANOVA TUKEY RRMS SP MS Controt

N1
Amp F{2,26) = 6.10,p=.007* C> SP -3.39 -4.22 -1.62
Lat F(2,26) = 2.30, p=.120 107.64 108.14 90.56

P2
Amp F{2,24) = 2.97, p=.071 2.12 .64 1.04
Lat F(2,24) = 6.78, p=.005* RR>C 217.32 153.21 135.00

N2
Amp F(2,41) = 0.69, p = .506 -2.14 -1.47 -1.71
Lat F(2,41) = 6.04, p = .005* RR > C 291.84 233.62 211.75

Central P3b
Amp F{2,47) = .212, p = .810 3.18 2.31 2.63
Lat F(2,47) = 2.42, p = .10 366.96 416.67 356.50

Parietal P3b
Amp F(2,48) = .60, p = .551 3.58 3.90 4.29
Lat F(2,48) = 3.46, p = .039* SP>C 373.16 416.08 340.10

Note. C = control, RR= RR MS, SP = SP MS. *Denotes that the comparison is significant at p <
.05.

The PASAT score did not significantly correlate with education, EDSS, age or years since 

beginning of symptoms. The correlations remained non-significant after controlling for age (p 

> .05). Auditory P3b latency in both central and parietal regions was correlated with age in MS 

patients (r  = .412, p = .019 and r  = .441, p = .011, respectively) but not with EDSS, the level of 

education or the number of the years since the beginning of symptoms (p > .05). Visual 

amplitude and latency, and auditory amplitude did not correlate with age, EDSS, the years 

since the beginning of symptoms, or the level of education (p > .05). A partial correlation.
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controlling for age, betw een  aud itory P3b latency and th e  PASAT (an aud itory test of cognitive  

function ), across all M S subjects was significant a t central and parietal ROIs ( r p o n i a i = --483 ., p = 

.006, r p a n ia i = -.384 , p  =  .033, respectively). PASAT score did not correlate significantly w ith  

latency o f any early P3b com ponent (p > .05). P3b aud itory  am plitude was not significant (p > 

.05 ) in e ith e r ROI. The partial correlation b etw een  th e  PASAT score and the visual P3b latency  

across all MS subjects approached significance at Central and Parietal sites ( r p a n i a i  =  -.362 , p = 

.069  and r p a n ia i  =  -.370 , p = .063, respectively). The correlations across m odalities w ere  

analyzed fo r all MS subjects for both am plitud e and latency at Central and Parietal scalp 

locations. Visual Parietal am plitude correlated significantly aud itory Parietal P3b am plitud e (rs 

= .507, p = .008). There w ere  no o th er significant correlations fo r am plitude, nor fo r latency  

across m odalities.

4 .1 .3 .2 .  ERR to p o g ra p h y

Figure 4 .1 .2  displays the ERPs o f MS patients and controls fo llow ing th e  presentation o f the  

targe t stim ulus from  all 128 channels for both m odalities. In th e  visual m odality, th ere  was 

g rea ter activ ity fo r controls from  121 to  156 ms over th e  parietal area and from  218  to  277 ms 

o ver th e  le ft central area fo llow ing  presentation o f the standard stimulus and th ere  was 

g reater activ ity  for controls from  235 to 289 ms over th e  frontal area and from  277 to  570  ms 

over th e  central and parietal areas fo llow ing  presentation of the target stimulus. There was 

g reater activ ity fo r controls over the frontal area from  82 to  148 ms and over a region o f the  

le ft central area from  219 to  250 ms fo llow ing presentation o f the standard stimulus. There  

w e re  no suprathreshold voxels fo llow ing th e  presentation o f the target stim ulus in th e  

aud ito ry  condition. Figure 4 .1 .3  displays the statistic param etric  m aps o f significantly d iffe ren t 

ERP activ ity b etw een  all MS patients and controls. A com parison of RRMS and SPMS patients  

did not yield  any suprathreshold voxels for early or late com ponents in e ith e r the visual or 

aud ito ry  m odalities (this was the case w hen  th e  significance level was relaxed to  p < .001). 

Table 5 sum m arizes th e  results o f the SPM analysis.
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Figure 4.1.2. ERPs to the ta rget stimulus in the visual and auditory conditions.
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Figure 4.1.3. 3D spatiotem poral characterisation o f the ERR

Note. The le ft panel (a) shows responses to the standard stimulus in the visual condition. The 
m iddle panel shows responses to  the target stimulus in the visual condition. The panel on the 
right (b) shows responses to  the standard stimulus in the auditory condition.

Table 4.1.5. Results o f statistical param etric mapping showing location o f  peak voxel.

Modality Peak voxel

X y ms Z FWE

Visual -11 -52 141 4.69 Yes
-26 -19 238 4.64 No
51 21 273 4.12 Yes
-2 -46 422 5.37 Yes

Auditory 57 13 102 5.85 Yes
-30 19 227 3.53 No

Note. X is positive-going from  le ft to right, y is positive-going from  posterior to  anterior, and 
associated Z score. Family-wise error rate (FWE) was set at 0.05.
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4.1.4. Discussion

The present study represents an advance over previous research, in tha t a high-density EEG 

array was used w ith  a relatively large number of subjects w ith  MS and controls (total n = 54) 

across both visual and auditory modalities. As hypothesized delayed latencies and reduced 

amplitudes were present in both sensory (N1 and P2) and cognitive components (N2 and P3b) 

fo r MS patients, in comparison to healthy control subjects. Visual P3b amplitudes were 

significantly reduced in MS patients when compared to  control subjects. Auditory P3b 

latencies were significantly delayed in SPMS patients when compared to control subjects. A 

topographical analysis indicated tha t both early and late visual PBb ERR amplitudes were 

significantly reduced fo r MS patients, in comparison to  controls over a large centro-parietal 

scalp area. The auditory PBb topography was significant only for the fronta l area during the 

tim efram e o f early sensory components. The finding o f delayed latencies and reduced 

amplitudes in the early ERP components fo r both modalities suggests prolonged and 

decreased PBb components, often observed in MS, and may at least be partly due to  deficits 

earlier in the processing pathway.

The ROIs in the present study were identified using data from  previous research w ith  healthy 

subjects. However, the statistical parametric maps showed widespread regions w ith  

significantly d ifferent am plitude or latencies, between the groups, fo r the early sensory 

components. For example, in the present study, there were significant am plitude differences 

between MS patients and controls in over much of the centro-parietal scalp region fo r the 

visual PBb component, w ith  greater activation over the le ft side. Atypical topographical 

d istributions may be a reflection o f the disease process (e.g. lesions in processing pathways) 

and consequently patient topographies of electrophysiological activations may not be in the 

same scalp areas shown by previous research w ith  healthy populations (Polich, 2007). A high- 

density EEG array is therefore useful in identify ing differences between the groups, as the 

entire scalp area can be covered. The statistical parametric approach has the benefit that 

m ultip le  comparisons across scalp regions are corrected, w itho u t the need to  make a priori 

assumptions about topographical differences between groups.

The relatively large sample size in the present study facilitated the comparison between RRMS 

and SPMS patients. However, contrary to  the hypotheses, there were no significant differences 

between the groups in latency, amplitude or topography. Only tw o previous studies have 

examined the differences between RRMS and SPMS subtypes (Ellger, et al., 2002, Gil, e t al., 

1993), and they both reported SPMS patients to  manifest delayed latencies and reduced
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amplitudes. These differences have been thought to be most likely due to  a higher degree of 

demyelination and axonal degeneration in SPMS, which causes the disruption o f the cortical- 

cortical and cortical-subcortical neural connections (Leocani, et al., 2010). Nevertheless, the 

find ing of no significant differences between RRMS and SPMS on any P3b ERP measure may 

suggest tha t the disease process, per se, rather than severity or duration o f the disease, 

impacts on ERP am plitude and latency.

A correlation between PASAT score and auditory P3b latencies fo r all MS patients was 

significant fo r the central and parietal scalp regions, thus being consistent w ith  the 

hypotheses. PASAT score did not correlate w ith  latency of earlier auditory ERP components in 

MS patients. This indicates that auditory P3b latency is sensitive to  the degree of Cl for MS 

patients. Although we have shown tha t early sensory ERP delays may contribute to  the delay 

o f the auditory PBb latency between SPMS patients and controls, a significant correlation 

between PASAT and auditory P3b latency was still found w ith in  the MS group.

Some o f the previous studies have not reported impaired early ERP components in MS (Ellger, 

et al., 2002; Gerschlager, et al., 2000a), whereas others have found latency delays in N1 and P2 

(Giesser, et al., 1992; Gil, et al., 1993). Moreover, some studies have reported a trend, but not 

statistically significant differences, towards a reduction of visual am plitude in early 

components (e.g. Piras, et al., 2003). It is possible these studies did not have the statistical 

power or sufficient electrode coverage to detect such differences. Differences between RRMS 

patients and controls and between SPMS patients and controls, in the visual modality, were 

reflected in the reduced amplitudes of the P3b components. In addition, latency of the visual 

N2 was delayed for the RRMS group versus controls. In the auditory modality, latencies were 

prolonged fo r the RRMS patients versus controls fo r the P2 and N2 components, and for the 

SPMS patients versus controls fo r the parietal P3 latency. The widespread delayed latencies 

and decreased amplitudes in the early and late ERP components is in accordance w ith  the 

view  tha t demyelinating lesions, in prim ary afferent pathways, cause delays in early sensory 

components; which in turn prolongs the later, cognitive-indexing N2 and P3b (Magnano, et al., 

2006). Furthermore, the N1 amplitude was significantly greater fo r SPMS patients in 

comparison to  controls. An N1 amplitude increase, in conjunction w ith  a P3b amplitude 

decrease, has been reported for o lder subjects during an auditory oddball task (Anderer, 

Semlitsch, & Saletu, 1996). This increase has been attributed to  a higher level of general 

a ttention in o lder adults during the oddball task. It is plausible therefore, tha t a sim ilar 

mechanism is involved for MS subjects w ith respect to  the auditory N1 component.
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Parietal P3b amplitude correlated across modalities. However, latency was not correlated 

across modalities; only the auditory P3b latency was delayed in SPMS patients relative to 

controls. The finding that auditory P3b ERPs were more susceptible to  delay may be a 

consequence of the differences between visual and auditory processing pathways. More 

synaptic relays are involved in early sensory auditory processing (King & Nelken, 2009), in 

comparison to  early visual processing. Consequently, there is more opportunity fo r 

demyelination to  delay transmission o f the early sensory auditory inform ation. This study adds 

to  the literature tha t suggests a modality-specific im pairm ent in MS (De Sonneville, et al., 

2002).

Key points:

•  Both early sensory and late cognitive-indexing P3b ERP am plitude and 

topographical deficits in MS were more pronounced in the visual modality

•  MS patients have reduced amplitudes in only early auditory P3b ERP task 

compared to  controls

•  ERP latency deficits (P2, N2, P3b) in MS were more pronounced in the 

auditory m odality

•  No differences between RRMS and SPMS patients were observed on any 

P3b ERP measure

•  PASAT score correlated w ith  auditory P3b latency fo r the MS patients

•  Results show widespread deficits in sensorv and cognitive processing in 

MS patients, especially in SPMS patients

•  P3b ERP measures have potential u tility  in clinical research and/or 

practice to  detect subtle cognitive dysfunction
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4.2. Scalp-based analysis of high-density P3a ERPs in multiple  

sclerosis

This section o f Chapter 4 examines Research Question 1 as stated in the section 2.7. Thesis 

objectives included in Chapter 2-Literature Review. The study examined if the scalp-based P3a 

ERP activations at M onth 0 d iffer between MS patients and healthy controls, and between MS 

subtypes. Furthermore, the correlation between the PASAT score and the scalp-based P3a ERP 

activations was investigated.

4.2.1. Introduction

The previous study in this chapter found that MS patients had delayed and reduced early 

sensory and late cognition-related P3b ERP components. This finding implied deficits in 

patients sensory processing and in cognitive functions o f context updating and working 

memory. However, previous studies have reported tha t MS patients experience cognitive 

deficits, particularly in attention and often they have reduced in form ation processing speed 

(Bobholz & Rao, 2003), which is typically more frequent and severe in secondary progressive 

MS (SPMS) than in relapsing rem itting MS (RRMS) (Zakzanis, 2000). These subtle cognitive 

impairments have a significant impact on daily life (Rao, Leo, Ellington, et al., 1991).

Consequently, the present chapter applied another cognitive-indexing electrophysiological 

paradigm; the no-go P3a. The no-go P3a indexes the speed o f inform ation processing and the 

engagement o f a ttention mechanisms (Polich, 2007), in order to  study the cognitive deficits in 

MS. The no-go P3a is a variant o f the P3b, and it can be produced by utilising a three-stimulus 

oddball paradigm. Where similar to the traditional oddball paradigm, occasional target stimuli 

have to  be detected in a train o f frequent irrelevant standard stim uli. Though in this case, 

infrequent additional stimuli are being presented and the subject should w ithho ld  from  

responding to  these distracter stimuli. The non-targets are non-novel repeated stimuli in the 

no-go P3a paradigm. If the standard and target stimuli are d ifficu lt to discrim inate, then the 

P3a is observed over frontal and central areas, w ith  shorter latency in fronta l areas and longer 

latencies in parietal areas. Auditory P3a latencies are typically shorter than visual P3a latencies 

(Katayama & Polich, 1999). In contrast to  the P3b, which seems to be mainly affected by 

tem poro-parieta l junction disruptive lesions, P3a responses are compromised in patients w ith 

a variety o f disruptive lesion sites, including the medial temporal, frontal, and parietal lobes
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(Linden, et al., 1999). Therefore, the P3a may be more suitable than the P3b fo r detecting Cl in 

MS, in which patients typically have widespread lesions.

The literature review revealed tha t only lim ited studies have examined the P3a component in 

MS, w ith  one showing delayed and decreased P3a waveforms in MS (Jung, et al., 2006). An 

alternative study did not find any differences relative to  healthy controls (Sailer, et al., 2001). 

However, no study has employed a no-go P3a oddball paradigm w ith  MS patients. The three- 

stimulus no-go or P3a paradigm is utilised to  examine the differences in its latency, am plitude 

and topography between MS patients and controls, and also between RRMS and SPMS 

subtypes. Likewise, sim ilar to  the previous chapter on P3b ERPs, the auditory-visual m odality 

differences and the relationship between the PASAT and the P3a are o f interest. Despite the 

lim ited research, it was hypothesized that MS patients have reduced P3a ERP amplitudes and 

delayed P3a ERP latencies in comparison to  healthy controls. It was sim ilarly hypothesized that 

the progressive MS subtypes have reduced P3a ERP amplitudes and delayed P3a ERP latencies 

relative to  RRMS patients, as indicated by previous research on P3b ERP activations (Amato, et 

al., 2006; Ellger, et al., 2002; Leocani, et al., 2010; Magnano, et al., 2006). The PASAT score was 

fu rthe r hypothesized to  correlate w ith  P3a ERP amplitudes and latencies; as previous research 

has shown neuropsychological performance to  be associated w ith  P3 ERP activations in MS 

(Aminoff, & Goodin, 2001; Giesser, et al., 1992; Gil, et al., 1992; Honig, et al., 1992; Leocani, et 

al., 2010; Piras, et a!., 2003). The present study is anticipated to  provide evidence of the u tility  

o f the no-go P3a measure to  o ffer inform ation on the electrophysiological functioning o f MS 

patients, during an attention-dem anding task that involves the fronta l lobe.

4.2.2. Methods

4.2.2.1. Subjects, p rocedure  and data analysis

Twenty RRMS patients and 20 SPMS patients and 34 control patients were included in the 

study. One RRMS patient was unable to complete the visual task, and one SPMS patient and 

one control subject were unable to  complete the auditory task. Table 4.2.1 displays the 

demographic data o f the subjects.
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Table 4.2.1. Subject demographic data.

RRMS SPMS Control

N 20 20 34

Male/female 7/13 14/7 19/15

a 1̂ a a

Age 37.81 9.13 51.04 8.92 40.11 9.92

PASAT 74.93 28.19 64.98 21.13 85.86 12.66

Yrs symp 7.95 5.90 24.95 11.15 N/a N/a

M IQR M IQR M IQR

EDSS 1.75 1.88 6.5 2.25 N/A N/A

Interferon p-la 6 4 N/A N/A

Interferon |3-lb 6 4 N/A N/A

Natalizumab 7 0 N/A N/A

Fingolimod 1 0 N/A N/A

No current tx 0 12 N/A N/A

Note, = mean, a = standard deviation, M  = median, IQR = interquartile  range, PASAT = the 
Paced Auditory Serial Addition Test, EDSS = the Expanded Disability Status Scale.

The EEG recording procedure and the visual and auditory three-stim uli paradigms are 

described in detail in Chapter 3-General Methods. The pre-processing of the EEG data was 

identical to the one conducted in the previous, P3b study. Subsequently, three regions o f 

interest (ROIs) were generated by using composite mean am plitude measures (i.e., the mean 

value of the electrodes in the ROI). The electrodes used in each ROI are in Table 2 (the 

electrode sites are labeled according to  the 10-5 system).

The peak of the P3a component was found by fitting  a parametric function to  the ERP using a 

Gaussian profile to  the most prom inent peak of the ERP between 250-600 ms fo r the visual 

m odality and between 200-600 ms fo r the auditory m odality and determ ining the delay at the 

peak amplitude (Gerson, et al., 2005). The tim eframes were set to be broad as the most 

prom inent peak, the P3a, has been reported to be delayed in MS patients (Jung, et al., 2006; 

Onorf, et al., 1991), and many MS patients demonstrated w ith  prolonged P3a latency in 

prelim inary visual inspection. Age has been shown previously (Fjell & Walhovd, 2001) to 

correlate w ith  P3a latency: therefore, latencies were compared using an analysis o f covariance 

(ANCOVA), controlling fo r age. All statistical analyses were completed using SPSS 16 (SPSS Inc., 

Chicago, IL, USA). SPM 8 was used to  create statistic parametric maps in order to  test for 

topographical differences in ERP amplitude, and the correlation between the PASAT scores and 

the P3a amplitudes, across the entire scalp and across tim e. Data from  each subject were 

transformed into two-dimensional sensor-space (interpolated from  128 channels and 

smoothed, fu ll-w id th  half-maximum 6:6:4 a.u.) and in peri-stimulus times from 200-600 ms for 

responses to  the non-target stimulus (voxel size=2.1 mmx2.7 mmx3.9 ms). This transform ation
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produced a three-dimensional spatiotemporal characterisation of the ERP, which was then 

compared between the groups. The significance level was set at p < .001 for the between- 

group comparisons, and this was further restrained by only retaining scalp areas in which at 

least 500 contiguous voxels were significant. Furthermore, a stringent family-wise threshold 

implemented separately, thus showing only significant voxels following correction for multiple 

comparisons. The significance level was set at p = .005 for the correlation between the PASAT 

and ERP amplitude (due to the greater sample size and the lower probability of a type-1 error), 

and this was further restrained by only retaining scalp areas in which at least 500 contiguous 

voxels were significant. The effects of age were entered as a covariate in the PASAT/ERP 

correlation.

Table 4.2.2. A list o f locations fo r the Regions o f Interest.

Region Electrode locations

Frontal F2',F2,AF2',AFz, AFz', Fz, Fz', F1,F1',AF1'

Central Cz, Cz', CPz, CCP2h, FCC2h, FC2', FCz, FCClh, FCl', CCPlh

Parietal CPz', CPPlh, P I ,  PP03h, P 03h , Pz, Pz', POz, CPP2h, P2, PP04h, P04h

4.2.3. Results

For the P3a visual task, the mean percentage of retained epochs was 87.47%, 82.00%, and 

88.30% for the control, RRMS, and SPMS groups, respectively for the non-target stimulus. For 

the P3a auditory task, the mean percentage of retained epochs was 84.25%, 80.62%, and 

84.57% for the control, RRMS, and SPMS groups, respectively for the non-target stimulus. The 

PASAT score did not correlate with the EDSS score (rs = -.20, p > .05). The PASAT score was 

significantly correlated with age (r$ = -.258, p < .05) and consequently, all subsequent analyses 

involving the PASAT score were conducted with age as a covariate. A one-way ANCOVA 

comparing PASAT score across groups was significant (F(2, 62)=4.51, p < .05). A post-hoc test 

(least-significant difference) showed that there was a significant difference between the SPMS 

patients and controls on PASAT score (p < .05) and also between RRMS patients and the 

controls (p < .05). Figure 4.2.1 displays the ERP following presentation of the target stimulus 

from all 128 channels simultaneously for both modalities and for all groups. Scalp maps of the 

ERP activity are also displayed. Figures 4.2.2 and 4.2.3 display the latencies and significant 

comparisons for each group across the three locations in the visual and auditory modalities, 

respectively. There were significant latency differences between RRMS and SPMS patients for 

the visual P3a ERP component. There was a significant latency difference between controls
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and MS patients over the parietal region in the aud itory condition. Latencies in both auditory 

o r visual modalities were not significantly correlated w ith  EDSS score. Neither PASAT score nor 

EDSS correlated significantly w ith  ERP latency (when the effects of age were removed). It is 

possible tha t delayed latencies in the visual condition were caused by delays in early visual 

processing. Therefore, the mean latencies for patients w ith  and w ithou t optic neuritis were 

compared fo r each ROI, but no comparison was significant.

Figure 4.2.1. Butterfly plots showing responses fo r  a ll electrodes across all m odalities and 
groups.
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Figure 4.2.2. Latencies and significant comparisons fo r  each group across the three locations in 
the visual modality.
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Figure 4.2.3. Latencies and significant comparisons fo r  each group across the three locations in 
the auditory modality.
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A SPM comparison o f RRMS and SPMS patients did not yield any suprathreshold voxels in 

e ither the visual or auditory modality, and therefore the RRMS and SPMS groups w^ere 

combined fo r subsequent analyses. Figure 4.2.4. displays the statistic parametric maps of 

significantly d iffe ren t ERP activity between all MS patients and controls in the visual modality: 

there was significantly greater activity fo r controls from  235-305 ms over the frontal area and 

from  344-473 ms over the parietal area fo llow ing presentation of the non-target stimulus. 

There were no supra-threshold voxels fo llow ing presentation o f the non-target stimulus in the 

auditory condition.
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Figure 4.2.4. 3D spatiotem poral characterisation o f  the ERPfor a ll MS patients versus controls 
in the visual condition.
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SPM was used to  examine scalp areas and tim e periods in which ERP amplitude was 

significantly correlated w ith  PASAT score (see Figure 4.2.5). The visual condition was significant 

fo r a positive correlation over the frontal scalp area from  223-297 ms, over the centra l- 

parietal area from  328-375 ms, and over the lateral frontal region again from  477-594 ms. 

The visual condition was significant fo r a negative correlation over the parietal/occipital area 

from  231-301 ms, over the frontal region from 325-395 ms and from  414-442 ms, and over 

the medial parietal/occipital area from  520-594 ms. It should be noted, however, tha t these 

areas are essentially the inverse of positive correlation due to  the dipolar nature o f the neural 

sources.

Figure 4.2.5. 3D spatiotem poral characterisation o f  the ERPfor the correlation between ERP 
am plitude and PASAT score.
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Figure 4.2.6. ERPs to  the target stim ulus in the visual (A) and aud itory (B) conditions 

fo r all scalp channels.
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4 .2 .4 . Discussion

A reduced processing speed is one of the most common cognitive deficits in MS (DeLuca, 

Chelune, Tulsky, Lengenfelder, & Chiaravalloti, 2004). This deficit was examined w ith  the P3a 

paradigm in the present study. Consistent w ith  the hypotheses, the results show both 

am plitude reduction and latency prolongation o f the visual P3a ERP in MS patients, relative to 

healthy control subjects. Am plitude differed significantly over the fronta l and parietal areas in 

the visual condition. The results also show significant latency differences between RRMS and 

SPMS patients fo r the visual P3a ERP component. Results fu rthe r indicated a significant latency 

difference between the controls and the MS patients over the parietal region in the auditory 

condition. However, contrary to the hypotheses, there were no significant latency, am plitude 

or topography differences in the auditory condition between RRMS and SPMS patients. PASAT 

score correlated significantly w ith  visual amplitude over a widespread area as hypothesized. 

The correlation was controlled for the effects of age, as it correlated w ith  the PASAT score. The 

cognitive dysfunction is reported to  increase w ith  age in MS patients w ith  early, m ild cognitive 

deficits, whereas the cognitive performance of MS patients preserved at baseline remain 

stable (Kujala, et al., 1997).

The early, m ild cognitive deficits were found to  be predictive of fu ture cognitive status, as the 

in itia lly  cognitively m ildly deteriorated MS group had widespread deficits a fter 3 years. Yet the 

cognitive performance of MS patients, classified as cognitively preserved at baseline, was 

sim ilar to  the controls and it remained stable over 3-year period (Kujala, et al., 1997).

There was a pronounced effect of the P3a ERP modality, w ith  more significant effects in the 

visual condition. Differences in stimulus characteristics may be the cause of the m odality 

differences. It can be argued that the m odality specific differences in P3 ERPs may be due to  

the distinctiveness o f the stim uli utilised in the studies, w ith  more sim ilar stimuli properties 

increasing the d ifficu lty  of the task. It is possible that in our studies the auditory stimuli were 

not sufficiently similar, which would have made the auditory P3a ERP task less d ifficu lt to 

perform . In addition, it would have made less demands on attentional capacities and memory 

processes, than the visual P3a ERP tasks. This statement is supported by several previous 

findings. A faster ERP to  auditory stimuli may indicate th a t it was easier to  discrim inate 

between auditory target and non-target stimuli (P3a non-target increases when targets are 

harder to  discrim inate from  standards) (Polich & Comerchero, 2003). It is also possible tha t the 

white-noise burst in the auditory condition, was not as salient as the checkerboard in the 

visual condition. In general, previous studies have shown tha t the P3a to  auditory stim uli is
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typically faster than the P3a ERP to visual stimuli and the control data in the present study is 

comparable to data using similar paradigms (Katayama & Polich, 1999). This divergence in 

absolute magnitude of the amplitude and latency responses between visual and auditory 

modalities may have made statistical comparisons between groups differentially powerful. The 

difference in modality effects may explain why some previous studies (Sailer, et al., 2001) did 

not report significant differences in auditory P3a between MS patients and controls.

The PASAT makes demands on a number of cognitive domains; including speed of information 

processing and simultaneous allocation of attention to  two tasks. A functional MRI (fMRI) 

study (Mainero, et al., 2006) reported that, during execution of the PASAT in RRMS patients, 

there was activation of the inferior and middle frontal gyrus, anterior cingulate, inferior 

parietal lobule, supplementary motor area, superior and middle temporal gyrus, insula, 

thalamus, vermis and brainstem bilaterally, as well as the right superior parietal lobule and the 

right lateral premotor area. The results of the ERP/PASAT correlation are consistent with a 

pattern of widespread frontal and parietal activation. A drawback of fMRI is that it is limited in 

the temporal domain (resolution is in the order of seconds).

In contrast, high-density EEG provides excellent temporal resolution (resolution in the order of 

milliseconds) and moderate spatial resolution (in the order of centimetres). Latency 

differences in the present study, in particular in the visual condition, showed that MS patients 

had significantly longer latencies than control subjects. This was most pronounced over frontal 

and parietal sites. It is notable, however, that the latencies of RRMS patients were significantly 

longer than those of SPMS patients at the frontal ROI in the visual condition and over the 

parietal ROI in the auditory condition. The results remained the same when MS patients with 

recent relapses (within one year) were excluded from the analyses. It is possible that initial 

attention allocation in RRMS patients was affected to a greater degree than the SPMS patients. 

This effect may be due to aggressive damage with limited opportunity for plastic repair in the 

RRMS groups, in comparison to the SPMS group. For example, atrophy in the neocortex 

(Simon, 2006) may proceed rapidly in early RRMS. The differences in location between 

modalities may be a reflection of the relative difficulty of the standard/target discrimination. 

The shorter latencies in the auditory condition show that the standard/target discrimination 

was less difficult than in the visual condition. It has previously been shown that PSa 

amplitudes are likely to be higher in amplitude over anterior areas when the discrimination is 

difficult (Katayama & Polich, 1999). Therefore, in the visual condition, the differences between 

RRMS and SPMS were observed over the frontal ROI, whereas in the auditory condition the
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differences w ere  observed over the parietal ROI (there w ere  no significant differences am ong  

th e  groups at the frontal and central ROIs In the aud ito ry  condition).

Key points:

•  MS patients have deficits in P3a latency, am plitude and topography, 

particularly in the visual condition

•  MS patients have reduced am plitudes in visual P3a over frontal and 

parietal scalp regions

•  MS patients have delayed latencies in visual P3a over frontal and parietal 

scalp areas, and in aud itory P3a over parieta l region

•  RRMS and SPMS patients differed in visual P3a latency at frontal and 

parietal scalp regions

•  Visual P3a am plitude correlated w ith  PASAT score in all MS patients over 

frontal and parietal areas

•  P3a ERP measures have potential utility in clinical research an d /o r  

practice to  detect subtle cognitive dysfunction
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4.3. Scalp-based analysis o f  P3b and P3a ERP amplitudes in 

progressive multiple sclerosis

This section of Chapter 4 examines the Research Question 1 as stated in the section 2.7. Thesis 

objectives included in Chapter 2-Literature Review. The study investigated if the visual and 

auditory P3b and P3a ERPs differ in progressive MS patients in comparison to age-matched 

controls, and if the SPMS and PPMS differed in their P3 ERP activations. Also the correlation 

betw/een the PASAT score and the scalp-based PS ERP activations was of interest.

4.3.1. Introduction

The previous chapters shed light on the utility of PS ERP measures to index cognitive function 

in the most common subtypes of MS patients, relapsing-remitting (RRMS) and secondary 

progressive (SPMS) patients. The relatively large samples consisted only from RRMS and SPMS 

patients, which is very common in the MS literature. However, approximately 10-15% of the 

MS patients experience a different type of disease progression called the primary-progressive 

MS (PPMS), where the disability increases steadily over tim e after the onset w ithout major 

relapses or remission as described in Chapter 2-Literature Review (Rejdak, et a!., 2010). The 

cognitive function of the people with the PPMS has not been studied extensively and there is a 

gap in the cognitive-indexing electrophysiological literature concerning the PPMS patients.

Some studies have found significant neuropsychological differences between the PPMS and 

SPMS (e.g. Foong, et al., 2000; Huijbregts, et al., 2004) but some have found none (e.g., 

Potagas, et al., 2008). Both progressive MS subtypes are regarded to have more frequent and 

more severe Cl in comparison to RRMS patients (Huijbregts, et al., 2004; Magnano, et al., 

2006). The progressive MS subtypes have a poorer outcome in the PASAT in comparison with  

controls (Huijbregts, et al., 2006; Huijbregts, et al., 2004). Secondary progressive patients tend 

to be afflicted more often and more severely. The reported results from studies comparing the 

Cl in PPMS and SPMS patients are not conclusive and differ with respect to frequency, severity 

and impaired cognitive domains (Winkelmann, Engel, Apel, & ZettI, 2007). In attention- 

demanding tasks, SPMS patients were slower than PPMS and RRMS patients (De Sonneville, et 

al., 2002). SPMS patients performed worse than PPMS patients on tests requiring higher order 

working mem ory processes with the exception of tests involving sustained attention and 

concentration (Huijbregts, et al., 2004). A recent study showed that primary progressive MS 

patients revealed a poorer performance in verbal learning and verbal fluency than secondary
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progressive patients (Wachowius, Talley, Silver, Heinze, & Sailer, 2005). In sum, MS patients 

may suffer from  focused, divided and sustained attention deficits, as well as from 

compromised central processing stages, w ith  SPMS patients showing the most extensive range 

o f deficits, closely followed by PPMS patients. In contrast, RRMS patients appear to  be much 

less affected. General slowing appears to be highest in PPMS and SPMS type patients (50% 

slower) versus RRMS (24% slower) (De Sonneville, et al., 2002).

Only a few EEG studies have included PPMS patients in the ir analyses (Arrondo, et al., 2009; 

Ellger, et al., 2002; S. J. Jones, Sprague, & Pato, 2002; Leocani, et al., 2000; Nagels, et al., 

2007). M ost o f these studies (Arrondo, et a!., 2009; Leocani & Comi, 2000; Nagels, et al., 2007) 

have not compared the MS subtypes w ith  each other, but rather compared all the MS patients 

as one group to  the controls. The study o f Ellger, et al. (2002) is the only study so far to 

compare the ERPs o f d ifferent MS subtypes. They reported the rate o f pathological P3b 

latencies o f PPMS patients to  be significantly lower when compared to  SPMS PSb latencies. 

Furthermore, they found visual P3b latency o f PPMS to  be significantly shorter compared to 

PSb latency o f SPMS patients, and visual P3b amplitude o f PPMS to be significantly reduced 

compared to  P3b amplitudes o f RRMS patients. Interestingly, the visual P3b latency correlated 

significantly w ith  EDSS score in the PPMS patients. The study used only one electrode at Pz to 

record the P3b and focused only on visual m odality. Thus, the results are not comprehensive, 

and there is a need fo r more comprehensive studies also including topographical analyses. 

There are no previous studies focusing solely on the task-related neurophysiology of PPMS 

subtype.

The same P3b and P3a ERP paradigms (Polich, 2007) tha t were introduced in the previous 

studies were utilised alongside w ith  high-density EEG array. In the tw o  previous studies 

significant differences in both auditory and visual P3b and P3a were observed between the MS 

patients sample comprising both RRMS and SPMS, in comparison to  healthy controls. 

Nevertheless, the patients w ith  RRMS and SPMS differed only in visual P3a latency over 

parietal scalp areas.

In the present study the PS ERP responses of PPMS and SPMS subtype groups were compared, 

and these progressive MS groups were also compared to healthy age-matched controls. 

Patients w ith  SPMS were employed as a patient control group because patients w ith  RRMS are 

typically younger than patients w ith PPMS, and the P3 component has been reported to 

change w ith  age (Polich, 1996). Furthermore, one of the main interests was to  examine the 

relationship between the PASAT and the P3 ERP components. It was hypothesized tha t the 

progressive MS subtypes would have reduced P3 ERP amplitudes and delayed P3 ERP latencies
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re lative to  healthy controls, and SPMS patients to  have reduced P3 ERR am plitudes and 

delayed P3 ERP latencies com pared to  PPMS patients, based on previous research (Ellger, e t 

al., 2002). The PASAT score was hypothesized to  correlate w ith  PS ERP am plitudes and 

latencies, as previous research has shown neuropsychological perform ance to  be associated 

w ith  P3 ERP activations in MS (Am inoff, & G oodin, 2001; Giesser, et a l., 1992; Gil, e t al., 1992; 

Honig, e t a!., 1992; Leocani, e t al., 2010; Piras, e t al., 2003).

4.3.2. Methods

4.3.2 .1 . Subjects, procedure and data analysis

The study included ten patients w ith  PPMS w ere  age, sex and education m atched w ith  10 

patients w ith  SPMS and w ith  10 healthy controls (Table 4 .3 .1 ). The experim ental procedure  

including PASAT test are described in Chapter 3-G eneral M ethods. One p atien t w ith  PPMS was 

excluded from  the aud itory tasks, and one p atien t w ith  PPMS from  visual P3b task. The ERP 

recording procedure, P3b and P3a paradigms, and ERP analysis m ethod are identical to  th e  

ones described in detail in th e  tw o  previous studies and in C hapter 3-G eneral M ethods. In 

brief, in th e  oddball task an occasional target stim uli have to  be detected  in a tra in  o f freq u en t 

irre levant standard stim uli. A P3b com ponent is typically elicited approxim ately 300 ms a fte r  

each target stimulus, and it has m axim al am plitude over the parietal scalp area. The no-go P3a 

is elicited by em ploying a three-stim ulus oddball paradigm : in addition  to  standard and target 

stim uli, additional, infrequent, non-target stimuli are presented. Subjects are asked to  respond  

only to  target stimuli and refrain from  responding to th e  additional non-target stimuli and to  

th e  standard stim uli. Typically, this no-go P3a com ponent can be observed approxim ately 250  

ms afte r the non-target stimuli especially over the central scalp region, w ith  shorter latencies  

in frontal areas and longer latencies in centra l/parieta l areas (Polich, 2007). SPMS (Statistical 

Param etric M apping  8, h ttp ://w w w .fil.io n .u c l. ac .uk/spm ) was em ployed to  tes t for  

topographical differences in ERP am plitud e across the en tire  scalp and from  2 5 0 -5 0 0  ms. The  

significance level was set to  P < 0 .0 05 , which was fu rth er restrained by only retaining scalp 

areas in w hich a t least 500  contiguous voxels w ere  significant. Disease duration was en tered  as 

a nuisance variab le fo r comparisons involving only patients w ith  MS as SPMS patients had had  

th e ir first sym ptom s earlier than  PPMS patients.
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Table 4.3 .1 . Dem ographic and  behavioural d ata  o f  PPMS, SPMS arid  controls.

PPMS SPMS Control

N 10 10 10

Male/female 7 / 3 7 / 3 7 / 3

a a a

Age 54.52 13.35 52.96 8.75 52.33 9.58

Yrs disease 11.00 11.51 16.50 8.17 N/a N/a

Yrs symptoms 12.70 11.15 23.90 12.13 N/a N/a

PASAT (%) 54.50 26.46 55.50 22.81 87.50 10.66

Visual P3b RT (<800 ms) 408.40 73.95 398.64 78.16 393.07 36.01

Auditory P3b RT (<800 ms) 391.32 71.94 355.85 55.79 402.01 88.04

M IQR M IQR M IQR

EDSS 5.80 2.38 5.90 1.50 N/a N/a

HRSD 3.5 14.00 3.50 12.00 2.00 4.00

Interferon p-la 1 2

Interferon p -lb 1

Natalizumab

No current tx 9 7

Note, n = m ean, a  = standard deviation, M  = m edian, IQR = in te r-q uartile  range, PPMS = 

prim ary-progressive MS, SPMS = secondary-progressive MS, PASAT = the Paced Auditory Serial 
A ddition Test, RT=reaction tim e.

4.3 .3 . Results

The groups did not d iffer in age, in educational level or in HRSD scores (p  > .05), but controls  

perform ed significantly b ette r in the PASAT com pared to  both PPMS and SPMS groups (F{2,27) 

= 7 .92, p = 0 .002; see Table 1). However, the progressive M S groups did not d iffer in th e ir  

PASAT perform ance or in the EDSS score. The PASAT scores did not correlate w ith  age, 

education level, EDSS, years since first sym ptom s, years since diagnosed, history of depression, 

o r w ith  HRSD score.
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Activ ity related to  P3b and P3a ERRs is depicted in Figures 4.3.1. and 4.3.2, respectively. The 

control group had greater am plitude than the MS groups in all the P3 ERPs (except in auditory 

P3b) (p < 0.005) (Figure 4.3.3.), w/hen testing the contrast that controls would have greater 

activation than e ither MS group, and tha t MS groups would not d iffer from  each o the r 

Patients w ith  PPMS had lower amplitude than patients w ith  SPMS in the auditory P3b 

condition over the le ft parietal region from  356-438 ms, and the right parietal area from  250- 

305 ms (p <0.005) (Figure 4.3.4). The PASAT/P3 correlations fo r the PPMS and SPMS (p < 0.005) 

groups are displayed in Figure 4.3.5. This correlation was also significant when controls were 

included (Figure 4.3.6.)

Figure 4.3.1. Butterfly plots showing responses fo r  a ll electrodes across a ll m odalities and 
groups fo r  P3b task. Scalp maps showing the topography o f  the response a t particular 
latencies are displayed above the butterfly  plots.
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4 .3 .2 . Butterfly plots showing responses for all e lectrodes across all m odalities and groups for 

P3a task. Scalp maps showing th e  topography o f th e  response a t particu lar latencies are  

displayed above the butterfly  plots.
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Figure 4 .3 .3 . Progressive M S p atien ts  have reduced am plitudes in comparison to controls.
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Figure 4.3.4. PPMS patients had low er amplitude compared to SPMS in auditory P3b condition.
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Figure 4.3.5. Significant correlation (p < 0.005) o f  the amplitudes o f P3 event-related potentials 
and PASAT in patients w ith m ultip le sclerosis.
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Note. The correlation (Pearson's r) between the voxel o f maximum intensity and the PASAT is 
also displayed.
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Figure 4.3.6. Significant correlation (p < 0.005) o f the amplitudes o f P3 event-related potentials 
and PASAT in MS patients and controls.
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N ote. The correlation (Pearson's r) b etw een  th e  voxel o f m axim um  intensity and the PASAT is 

also displayed.
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4 .3 .4 . Discussion

Previous literature has not included an exam ination o f th e  ERR com ponents in PPMS using a 

high-density EEG array and the no-go P3a. Furtherm ore, both visual and aud itory tasks w ere  

em ployed  in this study. In addition, PPMS patients w ere com pared to  age-, education- and sex- 

m atched SPMS patients and to  healthy controls.

Patients w ith  PPMS had decreased am plitude com pared to  SPMS patients only in th e  auditory  

P3b task, which was not consistent w ith  the hypothesis. It is possible th a t these am plitude  

differences arise from  the abnorm al topographical distribution o f P3 ERP activations, 

potentia lly  caused by dem yelinating lesions, as in th e  aud itory P3b condition th e  PPMS 

patients have very frontal P3b-re lated  topography, w hereas the SPMS patients show  

activations over parietal areas (as illustrated in Figure 4 .3 .1 ). As hypothesized, the control 

group had grea ter am plitude than th e  progressive M S patients in all the tasks, except in the  

au d ito ry  P3b task. The aud itory P3b task is typically less d ifficult than the visual P3b and th e  

no-go P3a tasks in e ith e r m odality, w hich is m ost likely due to th e  clearly distinctive stimuli 

th a t are easy to  distinguish from  another, i.e. m ore sim ilar stimuli properties increasing the  

difficultness o f the task. It is possible th a t in our studies the auditory stimuli w ere  not 

sufficiently similar, w hich w ould  have m ade th e  aud itory P3b ERP task less d ifficu lt to  perform , 

and m ade less dem ands on attentional capacities and m em ory processes, in com parison to  

th e  visual P3b ERP task. Therefore , a faster ERP to  the aud ito ry  stimuli may indicate th a t it was 

easier to  d iscrim inate betw een  auditory target and non-target stimuli. For exam ple, P3a non­

ta rg e t latency increases w hen targets are harder to  discrim inate from  standards (Polich &  

Com erchero, 2003). It is possible th a t all conditions -  w ith  th e  exception of the aud itory P3b -  

w e re  too d ifficu lt for th e  patients w ith  MS, which m anifested w ith  equally prolonged and 

decreased P3 ERP activations.

It is possible th a t th e  differences betw een  RRMS and PPMS reported  in the study o f Ellger and 

colleagues (2002) w ere  partly influenced by age differences, as th e  PPMS patients w ere  o lder 

(57  years). In contrast, in the present study subjects w ere  age-m atched and analyses w ere  

contro lled  fo r th e  effect of differences in disease duration , age, education and sex. A nother 

fac to r affecting th e  results may be th e  low  num ber of subjects in the present study (7 PPMS), 

w hich is less than in th e  previous study o f Ellger, e t al. (20 02 ) th a t included 17 PPMS patients. 

This may have reduced the statistical pow er to  detect potential differences betw een  the  

groups. M oreover, in the present study th e  PPMS patients had longer disease duration (11
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years), and had more severe physical disability (EDSS score 5.8) compared to  the patients in 

the study o f Ellger, et al. (2002) (45 years, disease duration 7 years, EDSS score 5.3).

The PASAT score correlated w ith  P3 am plitude in all PS tasks as hypothesized, suggesting tha t 

the PS ERP may be a surrogate marker of Cl in MS. Future research comparing PPMS and SPMS 

and using ERP tasks should be cognisant o f the fact tha t task difficulty, age differences and 

methodological lim itations may obscure differences between these groups. The present study 

provided prelim inary evidence th a t there are subtle differences between PPMS and SPMS in 

electrophysiological responses during an auditory P3b task, and that the PASAT performance 

and PS ERPs correlate in progressive MS subtypes.

Key points:

•  PPMS patients have decreased auditory PBb am plitude relative to  SPMS 

patients

•  MS patients have reduced amplitude relative to  controls in all o f the tasks, 

except in the auditory P3b task

• PASAT score correlated w ith  amplitudes in all o f the P3 ERP tasks

• P3 ERPs may be a surrogate marker of cognitive function in MS
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4.4. Independent component analysis based cluster analysis of  

P3 ERP source activations in multiple sclerosis

This section of Chapter 4 examines the Research Question 2 as stated in the section 2.7. Thesis 

objectives included in Chapter 2-Literature Review. The principal interest o f the study was to  

study if the source P3 EEG activations at M onth 0 d iffer between MS patients and healthy 

controls, and between MS patients w ith  and w ithou t cognitive impairment.

4.4.1. Introduction

The results o f the previous studies in this chapter have provided evidence tha t objective and 

reliable cognitive-indexing electrophysiological measures have potentia l to  complem ent the 

assessment of Cl in MS by providing inform ation on the brain functions related to  cognitive 

dysfunction. However, these studies w ith  the form er electroencephalography (EEG) studies 

have concentrated on measuring scalp P3 event-related potentials (ERPs) and EEG tim e- 

frequency domain in MS patients, as discussed in depth in Chapter 2-Literature Review. The 

neural generators in healthy controls of P3b have not been comprehensively delineated, not 

least because they are widespread in nature, but they include the parietal, fronta l, and medial 

temporal lobes, the cingulate cortex, and the tem poro-parieta l junction (Polich, 2007; Voipe, 

e ta l., 2007b).

The m ajority o f P3b ERPs studies in MS have reported prolonged P3b latencies and/or reduced 

P3b amplitudes in visual and /or auditory m odality (Magnano, et al., 2006), although some 

studies (Gerschlager, et al., 2000a; Sailer, et al., 2001) have failed to  find differences between 

MS patients and controls. The variation in the scalp-based P3b ERP results was most likely due 

to  the relatively small sample sizes and the use o f low-density EEG arrays. In the scalp-based 

high-density EEG studies described in detail earlier in the present chapter a relatively large 

number o f subjects (N=54) were shown tha t MS patients had reduced P3b amplitudes over 

fronta l and centro-parietal scalp areas in the visual task, but there were no statistically 

significant differences in the auditory modality.

Physiologically, EEG spectral power reflects the number of neurons tha t discharge 

synchronously (i.e. increased power implies increased synchronous firing  o f a group of 

neurons)(Klimesch, 1999). Theta (4-8 Hz), alpha (8-13 Hz), and beta (14-30 Hz) EEG 

frequencies are associated w ith  cognitive processing and behaviour (Polich, 2007; Wang,
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2010). In particular, superior working memory performance is related to  an increase in theta 

power and to  a decrease in alpha power after an increase in task demands, such as the 

presentation o f less frequent target stim uli in an oddball paradigm (Klimesch, 1999). Theta 

oscillations are also related to in form ation processing tasks, particularly those o f sustained 

a ttention and executive functions (Gevins, et al., 1997; Klimesch, 1999; Mizuhara, et al., 2004; 

Mizuhara & Yamaguchi, 2007), which are all essential fo r a successful oddball detection. 

Previous scalp-based and low-density spectral EEG studies on MS patients related to  P3b ERP 

task performance have identified increased power o f only beta and gamma bands in MS 

patients compared to  controls over the whole scalp area, which was most prom inent over 

frontal electrodes (Vazquez-Marrufo, Gonzalez-Rosa, Vaquero, Duque, Escera, et al., 2008), 

and over anterior right hemisphere and bilateral posterior scalp regions (Vazquez-Marrufo, 

Gonzalez-Rosa, Vaquero, Duque, Borges, et al., 2008).

4.4.1.1 . Beyond scalp ERP

Previous EEG studies of cognitive functioning In MS have only examined the differences 

between the mean ERPs o f MS patients and controls as comprehensively presented in Chapter 

2-Literature Review. The informativeness of ERPs is restricted due to the fact tha t they are 

generated by m ultip le , functionally distinct neural sources, which cause EEG potentials 

recorded on the scalp to overlap both tem porally and spatially (Dale, et al., 2000; Hagoort, 

2003). Independent component analysis (ICA) is one o f the most advanced methods to  deal 

w ith  the problem o f spatiotemporal overlap o f EEG. Its aim is to  identify tem porally 

independent and spatially fixed independent components (ICs) from  high-density scalp EEG 

activities in which they are interm ingled, yielding functionally d istinct ICs which can be 

mapped onto 3D head space (Groppe, et al., 2008; Hoechstetter, et a!., 2004; Onton, et al., 

2006), as detailed in Chapter 3-General Methods. The ICs reflect the origin o f the EEG 

activations, whereas in the trad itional scalp-based ERP analysis the recorded signals from  each 

scalp electrode are assumed to  be comparable w ith  the signals from  equivalently placed 

electrodes fo r all the subjects, thus not taking into account the physical differences o f the 

brains o f d ifferent people (Hoechstetter, et al., 2004). In contrast to other EEG source analysis 

methods (e.g., BESA (Makeig, 1993), ICA does not require a priori assumptions on the 

temporal dynamics or the spatial structure o f the underlying processes.

Average ERPs between groups only capture the portion o f the channel data that is phase- 

consistent at latencies relative to the tim e-locking events, which may result into a potentia l 

loss of in form ation o f the EEG activities (Groppe, et a!., 2008; Hoechstetter, et al., 2004). The
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aggregation o f ICs into functionally equivalent groups provides an estimate o f source EEG 

activities across subjects and conditions, thus reflecting more comprehensively the EEG 

activities (Hoechstetter, et al., 2004). Event-related spectral perturbations (ERSPs) and in ter­

tria l coherence (ITCs), described in Chapter 3-General Methods, are superior methods fo r 

visualizing event-related EEG dynamics because they reveal a more comprehensive overview 

o f the underlying EEG time-frequency properties than ERPs. ERSPs are the mean latency-by- 

frequency images tha t show the frequencies and latencies when mean changes in log power 

(dB) occur from  a specific mean power baseline, showing them  time-locked to  experimental 

events (Makeig, 1993). ITCs measure the tria i-to -tria l phase consistency at each frequency and 

latency relative to  a set of tim e locking events.

An 1C clustering study o f an auditory P3b task in healthy, young volunteers showed tha t 1C 

clusters reflecting P3b activations had a decrease in alpha power post-target stimulus 

presentation (Debener, et al., 2005a). To my knowledge, 1C clustering o f EEG data has not yet 

been utilised w ith  a large sample (over 40 subjects), nor w ith  a clinical group. 1C clustering has 

potentia l to give a more thorough insight into how the changes in MS patients brains, due to  

demyelinating lesions and cortical atrophy, affect the speed o f processing of the stimulus 

inform ation.

Based on the previous research literature (Leocani, et al., 2010; Magnano, et al., 2006) and the 

earlier findings on scalp-space P3b ERP analyses in MS presented in this chapter, and on 

spectral EEG studies relating frequency bands to cognitive functions utilised during P3b task 

performance, such as sustained attention and working m em ory (Gevins, et al., 1997; Klimesch, 

1999; Mizuhara, et al., 2004; Mizuhara & Yamaguchi, 2007), it was hypothesized tha t MS 

patients versus controls and cognitively impaired MS (CI-MS) patients versus non- cognitively 

impaired MS (non-CI-MS) patients would show 1) reduced theta and a smaller decrease in 

alpha band after target stim uli, and 2) less consistency in 1C in ter-tria l coherences (ITCs), over 

the expected P3b peak tim e period (200-400 ms). These differences were anticipated to be 

more prom inent in the 1C clusters located in the parietal brain areas which were associated 

w ith  P3b activities in previous 1C clustering studies (Debener, Makeig, Delorme, & Engel, 

2005b; Delorme, et al., 2007; Makeig, et al., 2004; Onton, et al., 2006), and in visual m odality 

based on the previous studies conducted.
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4.4.3. Methods 

4.4.3.1. Subjects

Fifty-six MS patients (mean age = 44 years; range = 20-61 years) and 39 age-matched healthy 

volunteers (mean age = 42 years; range = 28-67 years) were included in the study. Table 4.4.1 

displays the demographic and behavioural data of the subjects. Six patients had had a relapse 

within the previous year. Three MS patients were excluded from the further analysis of the 

PASAT performance groups due to missing information.

The effect of years of education, age and gender on PASAT scores were controlled by 

employing a regression-based approach Chapter 3-General Methods (described in detail in 

(Parmenter, et al., 2010) to obtain corrected PASAT Z-scores due to the differences and 

correlations between MS patients and controls in the years of education, age and gender, and 

the known correlations between PASAT raw scores and and these demographic variables 

(Diehr, et al., 2003; Tombaugh, 2006). The MS patients were then chosen for an extreme group 

analysis based on their PASAT Z-score. In this analysis, the top third of the MS patients (N=18) 

with highest PASAT Z-scores (mean = 0.91) denoted here as the non-cognitively impaired MS 

group (non-CI MS) were compared to the bottom third of MS patients (N=18) with the lowest 

PASAT Z-scores (mean = -1.54) denoted here as the cognitively impaired MS group (Cl MS).

142



Table 4.4.1. Demographic and behavioural data o f subjects.

MS (N=56) Control (N=40)
Non-CI
(N=18)

Cl
(N=18)

Male/female 30/26 22/18 12/6 9/9
a y- a a a

Age 44.14 9.87 42.47 9.89 45.17 7.72 40.12 9.55
Mean years of disease 11.64 8.59 N/A N/A 11.50 8.52 10.60 6.92
Mean years of symptoms 15.81 10.26 N/A N/A 14.22 8.30 15.72 11.63
Mean years of education 14.65 3.59 17.24 2.98 12.22 2.58 17.00 3.40
PASAT (Z-score) -0.33 1.14 0.033 1.49 0.91 0.70 -1.54 0.54
Auditory P3b RT (<800 ms) 372.81 75.12 359.82 74.64 372.52 68.36 378.01 101.43
Visual P3b RT (<800 ms) 381.92 72.90 363.45 47.27 390.53 77.53 379.49 77.18

M IQR M IQR M IQR M IQR
EDSS 3.50 4.00 N/A N/A 3.00 4.63 3.25 4.125
HRSD 3.00 6.50 0.50 4.50 4.50 7.00 4.00 12.00

Note, n = mean, a = standard deviation, M = median, IQR = inter-quartile range, PASAT = Paced 
Auditory Serial Addition Test, Non-CI = MS patients with the highest PASAT Z-score, Cl = MS 
patients with the lowest Z-score, EDSS = Expanded Disability Status Scale, HRSD = the Hamilton 
Rating Scale for Depression, RT = reaction time.

4.4.3.2. Experinnental procedure, EEG acquisition, data analysis and statistical analyses

EEG data acquisition and P3b and P3a tasks are described in detail in Chapter 3-General 

Methods. The experimental procedure involving the standard 3-s Paced Auditory Serial 

Addition Test PASAT (Gronwall, 1977; Tombaugh, 2006), 21-item Hamilton rating scale for 

depression (HRSD; Vieweg & Hedlund, 1979), and a measure of physical disability in MS, 

Kurtzke Expanded Disability Status Scale (EDSS; Kurtzke, 2008) is described in Chapter 3- 

General Methods.

The data analysis is depicted in detail in Chapter 3-General Methods, and only the parts of 

data analysis not included in the chapter are described here. Preliminary data processing 

employed the EEGLAB toolbox (Delorme & Makeig, 2004) in conjunction w ith the FASTER 

software tool (Fully Automated Statistical Thresholding for EEG artefact Rejection; Nolan, et 

al., 2010). The EEG data were bandpass filtered between 1 and 95 Hz, notch frequencies set to 

50 and 60 Hz (the monitor refresh rate), average referenced across all scalp electrodes 

(appropriate when using a high-density EEG array), epoched from 500 ms pre-stimulus to 1000 

ms post-stimulus and baseline corrected from 200 ms pre-baseline). The FASTER toolbox 

removed epochs with large artefacts (e.g., muscle twitch) and interpolated channels w ith poor 

signal quality.

Independent component analysis (ICA) was used to obtain independent components (ICs) 

from scalp EEG activity in which they were mixed (Bell & Sejnowski, 1995; Makeig, Jung, Bell,
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Ghahremani, & Sejnowski, 1997) as detailed in the General methods chapter. The auditory and 

visual P3 data were subjected to two separate ICAs because the tasks involved different 

sensory processes activating different brain areas at different latencies. Based on the prior 

experience of our research group with ICA (e.g. developing FASTER, a fully automated method 

for processing high-density EEG data; (Nolan, et al., 2010) we found that combining different 

run data yielded suboptimal results.

FASTER (Nolan, et al., 2010) automatically identified artefactual (i.e., non-neural) ICs and 

removed them from the EEG data (note: the standard z = 3 threshold for 1C rejection was 

lowered to z = 2 for the EOG channels). The remaining ICs were used in the further analyses. 

Next, inverse modelling of the individual 1C scalp maps was performed to localize EEG sources 

related to P3b task performance (Onton, et a!., 2006) as described in Chapter 3-General 

Methods.

In order to acquire comprehensive source EEG activations related to P3b task, 1C clusters were 

defined by means of a jo in t distance measure based on three dimensional (3D) dipole source 

locations and orientations, scalp maps, mean spectra (using a Fast Fourier Transform), and ERP, 

ERSP and ITC activations (described in detail in Chapter 3-General Methods).

Outlier components of more than 2 standard deviations from any of the centroid properties of 

1C clusters were assigned to specific outlier 1C clusters that were excluded from further 

analyses. On average, 26.8% of ICs were classified as outliers. Four distinct 1C clusters were 

identified in the visual condition and 5 1C clusters in the auditory condition.

Permutation statistics were applied to each cluster (Delorme, 2006; Maris, 2004), in 

conjunction with the false discovery rate correction for multiple comparisons (Benjamini & 

Yekutieli, 2001). Permutation statistics were chosen as they are non-parametric and therefore 

do not rely on an a priori model of the data distribution (Delorme, 2006; Maris, 2004). In 

permutation-based approaches sets of simulated sample distributions are generated by 

randomly shuffling the data across trials and/or subjects. Consequently, the shuffled 

distributions will have all features of the original data except the effect to be tested (Delorme, 

2006; Maris, 2004; Onton, et al., 2006). The false discovery rate is the expected proportion of 

erroneous rejections among all rejections and it can be used to control the familywise error 

rate (i.e. the probability of having at least one type I error among the entire set of tests 

conducted) (Benjamini & Yekutieli, 2001). In order to correct for the number of clusters per 

condition, a Bonferroni cut-off was also applied, which involves dividing the p-value threshold
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by the number of comparisons performed (Delorme, 2006). Thus, the corrected significance 

cu to ff was p = 0.0125 (i.e., .05/4) fo r the 4-cluster solution in the visual condition, and p = 0.01 

(i.e., .05/5) fo r the 5-cluster solution in the auditory condition. The group statistic t-values 

which are below the significance cutoff are displayed in red in the ERSP and ITC subfigures 

showing the statistically significant differences between the groups relative to tim e and 

frequency.

In order to  provide a comparison w ith the 1C clustering method, an analysis of the scalp EEG 

data was also performed. The data pre-processed through FASTER were grand-averaged and 

statistical analysis o f ERP, ERSP and ITC conducted at Pz. The false discovery rate correction for 

m ultip le  comparisons (Benjamini & Yekutieli, 2001) was utilised.

4.4.3. Results

4 .4 .3 .1 . Behavioura l results

MS patients and controls did not d iffer in age or in reaction times (p > .05). MS patients had 

significantly higher scores in the HRSD-21 than controls (p < .001). PASAT score did not 

correlate w ith  HRSD-21 score, but it correlated w ith  EDSS score (p < .05). Controls had more 

years o f education and higher PASAT scores than MS patients (p < 0.001). As anticipated, the 

raw PASAT scores correlated w ith years of education in a sample of all subjects, w ith  age and 

years o f education in the MS patient sample, and w ith  years o f education and gender in the 

control sample.

PASAT raw scores were converted to  demographically corrected scores. The relatively large 

sample size (N=95) enabled to  compare MS subgroups tha t were split up based on their 

performance in the PASAT. In specific, the MS patients were grouped into tw o extreme groups 

based on the ir PASAT Z-score: the MS patients w ith the highest PASAT Z-scores or the non- 

cognitively impaired MS group (non-CI MS), and the MS patients w ith  the lowest PASAT Z- 

scores or the cognitively impaired MS group (Cl MS) as detailed in Methods. The non-CI MS 

and Cl MS groups did not d iffer in age, disease duration, reaction times, EDSS scores or HRSD- 

21 (p > .05). The PASAT Z-scores did not correlate w ith  EDSS scores, w ith  mean years of 

symptoms, or w ith  mean years of disease but the Cl MS group had more years o f education 

than the non-CI MS group.
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4.4.3 .2 . Comparison betw een MS patients and controls

The ERSPs of all of the 1C clusters revealed significantly less increase in theta power and a 

greater decrease in alpha pow/er at 200-400 ms post-target stimulus for the MS patients when 

compared to the controls in all of the 1C clusters for both visual and auditory conditions. In 

visual condition, there was less increase in theta power and a greater decrease in alpha power 

0-200 ms for MS patients relative to controls (Figure 4.4.1). The inter-trial consistency was 

lower for MS patients compared to controls over theta frequencies in right frontal, right 

parietal and left parietal 1C clusters at 0-400 ms after target stimuli presentation of visual 

condition; and in central and left parietal 1C clusters at 0 -600 ms and in frontal and right 

parietal 1C cluster at 200-600 ms of auditory condition (Figure 4.4.2). The grand mean 1C 

cluster scalp maps are displayed in Figure 4.4.3.

After non-target stimuli in the visual condition, the MS patients showed less increase in theta 

power 0-600 ms and a greater reduction in alpha power 200-600 ms compared to the controls 

in all ERSPs of 1C clusters. In the auditory condition the MS patients showed less increase in 

theta, alpha and beta power around 0-200 ms and less decrease in theta, alpha and beta 

power 200-600 ms relative to controls in the left parietal 1C cluster. The MS patients showed 

less increase in theta power at 100-200 ms in the frontal, right temporal and central 1C clusters 

compared to controls (Figure 4.4.4). The inter-trial consistency was lower for MS patients 

relative to controls in the theta band from 0-600 ms in all of the 1C clusters, and from 200-600  

ms in the alpha band in left and right parietal 1C clusters after visual non-target stimuli 

presentation; and over theta and alpha bands at 0 -400  ms in frontal, central, left parietal and 

right parietal 1C clusters, and at 200-400 ms in right tem poral 1C cluster of the auditory 

condition (Figure 4.4.5). The grand mean 1C cluster scalp maps are displayed in Figure 4.4.6. 

The cluster analysis of P3a showed only few differences between the groups (Figure 4.4.7). MS 

patients had significantly reduced PSa amplitude in central and left parietal clusters, but the 

groups did not differ in ERSP and ITC measures.
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Figure 4.4.1. The mean ERSPs time-locked to the presentation o f  ta rget s tim uli in visual and 
auditory conditions in MS patients and controls.
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Note. 1C cluster mean differences shown in log spectral EEG power (dB) relative to log power in 
pre-stimulus EEG baseline. Red areas indicate an increase in power and blue areas a decrease 
in power. Statistical significance is illustrated by red/green frames beside ERSP activation 
frames, in which red areas signify statistically significant (p < 0.0125 fo r visual condition and p 
< 0.01, controlled fo r m ultip le  comparisons) differences between the MS patients and controls 
in tim e and in log spectral power.
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Figure 4.4.2. The ITCshowing consistency between the trials and the degree o f phase-locl<ing 
to the target stimuli in MS patients and controls.

Post-Target ITC comparisons between 
MS patients and controls

Visual P3b

Auditory P3b
0.5

MS Control Difference 
! V i

M
1 3 0

12
8

*  -  V

• J  ...■

■ i K .  ■
■ i A  •

1
 ̂i  I II

cr
<U

30

12

cr
0)

0 200 400 

MS

Time (ms) 

Control

0 200 400 

Difference

0 200 400 Time (ms) 0 200 400

Note. Highest even t-re la ted  phase consistencies for each condition are plotted in red, and 

low est in green (range 0  to  1, no consistency to  full consistency respectively). Statistical 

significance is illustrated by red/g reen  fram es, in which red areas signify statistically significant 
(p < 0 .0 125  for visual condition and p < 0 .01  fo r aud itory condition, contro lled  for m ultip le  

comparisons) d ifferences betw een  MS patients and controls in tim e  and in log spectral power.
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Figure 4.4.3. The grand mean topographies o f MS patients and controls fo r  each 1C cluster 
post-target in visual and auditory conditions.
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Figure 4.4.4. The mean ERSPs time-locked to the presentation o f non-target stimuli in visual 
and auditory conditions in MS patients and controls.
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Figure 4.4.5. The ITCshowing consistency between the trials and the degree o f  phase-loci<ing 
to the non-target s tim uli in MS patients and controls.
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Figure 4.4.6. The grand mean topographies o f MS patients and controls fo r each 1C cluster 
post-non-target in visual and auditory conditions.

Visual P3b

Auditory P3b

152



Figure 4 .4.7. MS patients have significantly reduced P3a component compared to the controls 
in the central (above) and le ft parie ta l (below) 1C clusters.
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the right panels.

4 .4 .3 .3 . C om parison b e tw e en  Non-CI MS and Cl MS

ERSP measures o f the visual condition showed tha t Cl MS patients had less theta, alpha and 

beta power at 200-600 ms post-target stim uli in the right frontal 1C cluster relative to  non-CI 

MS patients. In central and le ft parietal 1C clusters Cl MS patients showed reduced theta power 

at 200-600 ms post-target stimulus, relative to  non-CI MS patients. The Cl MS patients showed 

a greater decrease in alpha power in at 200-600 ms post-target stimulus compared to  non-CI 

MS patients in right frontal, central and le ft parietal 1C clusters (Figure 4.4.8., upper panel). 

The ERSP measures o f the auditory condition indicate tha t Cl MS patients had reduced theta 

power at 200-500 ms post-target stim uli compared to  non-CI MS patients in left fronta l, right 

frontal, and left parietal 1C clusters (4.4.8., lower panel). Cl MS patients had less in ter-tria l 

consistency compared to  non-CI MS in the central and le ft parietal 1C clusters in the theta band 

at 200-400 ms post-target stimuli (Figure 4.4.9., low er panel). There were no differences 

between the groups in ITC measures (Figure 4.4.9., upper panel) for the visual condition. The 

grand mean 1C cluster scalp maps are displayed in Figure 4.4.10.
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There were no clear differences in ERSP between the groups after the presentation of visual 

non-target stimuli, but in auditory condition there were subtle differences in theta, alpha and 

beta power at 0-600 ms in central and le ft parietal 1C cluster (Figure 4.4.11). The only 

difference in ITC measures was in the le ft parietal 1C cluster o f auditory condition, in which Cl 

MS patients had less in ter-tria l consistency compared to  non-CI MS patients in theta band 

from  200-400 ms, and in the theta and alpha bands from  0-200 ms (Figure 4.4.12). The grand 

mean 1C cluster scalp maps are displayed in Figure 4.4.13.

The Cl MS groups did not d iffe r significantly in ERP, ERSP or ITC measures in the 1C cluster 

analysis o f P3a.

Talairach coordinates, Brodmann areas and associated brain regions of the 1C cluster centroids 

o f all of the comparisons are presented in Table 4.4.2. The numbers o f independent 

components and subjects of each group included in clusters are reported in Table 4.4.3.

Scalp-EEG analysis results are presented in Figure4.4.14. and in Figure 4.4.15. There were no 

differences when the target responses were compared (Figure 4.4.14). The MS patients had a 

larger P2 peak after non-target stim uli relative to controls in auditory P3b (Figure 4.4.15).

The EEG-scalp analysis of recomposed ICs included in the 1C clustering analysis presented in 

Figures 4.4.16. and 4.4.17.

The scalp-based analysis of post-target and post-non-target activations at Pz in visual and 

auditory condition w ithou t FDR restriction displayed in Figure 4.4.18.
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Figure 4.4.8. The mean ERSPs time-locked to the presentation o f  ta rget s tim uli in visual and 
auditory conditions in Cl and non-CI MS patients.
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Note. 1C cluster mean differences shown in log spectral EEG power (dB) relative to log power in 
pre-stimulus EEG baseline. Red areas indicate an increase in power and blue areas a decrease 
in power. Statistical significance is illustrated by red/green frames beside ERSP activation 
frames, in which red areas signify statistically significant (p < 0.0125 fo r visual condition and p 
< 0.01, controlled for m ultip le comparisons) differences between Cl MS patients and the non- 
CI MS patients in tim e and in log spectral power.
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Figure 4 .4 .9 . The ITC show ing  consistency betw een the trials and  the degree o f  phase-iocidng  

to the ta rg e t s tim u li in Cl and  non-CI M S patients.

Post-Target stimuli ITC comparisons between 
Cl and Non-CI MS patients

Visual P3b Cl Non-CI Difference

m

0.51

1-0.51

Auditory P3b
0.5

■
■S'

J

f'v : r^'
■ /i"?v

______ 1

30

12
8
4

cr
(U

30

Time (ms) 

Non-CI

1 u  , ...

, • fi'

0 200 400 

Difference

r  .1  .‘ .t.. ..n.

______ 1 1 A

• 12 
■ 8

4

cr0

12
8
4

0 200 400

lL

ft.
0 200 400 Time (ms) 0 200 400

N o te . Highest even t-re la ted  phase consistencies fo r each condition are plotted in red, and 

low est in green (range 0 to  1, no consistency to  fu ll consistency respectively). Statistical 
significance is illustrated by red /g reen  fram es, in which red areas signify statistically significant 
(p < 0 .0125  for visual condition and p < 0 .01 for aud ito ry  condition, controlled for m ultip le  

com parisons) d ifferences b etw een  th e  Cl MS patients and th e  non-CI MS patients in tim e and 
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Figure 4.4.10. The grand mean topographies o f Cl and non-CI MS patients fo r  each 1C cluster 
post-ta rget in visual and auditory conditions.
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Figure 4.4.11. The mean ERSPs time-locked to the presentation o f non-target stimuli in visual 
and auditory conditions in Cl and non-CI MS patients.
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Note. 1C cluster mean differences shown in log spectral EEG power (dB) relative to log power in 
pre-stimulus EEG baseline. Red areas indicate an increase in power and blue areas a decrease 
in power. Statistical significance group and condition main effects, and interaction effect, are 
illustrated in red/green frames beside ERSP activation frames, in which red areas signify 
statistically significant (p < 0.0125 for visual condition and p < 0.01, controlled for multiple 
comparisons) differences between Cl MS patients and the non-CI MS patients in time and in 
log spectral power.
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Figure 4 .4 .12 . The ITC showing consistency betw een  the trials and  the degree o f  phase-tocicing 

to the n on -targe t stim uli in Cl and  non-CI M S patients.
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Statistical significance is illustrated by red/g reen  fram es, in w hich red areas signify statistically 

significant (p < 0 .0125  for visual condition and p < 0 .01  fo r aud itory condition, controlled for 

m ultip le com parisons) differences betw een  th e  Cl MS patients and the non-CI MS patients in 

t im e  and in log spectral power.
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Figure 4.4.13. The grand mean topographies o f Cl and non-CI MS patients fo r each 1C cluster 
post-non-target in visual and auditory conditions.
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Figure 4.4.14. The scalp-based analysis o f A) ERP, B) topography, C) ERSP, D) ITC o f post-target 
activations a t Pz in visual and auditory condition.
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Figure 4 .4 .1 5 . The scalp-based analysis o f  A ) ERR, B) topography, C) ERSP, C) ITC o f  p o s t-n o n ­
ta rg e t activations a t  Pz in visual and  aud itory condition.
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Figure 4.4.16. The EEG-scalp analysis o f  recomposed ICs included in the 1C clustering analysis. 
A) ERP, B) mean topography, C) ERSP, D) ITC o f post-ta rget activations a t Pz in visual and  
auditory condition.
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Figure 4 .4 .17 . The EEG-scalp analysis o f  recom posed ICs included in the 1C clustering analysis. 
A ) ERR, B) m ean topography, C) ERSP, D) ITC o f  p o s t-n o n -ta rg e t activations a t  Pz in visual and  

aud ito ry  condition.
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Figure 4.4.18. The scalp-based analysis o f post-target and post-non-target activations at Pz in 
visual and auditory condition without FDR restriction.
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Table 4.4.2. Num ber o f subjects and components in each 1C cluster, and Talairach coordinates 
with associated Brodmann areas and brain regions o f each 1C cluster centroid.

No.
subjects

No.
ICs

Talairach
coordinates

BA Associated brain regions

X V z

MS patients vs. controls
Visual
1C clusters:
Right frontal 59 545 46 20 26 46 Frontal Lobe, Middle Frontal Gyrus

Central 59 612 -1 3 67 6
Left Cerebrum, Frontal Lobe, Superior 
Frontal Gyrus

Right parietal 92 747 21 -65 -14 31 Limbic Lobe, Posterior Clngulate
Left parietal 54 475 -54 -59 31 40 Parietal Lobe, Supramarginal Gyrus
Auditory
1C clusters:

Frontal 66 519 -4 36 26 32
Left Cerebrum, Limbic Lobe, Anterior 
Clngulate

Right temporal 70 518 60 4 14 6 Frontal Lobe, Precentral Gyrus

Central 65 683 11 6 67 6
Right Cerebrum, Frontal Lobe, Superior 
Frontal Gyrus

Right parietal 93 706 20 -69 9 30 Occipital Lobe, Cuneus
Left parietal 65 574 -59 -52 29 40 Parietal Lobe, Supramarginal Gyrus
Cl MS vs. Non-CI MS
Visual
1C clusters:
Right frontal 21 170 45 39 30 9 Frontal Lobe, Superior Frontal Gyrus

Central 22 227 -2 2 67 6
Left Cerebrum, Frontal Lobe, Superior 
Frontal Gyrus

Right parietal 35 215 26 -59 21 31 Limbic Lobe, Posterior Clngulate
Left parietal 20 139 -43 -79 25 19 Temporal Lobe, Middle Temporal Gyrus
Auditory
1C clusters:
Left frontal 27 211 -8 36 47 8 Frontal Lobe, Superior Frontal Gyrus
Right frontal 28 219 49 25 23 46 Frontal Lobe, Middle Frontal Gyrus

Central 25 220 15 -19 68 6
Right Cerebrum, Frontal Lobe, Precentral 
Gyrus

Right parietal 33 217 32 -66 0 19 Occipital Lobe, Lingual Gyrus
Left parietal 28 236 -29 -80 39 19 Parietal Lobe, Precuneus
Note. BA = Brodmann area, 1C = independent component, MS = MS patients, C = controls. Cl 
MS = MS patients with Cl, Non-CI MS = MS patients with no Cl, No. Subjects = number of 
subjects, No. ICs = number of independent components
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Table 4.4.3. The number o f subjects and independent components from  each groups in each 1C 
cluster

N um ber of subjects N um ber o f components

MS VS. C MS C MS C

Visual
Right frontal 1C cluster 38 21 305 240
Central 1C cluster 35 24 389 223
Right parietal 1C cluster 54 38 385 362
Left parietal 1C cluster 35 19 268 207
Auditory
Frontal 1C cluster 43 23 322 197
Right tem poral 1C cluster 45 25 300 218
Central 1C cluster 41 24 409 274
Right parietal 1C cluster 54 39 397 309
Left parietal iC cluster 43 22 314 260
Cl vs. Non-CI Cl Non-CI Cl Non-CI

Visual
Right frontal IC cluster 11 10 62 108
Central IC cluster 11 11 91 136
Right parietal IC cluster 18 17 124 91
Left parietal IC cluster 11 9 70 69
Auditory
Left frontal IC cluster 14 13 112 99
Right frontal IC cluster 15 13 88 131
Central IC cluster 13 12 108 112
Right parietal IC cluster 16 17 112 105
Left parietal IC cluster 16 17 139 97

Note. 1C = independent component, MS = MS patients, C = controls. Cl = MS patients w ith  Cl, 
Non-CI = MS patients w ith  no Cl

4 .4 .4 . Discussion

4.4.4.1 . The resu lts o f th e  p resen t s tudy

1C clustering o f source EEG activities related to  the P3b ERP is a novel approach fo r 

investigating Cl in MS. To my knowledge, this is the first study to  employ 1C clustering method 

w ith  a clinical group and it is the largest EEG 1C clustering study to  date w ith  95 subjects (56 

MS patients, 39 controls). In general, consistent w ith  hypotheses the ERSP measures showed 

MS patients to  have reduced theta power relative to  controls. A similar pattern was observed 

fo r Cl MS patients vs. non-CI MS patients. Furthermore, alpha band responses were not 

dim inished fo r the MS patients (and the CI-MS patients), contrary to the hypotheses.

The presentation o f the target stimulus during an oddball task represents an increase in task 

demand, which, in cognitively intact individuals typically resulting in an increase in theta 

power and a decrease in alpha power post-stimulus presentation (Klimesch, 1999). Theta
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oscillations are related to  a num ber o f in form ation  processing tasks, such as those requiring  

sustained a tten tio n  and w ith  high executive dem ands (M izuhara, e t al., 2004; M izuhara & 

Yamaguchi, 2007). Later theta  oscillations have also been suggested to  reflect cortico- 

hippocam pal feedback loops related to th e  evaluation of stimuli th a t becom e active a fte r 

physical or context deviations and are fo llow ed by controlled processing in frontal cortex 

(Yordanova, Kolev, & Polich, 2001). The ex ten t of th eta  synchronisation has been related to  

good w orking m em ory perform ance (Klimesch, 1999; W ang, 2010). In MS patients, a reduction  

in theta  p ow er may reflect the disruption o f long-distance neural synchronisation (likely due to  

intervening lesions) w hich is thought to  prim arily  occur in low er frequency bands (W ang, 

2010), thus com prom ising early processes such as o rienting  and signal detection. This notion  

was reflected by th e  sm aller increase of th eta  and alpha pow er in MS patients during early  

sensory processing (0 -200  ms).

Interestingly, MS patients and Cl MS patients had a g rea ter decrease in alpha power, which  

was contrary to  the hypotheses. The results also indicate the tim e  range o f th e  decrease in 

alpha pow er in the MS patients to  be extended, w hich may be due to  reduced processing 

speed. This m ay indicate th a t these groups w ere able to  recruit m ore atten tio na l resources 

la ter in th e  processing stream  in o rder to  partially com pensate for the com prom ised earlier  

cognitive processes. In contrast, controls, w ho  co m pleted  th e  earlier processing adequately, 

did not have to  allocate any such additional resources. This result is concordant w ith  the  

tendency o f M S patients to  be Im paired in speed of in form ation  processing, rather than an 

inability to  process in form ation  per se (D em aree , DeLuca, Gaudino, &  D iam ond, 1999). In 

o th e r words, given adequate tim e, MS patients can com plete  cognitively dem anding tasks.

4 .4 .4 .2 . Comparison w ith the previous studies

The tw o-stim ulus oddball paradigm is one o f the m ost popular ERP paradigms, and scalp- 

based EEG studies have reported P3b to  be reduced in am plitud e an d /o r delayed in latency in 

MS (M agnano, e t al., 2006) and the findings on th e  previous studies in this chapter indicated  

P3b related activations to  occur over a large parietal (and also over frontal and central) scalp 

regions. M ost o f these studies (M agnano, e t al., 2006 ) have also observed late P3b peaks in 

MS patients, which in part explains the broad tim e  range (20 0 -6 00  ms) observed in the  

present study. A n o ther factor influencing th e  tim ing  o f th e  P3b is age (Polich, 2004), and this 

study included a range o f ages (M S SD = 9 .8 7  years; control SD = 9 .89 ), and th ere fo re  it is 

plausible th a t th e  age differences contributed  to  th e  range o f th e  P3b.
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The results of the present study d iffer from  a previous study in this area (albeit one that 

utilized low-density, scalp-based spectral EEG), which reported increased poster o f higher 

frequencies (beta and gamma bands) in MS patients compared to  controls over the whole 

scalp area after target-stim uli presentation. This effect was most prom inent over frontal 

electrodes (Vazquez-Marrufo, Gonzalez-Rosa, Vaquero, Duque, Escera, et al., 2008), and 

around anterior right hemisphere and bilateral posterior scalp regions (Vazquez-Marrufo, 

Gonzalez-Rosa, Vaquero, Duque, Borges, et al., 2008), however, only MS patients in the early 

disease stage were included and therefore they were potentia lly w ith  less Cl. In contrast, the 

present study included patients w ith a w ider range o f Cl, and also investigated the differences 

between patient groups divided based on the ir cognitive performance. Furthermore, the 

present results are more consistent w ith  previous spectral studies on cognitive functions 

(Gevins, et al., 1997; Klimesch, 1999; Mizuhara, et al., 2004; Mizuhara & Yamaguchi, 2007; 

Yordanova, et al., 2001) tha t have reported theta pow er changes due to increased demands on 

cognitive processes. It is possible that theta power reduction is a feature o f more advanced 

cognitive impairment.

The neural generators o f (frontal-m idline) theta oscillations have been reported to be located 

in the anterior cingulate in various EEG source analyses (see M itchell, McNaughton, Flanagan, 

& Kirk, 2008), which is thought to be one o f the sites fo r P3b ERP generation and in general to 

have im portant role in the networks contributing to  cognitive function. Nevertheless, other 

studies indicate the generators of theta include also regions including occipital/parietal and 

temporal cortices (e.g. Raghavachari, et al., 2006). In the present study differences between 

MS patients and controls were observed in extensive areas.

The previous scalp-based P3b ERP studies in this chapter found the visual m odality to  be more 

sensitive in identifying differences between MS patients and controls. Interestingly, in the 

present study, 1C clustering did not show the visual m odality to  be superior to auditory 

condition in detecting differences between MS patients and controls as differences in theta 

and alpha power in broad brain areas were visible across both modalities. On the other hand, 

1C clustering on the tw o PASAT performance groups revealed the greatest P3b-related ERSP 

power differences between the groups to be in visual modality.

A fter the presentation o f non-target stim uli, controls demonstrated a greater increase in theta 

power compared to  MS patients, and MS patients a greater decrease in alpha power relative 

to  controls in all o f the 1C clusters in both modalities. These differences were apparent in the 

tim e-fram e o f P2 ERP component. Relatively high theta power during resting-state EEG has
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been linked to  effective cognitive function, particu larly to  processes related to  sustained 

atten tio n  (Finnigan & Robertson, 2011; M itchell, e t al., 2008). Therefore, the apparen t 

baseline differences betw een  controls and MS patients may reflect th e  underlying differences  

in th e  background EEG due to  th e  difficulties in m aintaining sustained a tten tio n  w hich is 

required fo r a successful P3b task perform ance. M oreover, it can be proposed th a t th e  MS  

patients have less effective m odulatory processes changing the responsiveness of large 

neuronal ensem bles in a context-sensitive m anner (David, Kilner, &  Friston, 2006). 

Furtherm ore, this possibly reflects the w ide-spread underlying difficulties in inform ation  

processing functions in the brains o f MS patients w hich are likely to  be affected by several 

lesions caused by the focal loss o f myelin. On th e  o ther hand, th ere  w ere  no differences  

b etw een  the tw o  PASAT perform ance MS groups in the visual condition, and the only 

difference betw een  the groups was in left parietal 1C cluster in th e  aud itory condition. The lack 

o f differences betw een  the PASAT perform ance MS groups is most likely due to  th e  fact that 

th e ir background EEGs are re latively similar, and it can be suggested th a t th e ir differences in 

cognitive function are not greatly  re lated  to  sustained attention .

The ICA and 1C clustering m ethods has several advantages over the scalp-based EEG analysis. 

Firstly, the 1C clustering m ethod  aggregates ICs into functionally equ ivalent groups and 

estim ates th e  source EEG activities across subjects and controls w hereas the scalp-based ERPs 

b etw een  groups only capture th e  portion o f th e  channel data th a t is phase-consistent at 

latencies relative to  the tim e-locking events leading to a potentia l loss o f in form ation  on the  

activities (D e lo rm e, e t al., 2012; Onton, e t a!., 2006 ). Furtherm ore, 1C clustering reflects m ore  

accurately th e  spatio tem poral features o f the EEG activations, as the scalp-based EEG is a sum  

o f tem po ra lly  and spatially overlapping channel activities originating from  m ultip le, 

functionally distinct neural sources and non-brain  sources (Dale, e t al., 2000; Hagoort, 2003). 

In fact, the independent com ponent analysis is regularly utilized to  isolate and rem ove  

artefactual EEG sources (such as eye blinks, muscle artefacts) from  th e  EEG data, which yields  

a m ore accurate representation o f neural activity com pared to  scalp-based ERPs w ith  artefacts  

(Nolan, e t al., 2010; Onton, e t al., 2006 ). Finally, th e  ICA m ethods estim ate  th e  origin o f th e  

activation (inverse source m odelling) w hereas scalp-based ERP assumes the recorded signals 

o f th e  scalp electrodes to  be com parable w ith  th e  signals from  equivalently placed electrodes  

fo r all the subjects, thus not taking into account th e  physical differences o f the brains of 

d iffe ren t people (e.g. the differences in the orientations o f cortical gyri and sulci causing 

d iffe ren t projections o f exactly equ ivalen t cortical sources (O nton, e t al., 2006 ). For these  

reasons, th e  ERP P300 and ICA approach to  EEG analysis are qualitative ly d ifferen t, and must 

be in terpreted  differently. It is also notew o rth y  th a t th e  topographies o f ICs (Figures 4 .4 .3 .,
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4.4.6., 4.4.10., and 4.4.13.) are not as inform ative as 3-D locations of the equivalent dipoles as 

m inor differences across subjects in the orientation o f equivalent dipoles fo r a set of 

equivalent ICs can produce d ifferent scalp maps, and as the ICs are aggregated in to  clusters 

according to the ir functional sim ilarity despite apparent scalp map differences Therefore, the 

typical centro-parietal positivity typically seen w ith  a scalp-based ERP approach may not be 

seen fo llow ing summation o f ICs. Moreover, ICA and 1C clustering methods do not require a 

priori assumptions (Delorme, et al., 2012; Onton, et al., 2006), which is an issue in o ther EEG 

source analysis methods such as BESA (Hoechstetter, et al., 2004). However, ICA approaches 

do rest on a number of assumptions, and fu tu re  research (perhaps using simultaneous EEG 

and functional magnetic resonance imaging) should a ttem pt to  quantify the accuracy o f 1C 

spatial estimations.

On the whole, 1C clustering enables a more comprehensive understanding of the dynamic EEG 

source activations underlying EEG recorded during cognitive performance which are likely to 

be missed during analysis of traditional scalp-based EEG data alone (Delorme, et al., 2012; 

Onton, et al., 2006). This notion is bolstered by the results o f the scalp-based ERP, ERSP and 

ITC analysis in the present study, which did not reveal large differences among groups. The 

differences observed between the results from  the 1C earlier). Moreover, the averaging o f the 

scalp-based event-related activations most likely does not reflect all the ongoing EEG 

activations as it captures only the portion of the scalp channel data tha t is phase-consistent at 

latencies relative to the time-locking events (Delorme, et al., 2012; Onton, et al., 2006). 

Therefore relevant inform ation may be lost (Delorme, et al., 2012), and as a consequence 

there are no statistically significant differences in scalp-ERPs found between the groups. 

Furthermore, the 1C clustering avoids (at least in part) the vagueness o f spatiotemporal 

overlap inherent in scalp-based EEG recordings by aggregating the ICs w ith  spatiotemporal 

features into functionally equivalent groups and thus estimating the source EEG activities. The 

group differences were not a result from  a mere selection of specific ICs, as ERP activations 

recomposed of ICs in each 1C cluster and back-projected to Pz did not show sim ilar clear group 

effects to 1C clustering results (see Figures 4.4.16. and 4.4.17). In addition, the EEG signals 

recorded on the scalp originate from  m ultiple, functiona lly distinct neural and non-neural 

sources leading to a considerably high level o f noise (besides spatiotemporal overlap) 

(Delorme, et al., 2012), which may mask the underlying differences between the groups. The 

differences in the results may also stem from  the fact that physical characteristics and 

projection orientations from  the cortex to  the scalp d iffe r across individual brains, which 

violates one of the main assumptions inherent in scalp-based ERP analysis tha t presume the 

position o f an electrode to  reflect the neural activities d irectly underneath it and the task-
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related EEG activations in the same location to be similar across different subjects. These 

factors may therefore have led to the lack of statistically significant differences even though 

there would be a real underlying difference or a trend between the groups.

Physiologically, EEG signals originating from the brain are thought to be associated with near- 

synchronous field activities within a connected patch of cortical pyramidal cells sharing a 

common alignment near-perpendicular to the cortical surface (Nunez, 1974). The maximally 

temporally independent component activities with near-dipolar scalp projections may 

represent physiologically distinct brain sources that can be associated with field activity 

partially or fully synchronized across a cortical patch (or possibly across and between two 

anatomically well-connected patches).Thus, the individual ICs and 1C clustering method hold 

promise to estimate more accurately EEG source locations, which in conjunction with 

cognitive-indexing electrophysiological experiments such as the oddball paradigm may give 

insight into the source and electrophysiological activities related to information processing 

speed and cognitive performance. The development of similar methodology is an important 

aim in studies with neurological conditions as it may offer better understanding of the brain 

location(s) where the changes impacting cognitive function are occurring. In the present study, 

the widespread reduction in theta and alpha power in MS patients was obvious post-target 

stimuli whereas the previous scalp-based P3b ERR studies have reported varied results of 

latency, amplitude and topography differences in MS patients relative to controls.

Objective, reliable EEG methods, such as 1C clustering, may have potential to aid the detection 

and monitoring of cognitive impairment in MS, and therefore to complement generally utilised 

neuropsychological assessment by offering information on the brain functions related to 

cognitive dysfunction. The relationship between pathological changes in the brain white and 

grey matter, neurophysiological and neuropsychological cognitive function is imprecisely 

defined in MS (Lazeron, et al., 2005), and should be examined in future studies. Inclusion of a 

full neuropsychological battery may help to define better the relationships of specific cognitive 

domains with EEG and/or MRI findings, as may the use of more complex oddball paradigms. 

Moreover, future studies could explore the informativeness of more advanced EEG data 

analysis methods such as distributed source modelling incorporating EEG activations and 

structural information from individual subjects' MR images. In addition, longitudinal studies of 

EEG scalp and source activities spanning over several years are required to determine if EEG 

and ERPs have utility in predicting the changes in cognitive function in MS.
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Key points:

•  MS patients have significantly reduced P3b task-related ERSP theta power 

relative to the controls in a ll/m ost o f the 1C clusters

•  Cl MS patients have significantly reduced P3b-task related ERSP theta 

power in comparison to  non-CI MS patients in a ll/m ost o f the 1C clusters

•  The ITC measures were also significantly d ifferent in the theta band for 

most 1C clusters

•  MS patients have a greater decrease in PSb task-related ERSP alpha 

power relative to  the controls

•  Reduced P3b task-related theta power observed in both modalities 

reflects compromised connectivity, likely due to  demyelination, which 

may have disrupted early processes essential to  P3b generation, such as 

orientating and signal detection

•  Greater decrease in alpha power observed in MS patients may be 

associated w ith  enhanced cognitive function, which may reflect a 

compensatory mechanism in response to  the compromised early 

cognitive processing



4.5. P3 ERP activations in multiple sclerosis as a function of 

oligoadenylate synthetase genotype

This section o f Chapter 4 examines the Research Ciuestion 3 as stated in the section 2.7. Thesis 

objectives included in Chapter 2-Literature Review. The study investigated if the P3 ERP 

activations and the PASAT score d iffer between MS patients w ith  d ifferent oligoadelynate 

synthetase 1 (OASl) genotype.

4.5.1. Introduction

The previous cross-sectional studies presented in this chapter show that auditory P3b latency 

and auditory P3a latency (although to  a lesser degree), are sensitive to the degree of Cl in MS 

patients, as they correlated significantly w ith  the PASAT. The P3 ERP latency is thought to index 

the speed of cognitive processing (Polich, 2007), which is central fo r the successful 

performance of the PASAT.

The underlying genetic make-up o f MS disease and the related cognitive deficits have not 

been sufficiently clarified. According to  the general consensus form ulated in the recent years, 

MS is considered to  be caused by both environmental exposure and genetic susceptibility 

(Rejdak, et al., 2010). Genetic factors linked to  MS include polymorphisms in MCH class II 

alleles (International M ultip le  Sclerosis Genetics Consortium, 2007; Dyment, et al., 2004), the 

interleukin-7 receptor alpha gene (IL7RA) and the interleukin-2 receptor alpha gene (IL2RA 

(=CD25)) (International M ultip le  Sclerosis Genetics Consortium, 2007), and apolipoprotein E 

(apoE) (Kantarci, et al., 2002).

Recently, the links between some genetic factors and cognitive function in MS have been 

examined. Due to  its association w ith  Alzheimer's disease, the relationship o f APOE e4 

genotype and cognitive function has been investigated most extensively, although the results 

have been contradictory as reviewed in Chapter 2-Literature Review. Similarly, heterogenous 

results have been reported in studies investigating the relationship between cognitive function 

in MS and other genetic factors, such as human leukocyte antigen (HLA), brain-derived 

neurotrophic factor (BDNF), myeloperoxidase gene, and polymorphisms o f interleukin 2 

receptor a  (IL2RA), interleukin 7 receptor (IL7R) and C-type lectin fam ily 16 member A 

(CLEC16A) (Jensen, e t al., 2010; Oksenberg, et al., 2008; Weinstock-Guttman, et al., 2011; 

Zivadinov, e t al., 2007), but none o f them  have been linked to  cognitive deficits in MS.
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MS patients in the present chapter were tested fo r the ir oligoadenylate synthetase 1 (OASl) - 

genotype, which is linked to  type 1 interferons (IFNs). The links of OASl, interferons, and 

disease/anti-inflammatory activity in MS were discussed in detail in Chapter 2-Literature 

Review. To my knowledge, the relationship between cognitive function in MS and OASl has 

not been investigated previously. Based on the finding tha t MS patients w ith  both A alleles of 

OASl (AA MS) have decreased OASl d isease/anti-inflamm atory activity (O'Brien, et al., 2010), 

it was hypothesized that patients w ith  the AA allele would have lower PASAT scores, delayed 

P3 ERP latencies and reduced P3 ERP amplitudes, in comparison to  MS patients w ith  both A 

and G alleles o f OASl (AG MS). As the number of patients in each subgroup was very low  (N=8 

and 13), the statistical analyses were conducted utilizing one electrode (Pz fo r P3b task, and Fz 

fo r P3a task).

4.5.2. Methods

The data of 8 patient w ith  the AA allele (mean age 42 years) and 13 patients w ith  the AG allele 

(mean age 36 years) were included in the study. The MS patients had underwent OASl 

genotyping as part of another large research project conducted at St. Vincent's University 

Hospital, Dublin, which examined the OASl genotype and its relationship w ith  MS disease 

activ ity (O'Brien, et al., 2010). The subjects also completed the neuropsychological test the 

PASAT (Tombaugh, 2006), and a measure o f physical disability in MS, Kurtzke Expanded 

Disability Status Scale (EDSS; Kurtzke, 2008). Exclusion criteria included current use of 

benzodiazepines or neuroleptics, a history o f alcohol or drug misuse, head injury, stroke, or 

recent relapse. Three AG MS patients did not have a clearly distinguishable P3 peaks and they 

were excluded from  fu rthe r analyses. Table 4.5.1. displays the demographic data of the 

subjects from  whom EEG data were collected.
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Table 4.5.1. Demographic and behavioural data o f subjects.

AA MS AG MS

N 8 10

M ale/fem ale 6/2 6,/4

R R M S /S P M S /P P M S 4 / 1 / 3 5 / 4 / 1

a a

Age 46.56 16.11 40.42 12.82

PASAT (%) 47.29 28.21 81.97 8.50

Mean years of symptoms 15.07 12.17 9.58 8.84

Aud RT (<800) 411.81 66.39 388.32 80.77

Vis RT (<800) 409.50 84.16 402.33 77.71

M IQR M IQR

EDSS 2.50 5.38 2.50 4.63

HRSD 3.50 4.75 3.00 6.25

Interferon jJ-la 1 3

Interferon p -lb 2 3

Natalizumab 2 1

Fingolimod 1 0

No current tx 2 3

Note, lu = mean, o = standard deviation, M  = median, IQR = inter-quartile  range, AA MS = MS 
patients w ith  AA OASl-genotype, AG MS = MS patients w ith  AG OASl-genotype, RRMS = 
relapsing-rem itting MS patients, SPMS = secondary-progressive MS patients, PPMS = primary- 
progressive MS patients, PASAT = the Paced Auditory Serial Addition Test, Aud RT = reaction 
tim es in the auditory condition. Vis RT = reaction tim es in the visual condition, EDSS = the 
Expanded Disability Status Scale, HRSD = the 21-item Hamilton depression rating scale.

The procedure o f OASl genotyping, BEG recording and PASAT test are described exhaustively 

in Chapter 3-General Methods. SPSS 16 (Statistical Package fo r the Social Sciences; SPSS Inc., 

Chicago, IL, USA) was utilised for all statistical analyses, except fo r the topographical analysis 

com pleted using SPM 8.

EEGLAB (Delorme & Makeig, 2004) was used fo r all ERP analyses. The EEG data were bandpass 

filte red  between 1 and 90 Hz, bandstopped between 48 and 52 Hz, average referenced across 

all scalp electrodes (appropriate when using a high-density EEG array), epoched and baseline 

corrected (100 ms before baseline). Epochs w ith  large, obvious artefacts (e.g., muscle tw itch) 

were firs t rejected manually. Independent components analysis, using the infomax algorithm, 

was used to  identify  artefacts, which were subsequently removed (see Delorme, et al., 2007). 

Ocular artefacts were removed by identifying the components that correlated most highly 

w ith  the EOG channels (m inimum correlation o f 0.5). Visual inspection o f the EOG channel 

before and a fte r removal of the component was performed in order to  ensure that the ocular 

artefacts were removed. A 99% confidence interval was calculated across all channels for

176



mean amplitude and variance: any channel falling outside the confidence interval w/as 

interpolated. Each ERP component was identified by tw o of the authors according to its 

polarity, latency and topography. A component was deemed to be not identifiable if the 

morphology of the ERP was not clear to both assessors. Next, the maximum (or minimum  

where appropriate) amplitude was automatically calculated for all electrodes using the 

manually identified component as a guide to define the temporal window. If there was no 

peak inside a tem poral window for a component at a particular electrode then data at that 

electrode for that component were recorded as missing. Statistical analyses were conducted at 

Pz for the activations in P3b condition, and at Fz for P3a condition. Topographical maps were 

also plotted.

4.5.3. Results

The mean PASAT score was significantly different between groups (AA = 45%, AG= 82%; Mann- 

Whitney U, Z = -3.16, p = .002). The two OASl genotype MS groups did not differ in age, 

duration of symptoms, EDSS scores, reaction times or HRSD scores. The mean PASAT score 

correlated with auditory P3b latency (rs = -.560, p = .016), but the effect disappeared when age 

was controlled. The EDSS score correlated with age, disease duration, auditory P3b amplitude, 

auditory P3a amplitude and latency. Age correlated with disease duration.

The AA OASl MS patients had significantly delayed mean P3b latency at Pz relative to the AG 

OASl MS patients (AA = 478 ms, AG= 366 ms; Mann-Whitney U, Z = -2.22, p < .05). Similarly, 

the AA OASl MS patient displayed prolonged mean P3a latency at Fz compared to the AG 

OASl MS patients (AA = 345 ms, AG= 273 ms; Mann-Whitney U, Z = -2.08, p < .05). Latency 

differences are illustrated in Figure 4.5.1. The topographical analysis confirmed these latency 

differences (Figure 4.5.2.) There was a trend (p = .076) indicating AA OASl MS patients to have 

reduced P3b amplitudes (AA = 2.78 uV, AG = 4.32 uV). The OASl genotype MS groups did not 

differ in latencies or amplitudes of visual P3b and P3a, which is most likely due to very low 

number of AA OASl MS patients (4 in P3b, 3 in P3a) in the visual condition as P3b and P3a 

peaks could not be identified.
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Figure 4.5.1. AA OASl MS patients have delayed latencies in both auditory P3b and P3a 
condition.
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Figure 4.5.2. The AA OASl MS patients show delayed activations on the scalp in auditory P3b 
and P3a conditions.
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4 .5 .4 . Discussion

The im pact of o ligoadenylate synthetase 1 (O A S l) -g e n o ty p e  on Cl in M S has not been  

investigated before. This study revealed a promising prelim inary result o f aud itory P3 ERPs o f 

M S patients to  be influenced by O A S l-genotype. The previous research has shown th a t the  

patients possessing only the A allele (AA O A Sl MS) have decreased O A S l an ti-in flam m ato ry  

activ ity in com parison to  those w ith  the G alle le  (AG or GG) (O 'Brien, e t al., 2010). In this  

study, MS patients w ith  AA allele had prolonged aud ito ry  P3a and P3b latencies and  

perfo rm ed  worse in the PASAT test com pared to  patients w ith  AG alle le , w hich was consistent 

w ith  th e  hypotheses. These findings w ere  also ev ident in th e  topographical analyses. The  

topographical analyses are im portan t for the investigation o f th e  scalp distributions o f the  

electrophysiological activities and o ffer indication if these activations are sim ilar to  healthy  

controls. Previous research has reported MS patients to  have a ltered  topographic presentation  

o f th e  PS ERP (Onorf, e t al., 1991; Honig, e t a l., 1992 ), which is likely to  be due to  th e  

pathological brain changes.

M S patients w ith  Cl are shown to have deficits in th e  PASAT test, w hich is th e  only cognitive  

test in the MS functional com posite scale (MSFC; Cutter, e t al., 1999). Due to  th e  known  

lim itations related to neuropsychological tests, cognitive neurophysiological experim ents w ere  

included to  co m p lem en t the exam ination of cognitive functions in MS. N otably, AA O A S l MS  

patients perform ed worse in the PASAT, indicating a d eterio ration  of cognitive functions. The  

PASAT scores w ere also correlated w ith  aud itory P3b latency, which was m arkedly delayed in 

th e  AA O A S l MS patients com pared to the AG O A S l MS group. In the previous chapters, the  

PASAT was also found to  be correlated w ith  aud itory P3b and P3a in a re la tive ly  large sample  

of RRMS and SPMS patients, and in a group o f progressive MS patients, w hich im plies th a t 

auditory P3 latencies and am plitudes are sensitive measures o f subtle cognitive decline in MS. 

In addition, consistent w ith  these PASAT findings, the AA O A S l MS group had significantly  

prolonged auditory P3a latencies relative to  AG O A S l M S group, providing fu rth e r evidence for  

th e  assum ption th a t AA O A Sl MS patients' cognitive functions are m ore adversely affected  in 

com parison to th a t o f AG O A Sl MS patients.

Interestingly, the level of disability m easured w ith  th e  EDSS scale was associated w ith  the  

aud ito ry  P3 ERP com ponents but not w ith  th e  PASAT score. This implies th a t th e  deficits in th e  

brain function are separately linked to  physical disability and cognitive functioning. Also, it 

indicates th a t th ere  is no direct association b etw een  th e  level o f physical im p airm en t and
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cognitive performance measured with PASAT. As anticipated, the EDSS score also correlated 

with age and disease duration.

Previous studies have reported several linkages between cognitive performance and genes 

predisposing to MS, which were discussed in depth in Chapter 2-Literature Review. These 

include APOE e4 genotype, human leukocyte antigen (HLA), brain-derived neurotrophic factor 

(BDNF), myeloperoxidase gene, polymorphisms of interleukin 2 receptor a (IL2RA), interleukin 

7 receptor (IL7R) and C-type lectin family 16 member A (CLEC16A), all with contradicting 

findings.

It can be speculated that the mechanism underlying the poor cognitive performance of AA 

OASl MS patient group can be related to their decreased OASl anti-inflammatory/disease 

activity (O'Brien, et al., 2010). The reduced enzyme activity does not effectively cause the 

degradation of RNA and the suppression of virus replication (O'Brien, et al., 2010). This may 

lead to infection and subsequently trigger an autoimmune cascade of events (Grigoriadis & 

Hadjigeorgiou, 2006), possibly including a tendency for apoptosis of anti-inflammatory cells. 

Subsequently leading to excessive and prolonged inflammatory responses (O'Brien, et al., 

2010). The exact nature of the links and mechanism behind the influence of OASl-genotype 

on cognitive functions in MS require further investigation.

However, the findings may be confounded by the uneven distribution of MS subtypes in the 

study (1 SPMS and 3 PPMS patients in AA OASl MS group; 4 SPMS and 1 PPMS patients in AG 

OASl MS group). AA OASl MS group includes more subjects with PPMS, which may have 

driven the significant effects in the study. Previous literature has shown the progressive MS 

patients to have some subtle differences in their cognitive performance, but further 

investigations are required to define which cognitive areas (if any) show these differences 

(Foong, et al., 2000; Huijbregts, et al., 2004; Potagas, et al., 2008; Winkelmann, et al., 2007). 

Nevertheless, one of the studies in the present chapter found SPMS to have reduced P3 

amplitude over parietal area compared to PPMS, thus indicating SPMS to have adversely 

affected electrophysiological activities related to cognitive processes. The various connections 

between subtypes, genetic factors and cognitive functions are therefore manifold; the nature 

of the potential connections and the directionality of these effects are not easily 

distinguishable.

Although the preliminary results are encouraging, the results should be interpreted with 

caution, as the AA OASl MS and AG OASl MS patient groups were very small, there was an
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uneven number of MS subtypes included in each group, and no healthy control group was 

included in the study. More comprehensive fu tu re  studies w ithou t these restrictions may 

potentia lly confirm  this early finding o f the AA OASl MS group to have more pronounced 

cognitive deficits and shed light on the intricate connections between OASl, MS disease and 

cognitive performance.

Key points:

•  AA OASl MS patients have prolonged auditory P3a and P3b latencies 

relative to AG OASl MS patients

•  AA OASl MS patients performed worse in the PASAT compared to  AG 

OASl patients

•  PASAT score correlated w ith  auditory P3b latency in the OASl MS sample

•  Auditory m odality is more sensitive to  subtle deficits in cognitive- 

indexing P3 ERPs in a small sample of MS patients

•  OASl genotype may have an effect on brain and cognitive functions

4.6. Conclusion

This chapter investigated the P3 ERP activations in MS and th e ir association to  the 

neuropsychological function measured w ith  the PASAT at baseline. The MS patients presented 

w ith  early sensory and late cognitive-indexing P3b ERP am plitude reduction and P3a latency 

delay and amplitude decrease, which were also apparent in the topographical statistical 

analysis. These P3 ERP changes were more pronounced in the visual modality, although the 

latencies were delayed also in the P3b and P3a in the auditory condition. The differences 

between the MS subtypes were almost non-existent, as the RRMS and SPMS patients differed 

only in the visual P3a latency, and the PPMS patients had decreased auditory P3b am plitude 

relative to  the SPMS patients. Poor PASAT performance was associated w ith  increased auditory 

P3b latency and decreased visual PSa am plitude in a relatively large sample o f RRMS and 

SPMS patients. However, in the sample of progressive MS patients the PASAT score correlated 

w ith  both visual and auditory P3b and P3a amplitudes. The source P3 EEG activations 

measured w ith  a novel independent component (1C) clustering method revealed MS patients 

to  have significantly reduced P3-task related theta power at widespread brain areas compared 

to  the healthy controls. The MS patients w ith  cognitive im pairm ent displayed a sim ilar pattern. 

Furthermore, the Ms patients showed a greater decrease in alpha power in the posterior 

sources relative to the controls. The genetic factors were also found to be related to  the P3
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ERP activations and cognitive functions, as the IVIS patients w/ith AA OASl -genotype 

presented w ith  prolonged auditory P3b and P3a latencies and performed worse in the PASAT 

in comparison to the  MS patients w ith  the AG OASl genotype. In summary, it can be 

concluded from  the findings th a t the PS ERPs, particularly in the visual modality, have 

potential u tility  in the clinical research and/or practice to  provide inform ation on the brain 

functions related to  cognitive dysfunction in MS. Here the principal interest was to  investigate 

if P3 ERPs d iffer in MS patients in comparison to  healthy controls. Future research may also 

shed light on the P3 ERPs in d ifferent MS subgroups (based on subtype, genotype), and if P3 

ERPs have sensitivity also to  discrim inate these subgroups. The fo llow ing chapter w ill examine 

if and how these abnorm alities change a fte r 12-month and 24-month period.

The results o f this chapter were published in the fo llow ing top peer-reviewed journals:

Whelan, R., Lonergan, R., Kiiski, H., Nolan, H., Kinsella, K., Bramham, J., O'Brien, M., Reilly, R.B., 

Hutchinson, M., & Tubridy, N. (2010). A high-density ERP study reveals latency, amplitude, and 

topographical differences in m ultip le  sclerosis patients versus controls. Clinical 

Neurophysiology, 121, 1420-1426. (Section 4.1, Appendix 3)

Whelan, R., Lonergan, R., Kiiski, H., Nolan, H., Kinsella, K., Hutchinson, M., Tubridy, N., & Reilly, 

R.B. (2010). Impaired inform ation processing speed and attention allocation in m ultip le 

sclerosis patients versus controls: A high-density EEG study. Journal o f  the Neurological 

Sciences, 293, 45-50. (Section 4.2, Appendix 4)

Kiiski, H., Whelan, R., Lonergan, R., Nolan, H., Kinsella, K., Hutchinson, M., Tubridy, N., Reilly, 

R.B. (2010). Prelim inary Evidence fo r Correlation Between PASAT Performance and P3a and 

P3b amplitudes in progressive m ultiple sclerosis. European Journal o f  Neurology, 18(5), 792- 

795. (Section 4.3, Appendix 5)

Kiiski, H., Reilly, R.B., Lonergan, R., Kelly, S., O'Brien, M., Kinsella, K., Bramham, J., Burke, E.T., 

O'Donnchadha, S., Nolan, H., Hutchinson, M., Tubridy, N, & Whelan, R. (2012). Only Low 

Frequency Event-Related EEG Activity is Compromised in M ultip le  Sclerosis: Insights From an 

Independent Component Clustering Analysis. PLoS ONE, 7(9): e45536. (Section 4.4, Appendix 

6 )
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Chapter 5 - Longitudinal P3 ERP studies: P3 ERPs 

and PASAT performance over 12-month and 24- 

month period in multiple sclerosis patients

The present chapter examines the Research Questions 4 and 5 as stated in the section 2.7. 

Thesis objectives included in Chapter 2-Literature Review. The studies in this chapter 

investigated the 12-month and 24-month change in the cognitive-indexing electrophysiological 

activations in MS patients and healthy controls w ith  advanced high-density 

electroencephalography (EEG) measures presented in Chapter 3-General Methods. 

Furthermore, the association between the change in the PASAT score and the P3 ERP 

activations was studied. Based on the previous research, it was hypothesized tha t MS patients 

would show deterioration in the ir cognitive and brain functions, which would manifest as a 

gradual decline of the PASAT performance, and as a gradual reduction o f P3 ERP amplitudes 

and a prolongation o f P3 ERP latencies over the 12 and 24 month period. It was also 

hypothesized that there would be no change in the P3 ERP activations, or in the PASAT score, 

o f the healthy controls. Furthermore, the 12 and 24 month changes in P3 ERP activations were 

hypothesized to correlate w ith  the 12 and 24 month changes in the PASAT score. The findings 

o f the studies in this chapter complem ent and go fu rthe r than the scarce research literature 

on the longitudinal P3 ERP activation changes in MS presented earlier in Chapter 2-Literature 

Review. The studies in this chapter examine longitudinally the relationship between P3 ERP 

activations and cognitive function (measured w ith  the challenging neuropsychological task the 

PASAT), not performed previously.

The results of the first study in this chapter were published in a leading peer-reviewed Journal 

o f the Neurological Sciences:

Kiiski, H., Reilly, R. B., Lonergan, R., Kelly, S., O'Brien, M., Kinsella, K., Bramham, J., Burke, T, 

O'Donnchadha, S., Nolan, H., Hutchinson, M., Tubridy, N., & Whelan, R. (2011). Change in 

PASAT performance correlates w ith  change in P3 ERP am plitude over a 12-month period in 

m ultip le  sclerosis patients. Journal o f  the Neurological Sciences, 305(1-2), 45-52. (Section 5.1, 

Appendix 7)
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5.1. Longitudinal analysis o f P3b and P3a ERPs in multiple 

sclerosis over 12-months

5.1.1. Introduction

The studies reported in the previous Chapter 4 investigated the cognitive-indexing 

electrophysiological activities and the ir link to the neuropsychological assessment cross- 

sectionally. As cognitive impairm ent is usually poorly correlated w ith  disease duration and the 

level of physical disability level, and the cognitive dysfunctions typically observed in MS in 

speed of inform ation processing, attention, memory and executive functions (Rogers & 

Panegyres, 2007) have an impact on daily life (Kalmar, Halper, Gaudino, Moore, & DeLuca, 

2008; Rao, Leo, Ellington, et al., 1991), it is im portant to  m on itor its course frequently after its 

detection (Amato, et al., 2006). As stated earlier, the commonly utilised neuropsychological 

tests have a variety o f shortcomings related to  practice effects, education, anxiety and physical 

ab ility  (Arnett, et al., 1999; Barker-Collo, 2005; Demaree, et al., 2003; Diamond, et al., 2008; 

Gilchrist & Creed, 1994; Litvan, et al., 1988; Thornton & Raz, 1997). However, 

electrophysiological measures are not confounded by practice effects (Sandman, & Patterson, 

2000; Segalowitz, & Barnes, 1993; Walhovd, & Fjell, 2002), are independent from  behavioural 

responding and thus not dependent on physical ability (Magnano, et al., 2006), and there is no 

evidence to suggest tha t they are affected by demographic factors such as education. 

Therefore, the cognitive-indexing electrophysiological measures may provide additional 

supporting in form ation on the cognitive status of a MS patient. Thus, as stated in the Research 

Question 4 in the section 2.7. Thesis objectives included in Chapter 2-Literature Review, the 

potential o f the cognitive-indexing electrophysiological measures to  track brain activations 

related to  cognitive dysfunctions is examined in the present study. In specific, this study 

compares the change between MS patients and controls in the visual and auditory P3 ERP 

tasks by employing a high-density EEG array, and examines the relationship between the 

change in PASAT score and the change in amplitude and topography in P3 ERPs over 12-month 

period.

Most previous cross-sectional literature report altered P3 ERP activations in MS patients 

(Magnano, et al., 2006), although some discrepancy exists regarding the relative 

informativeness o f amplitudes and latencies, and the role o f the m odality o f the stimuli, which 

may be due to  the methodological weaknesses o f these studies (low subject numbers, low 

electrode coverage o f the scalp, outdated EEG analysis methods). In addition to  the cross- 

sectional studies, there has been some interest in studying longitudinally a variety o f evoked
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po ten t ia ls  to  b e t te r  m onito r  th e  progression of disability in MS (Leocani & Comi, 2008; Pelayo, 

e t  al., 2010). A few s tud ies  (Flechter, e t  al., 2007; Gerschlager, e t  al., 2000a; Pliskin, e t  al., 

1996; Pokryszko-Dragan, e t  al., 2009) have exam ined  th e  change  in P3b ERPs longitudinally in 

MS, b u t  to  my know ledge ,  th e  rela tionship  b e tw e e n  th e  PASAT and  P3 ERPs in MS has no t 

b e e n  s tud ied  longitudinally. These longitudinal ERP s tud ies  have focused  on  th e  effec ts  of 

in te rferon  t r e a tm e n t  on  cognitive functions, w ith  only  o n e  study  repo rt ing  auditory  PBb 

am p l i tu d e  d ec reased  and  la tencies  s h o r te n e d  o n e  yea r  later, b u t  th e y  did n o t  include a control 

g roup  in th e  s tudy  (Flechter, e t  al., 2007). S tudies t h a t  included a control g roup  failed to  find 

any  longitudinal d iffe rences in visual or aud i to ry  P3b a f te r  in te rferon  t r e a tm e n t  (Gerschlager, 

e t  al., 2000a; Pliskin, e t  al., 1996; Pokryszko-Dragan, e t  al., 2009). N evertheless ,  th e s e  s tud ies  

sh o w ed  im proved p e r fo rm an ce  in neuropsychological m e a su re s  of a t ten t io n  and  m e m o ry  

a f te r  th e  t r e a tm e n t  period,  e i th e r  indicating a practice effect o r  a beneficial effect of b e ta fe ro n  

to  cognitive functions in MS.

M ost of th e  previous longitudinal s tudies  of P3 ERPs in MS (Flechter, e t  al., 2007; Gerschlager, 

e t  al., 2000a; Pokryszko-Dragan, e t  al., 2009) em p loyed  an  aud i to ry  tw o-s tim ulus  oddball 

paradigm . However, th e  cross-sectional s tudies  co n d u c te d  in C hap te r  4 show ed  th a t  

d iffe rences b e tw e e n  p a t ien ts  and  controls  w ere  in fluenced by th e  m odality  o f  th e  task and  th e  

P3 task  type  (i.e., e i th e r  tw o -  or th ree -s t im ulus  oddball). F u rthe rm ore ,  th e  cross-sectional 

s tud ies  descr ibed  in th e  previous ch a p te rs  found P3b ERP la tency delays (P3, N2, P3b) m ore  

p ro n o u n ced  in th e  aud ito ry  modality  and  early and  la te  P3b am p li tu d e  reduction and  

topographical  ch an g es  m ore p ronounced  in th e  visual m odalities.  F u rthe rm ore ,  in th e  P3a 

delayed  latency, red u ced  am p li tude  and  atypical topograph ica l  distribution  of  th e  activations 

w e r e  o b se rved  particularly in th e  visual modality. The associa tion  b e tw e e n  cognitive-indexing 

electrophysiological m e asu res  and o n e  neuropsychological tes t,  th e  PASAT, w as also 

es tab l ished  in t h e  previous ch ap te rs  as th e  PASAT score  co rre la ted  with auditory  P3b la tency 

and  with  visual P3a am p li tu d e  in a sam p le  of RRMS an d  SPMS pat ien ts ,  and with  bo th  visual 

and  aud i to ry  P3b and  P3a am p li tudes  in MS p a t ien ts  with  a progressive d ise ase  course.

M oreover, all longitudinal P3 ERP studies to  d a te  have focused  on investigating th e  e ffec ts  of 

in te rferon  t r e a tm e n t  on  cognitive functions in re laps ing -rem it t ing  MS (RRMS) pa t ien ts ,  and 

th u s  th e re  is no co m p re h en s iv e  longitudinal inform ation on Cl and  P3 ERPs in a larger MS 

popula tion ,  which also includes secondary-progressive  MS (SPMS) pat ien ts .  A no ther  issue is 

t h e  lack of contro l g roup  in th e  only s tudy  (Flechter, e t  al., 2007) report ing  statistically 

significant d ifferences in auditory  P3b over  on e -y e a r  period. Including a control g roup  in th e  

longitudinal s tud ies  is im por tan t  as P3 ERPs are  d e m o n s t r a te d  to  change  with  age (Polich,
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2004) and therefore the changes seen in the P3 components may be due to  age, not disease 

progression or treatm ent. Furthermore, previous longitudinal studies employed low-density 

EEG (i.e. 3 -4  electrodes).

The longitudinal investigation o f P3 ERP activities o f the  present chapter avoided some o f the 

methodological shortcomings o f the earlier studies by utilising a high-density EEG array and 

including a relatively large group o f both RRMS and SPMS patients, and healthy age-matched 

control group. The tasks encompassed both two- and three-stim ulus oddball paradigms in 

both visual and aud itory modality. High-density EEG also allowed the utilisation o f an 

advanced method o f statistical parametric mapping (SPMS) to  statistically test the correlations 

and differences o f the data. SPM has not yet been employed in longitudinal studies o f P3 ERPs 

in MS.

Because o f the lim ita tions o f the previous longitudinal P3 ERP studies (especially the lack of 

healthy control group and focus on examining the effects o f DMTs), the hypotheses were 

based on cross-sectional P3 ERP studies (e.g. Magnano, et al., 2006) and previous longitudinal 

neuropsychological studies (Amato, et al., 2001; Denney, Lynch, & Pannenter, 2008; Huijbregts, 

e t al., 2006). It was hypothesized tha t MS patients would show deterioration in the ir cognitive 

and brain functions, which would manifest as a gradual reduction of P3 ERP amplitudes and a 

prolongation of P3 ERP latencies over the 12-month period, and as a gradual decline o f the 

PASAT performance. It was also hypothesized tha t there would be no change in the P3 ERP 

activations, or in the PASAT score, o f the healthy controls. Furthermore, the 12-month change 

in P3 ERP activations were hypothesized to  correlate w ith  the 12-month change in the PASAT 

score.

5.1.2. Methods

5.1.2.1 . Subjects, p rocedure  and data analysis

Twenty-seven patients (mean age 43.64 years atM onth 0) and 17 age-matched healthy 

volunteers were included in the study. For MS patients, the mean years o f symptoms was 

16.26 years (SD 11.60), and the mean years o f disease was 11.05 years (SD 9.64) at Month 0. 

One MS patient

and tw o controls were left-handed. Table 5.1. displays the demographic data of the subjects at 

M onth 0 and M onth 12. The median number o f days between the tw o  ERP testing sessions 

was 374. Two patients and tw o  controls were unable to  complete some o f the P3 ERP tasks 
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and three controls and tw o patients did not complete the PASAT in e ither Month 0 or Month 

12 (see Table 5.1). To the best o f my knowledge, the MS patients did not take part in any other 

studies including the PASAT, or otherw ise perform the PASAT, during the 12-month period. One 

patient had tw o  relapses and another patient one relapse during the 12-month period.
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Table 5.1. Demographic and behavioural data o f subjects.

M S(N  = 27) Control (N = 17)

Month 0 Month 12 Month 0 Month 12

Male/female 12/15 5/12

Auditory P3a & PASAT*, (RRMS, 
SPMS)

23 (12, 11) 13

Visual P3a & PASAT*, (RRMS, 
SPMS)

23 (12 , 11) 14

Auditory P3a, (RRMS, SPMS) 25 (14, 11) 16

Visual PSa, (RRMS, SPMS) 25 (14 , 11) 17

Auditory P3b, (RRMS, SPMS) 26 (15 , 11) 16

Visual P3b, (RRMS, SPMS) 2 6 (1 5 ,1 1 ) 17

a a a a

Age 43.64 11.21 44.61 11.11 40.30 9.53 41.75 9.29

PASAT(%) 73.59 20.39 75.13 21.88 85.00 13.67 88.10 9.36

Auditory P3b RT (<800 ms) 367.30 69.17 369.60 58.73 369.37 13.67 392.87 79.02

Visual P3b RT (<800 ms) 369.92 71.33 389.51 73.73 366.89 51.24 394.59 64.47

M IQR M IQR M IQR M IQR

EDSS 2.50 4.00 3.00 5.00 N/A N/A N/A N/A

HRSD-21 4.00 7.00 5.00 9.75 .00 5.00 2.00 3.00

Interferon |3-la 7 6 N/A N/A N/A N/A

Interferon p-lb 8 7 N/A N/A N/A N/A

Natalizumab 5 7 N/A N/A N/A N/A

Fingolimod 1 1 N/A N/A N/A N/A

No current treatment 6 6 N/A N/A N/A N/A

Note, / i = mean, o  = standard deviation, M  = median, IQR = in ter-quartile  range, PASAT = the 
Paced Auditory Serial Addition Test, EDSS = the Expanded Disability Status Scale, RT = reaction 
tim e, SD = standard deviation, IQR = in terquartile  range. *The correlation betw/een the 12- 
month PASAT difference score and 12-month P3 ERP am plitude change.

The procedure was identical to  the ones described in the Methods and in the previous 

chapters. The EEG, the PASAT and the physical examination including Kurtzke Expanded 

Disability Status Scale (EDSS; Kurtzke, 2008) and the 21-item Hamilton rating scale for 

depression (HRSD-21; Vieweg & Hedlund, 1979) were all conducted in tw o  consecutive days 

fo r large m ajority o f the subjects, the maximum days between the tests was 14 days. The same 

procedure was repeated at Month 12.

Reaction times were truncated at 800 ms in order to  reduce the effects o f outliers (Whelan, 

2008). EEGLAB (Delorme & Makeig, 2004) was used fo r all ERP analyses. The pre-processing of 

the EEG data included the EEG data to be bandpass filte red  between 1 and 90 Hz, 

bandstopped between 48 and 52 Hz, average referenced across all scalp electrodes 

(appropriate when using a high-density EEG array), epoched and baseline corrected (200 ms 

before baseline). Epochs w ith  large, obvious artefacts (e.g., muscle tw itch) were first rejected
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manually. Independent components analysis, using the Infomax algorithm , was used to  

identify artefacts, which were subsequently removed (see Delorme, et al., 2007). Ocular 

artefacts were removed by identifying the components tha t correlated most highly w ith the 

EOG channels (m inim um  correlation o f 0.5). Visual inspection o f the EOG channel before and 

after removal o f the component was performed in order to  ensure tha t the ocular artefacts 

were removed. A 99% confidence interval was calculated across all channels for mean 

amplitude and variance: any channel falling outside the confidence interval was interpolated.

Three regions of interest (ROIs) were generated by using composite mean am plitude measures 

(i.e., the mean value o f the electrodes in the ROI). The electrodes used in each ROI are in Table 

2 (electrode sites are labelled according to  the 10-5 system). The peak o f the P3a was found 

by fitting  a parametric function to  the ERP in the ROI using a Gaussian profile  and determ ining 

the delay at the peak amplitude (Gerson, et al., 2005) between 200-500 ms fo r the P3a and 

between 250-600 ms fo r the P3b task. For m ajority o f the subjects the P3 ERP components 

were not distinguishable P3b peaks fo r frontal ROI, and no P3a peaks fo r parietal ROI, 

therefore only latencies extracted from  central and parietal ROI o f P3b, and from  frontal and 

central ROI o f P3a, were utilised in the statistical analyses.

Table 5.2. A list o f  locations fo r  the Regions o f  Interest.

Region Electrode locations

Frontal F2',F2,AF2',AFz, AFz', Fz, Fz', F1,F1',AF1'

Central Cz, Cz', CPz, CCP2h, FCC2h, FC2', FCz, FCClh, FCl', CCPlh

Parietal CPz', CPPlh, P I, PP03h, P03h, Pz, Pz', POz, CPP2H, P2, PP04h, P04h

Statistical analyses on dem ographic and descriptive data w ere  com pleted  using PASW

Statistics 18.0 (Predictive Analytics Software; SPSS Inc., Chicago, IL, USA, www.spss.com). 

SPM8 was used to  test fo r topographical differences in ERP am plitude across the entire scalp 

and across tim e. Data from each subject were transformed into two-dim ensional sensor-space 

(interpolated fro m l2 8  channels and smoothed, fu ll-w id th  half-maximum 6:6:4 a.u.) and post­

stimulus tim es were set to 230-600 ms fo r responses in the P3b tasks, and 200-600 ms fo r 

responses in the PBa tasks (voxel size=2.1 mmx2.7 mmx3.9 ms). This transform ation produced 

a three-dimensional spatiotemporal characterisation o f the ERP, and these images were then 

used in the subsequent analyses. The significance level was set to p<0.005 and this was 

fu rthe r restrained by only retaining scalp areas in which at least 500 contiguous voxels were 

statistically significant. The 12-month difference images of each subject (showing the
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topographical difference in ERP amplitude between Month 0 and Month 12 of one subject 

across the entire scalp and across time) were created using the SPM8 Image Calculator by 

subtracting Month 12 image from Month 0 image of the same P3 ERP task. These 12-month 

difference images were then correlated with the 12-month difference PASAT scores (computed 

by subtracting PASAT score (%) at Month 12 from PASAT score at Month 0). A paired t-test 

design was employed and each individual subject's Month 0 image was matched with the 

corresponding Month 12 image of the same P3 ERP tasks. The 12-month difference images 

were also compared between MS patients and controls, to show the difference in the 12- 

month change of the topography of ERP amplitude between the two groups. Based on the 

cross-sectional studies in the previous chapter, the spatial characterisation of activations were 

restrained w ith spatial masks: to  a large parietal area for the P3b tasks (as reported in the 

cross-sectional P3b ERP study), and to an area covering a large area from frontal to parietal 

(excluding temporal areas) for the P3a tasks (as reported in the cross-sectional P3a ERP study). 

Employing spatial masks is more appropriate for testing specific hypotheses based on previous 

research as opposed to  exploratory data analysis. Use of spatial masks reduces the number of 

statistical comparisons, and therefore the Type I error rate.

5.1.3. Results

The mean percentage of retained epochs of all the P3 ERP tasks at Month 0 was 91.45% and 

84.69% for the control and MS groups, respectively. At Month 12, the mean percentage of 

retained epochs of all the P3 ERP tasks was 92.92% and 87.09% for the control and MS groups, 

respectively. The MS patients and controls did not differ in age (p < 0.05). EDSS score did not 

change significantly over 12-month period (p < 0.05). HRSD-21 score had not changed in either 

group over 12-month period but there was a group effect as MS patients had a higher score 

than the controls at both time points (p > 0.05). MS patients had lower level of education than 

controls (p > 0.05) and therefore the PASAT 12-month difference score was controlled for 

education level in the SPM analyses. A repeated measures ANOVA was conducted on PASAT 

and reaction time data. There was a group effect for the PASAT score as MS patients 

performed worse in both time points (F[l,37] = 4.22, p = 0.047). At a group level, there was no 

significant difference in the PASAT score between Month 0 and Month 12 in either MS patients 

or controls. RRMS and SPMS patients did not differ in the PASAT 12-month difference score, or 

in the PASAT performance in Month 0 or in Month 12 (p < .05). PASAT score did not correlate 

with EDSS or HRSD-21 scores at either Month 0 or Month 12 (p < 0.05). There were no 

statistically significant reaction time differences between the two groups for either visual or 

auditory modalities (p<0.05), but there was a significant time effect in the visual P3b as both
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the controls and MS patients had longer reaction times at M onth 12 (F [l,41 ] = 6.12, p = 

0.018).

5.1.3.1 . Long itud ina l com parison  o f P3 ERR am p litu d es

When the 12-month difference images were compared between MS patients and controls, MS 

patients had greater reduction in amplitude than the controls at a large centro-parieta l area 

242-441ms in the visual P3b task, and over a more restricted parietal area 556-598 ms in the 

visual P3a task (Figure 5.1). Paired t-tests o f the MS patients revealed reduced amplitudes at 

M onth 12 compared to  Month 0 in visual P3b, auditory P3b and auditory P3a over the centro- 

parietal area (Figure 5.2). For the controls, the amplitudes were observed to  be reduced in 

auditory P3a task at M onth 12 over frontal area 243-286 ms and in visual P3a task over central 

area at 266-306 ms and 368-446 ms (Figure 5.3). Analyses o f the MS subtypes revealed also 

number o f longitudinal amplitude changes. Paired t-tests o f the RRMS patients revealed 

reduced amplitudes at M onth 12 compared to  Month 0 in visual and aud itory P3a over central 

region, and in visual P3b over centro-parietal area. The SPMS patients had reduced amplitudes 

at Month 12 relative to  M onth 0 in visual P3a and auditory P3b over centro-parietal areas.
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Figure 5.1. MS patients have significantly (p < 0.005) greater decrease in am plitude over 12- 
month period compared to controls in visual P3b and PSa (i.e. time  x group interaction).
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Figure 5.2. MS patients have significantly (p < 0.005) decreased amplitudes a t Month 12 
compared to Month 0 in visual P3b, auditory P3b and auditory P3a.
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Figure 5.3. Controls have significantly (p < 0.005) decreased amplitudes a t Month 12 compared 
to M onth 0 in visual and auditory P3a ERPs.
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5 .1 .3 .2 . Longitudinal com parison o f P3 ERP latencies

MS patients showed significantly delayed latencies in auditory P3a over frontal area at Month  

12 in comparison to the baseline, while the latencies of controls did not change over the 12- 

month period (interaction effect f ( l ,3 8 )  = 6.94, p = .012). At central areas the MS patients had 

more delayed auditory PSa latencies relative to controls at both timepoints (F (l,39 ) = 4.70, p = 

.036). In visual P3a task, the MS patients displayed more prolonged latencies over frontal 

region compared to the controls at both years, but the latencies did not change in one year 

(F (l,39 ) = 6.85, p -  .013). The P3b tasks did not show any statistically significant tim e or group 

effects, however there was a strong trend for MS patients to have more delayed visual P3b 

latencies at Month 12 relative to Month 0 over central region, while the controls had no 

change in their latencies (interaction effect; f ( l ,4 0 )  = 3.46, p = .070). Paired t-tests of the MS 

patients showed delayed latencies at Month 12 compared to Month 0 in auditory P3a over
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frontal ROI (p < .05) and there was a strong trend for latencies to be prolonged at M o n th l2  in 

visual P3b condition over central sites (p = .059). The latencies of the controls did not differ 

between the two time points. Grand averaged waveforms of the responses to visual and 

auditory P3b (Pz) and P3a (FCz) for Month 0 versus M onth 12 in MS patients and controls are 

displayed in Figure 5.4.

Table 5.3. The latencies (ms) a t frontal, central and parietal ROIsfor MS patients and controls 
a t M onth 0 and Month 12.

MS (N =--27) C(N = 17)

Month 0 Month 12 Month 0 Month 12

Statistical effect a a a a

Visual P3b 
central

401.77 135.77 449.45 99.37 425.18 74.85 408.41 78.35

Visual P3b 
parietal

347.35 97.13 389.88 76.10 373.28 46.38 374.17 72.86

Auditory P3b 
central

395.48 139.10 423.54 115.69 347.68 76.46 372.33 111.22

Auditory P3b 
parietal

398.74 72.95 384.70 73.34 353.25 63.15 367.34 55.48

Visual P3a frontal MS > C 368.05 69.42 363.97 88.78 326.96 58.65 309.27 43.51

Visual PSa 
central

400.79 77.49 406.44 101.39 396.41 40.05 382.47 41.00

Auditory P3a 
frontal

MS mol2 > moO 
& C mol2 = moO

283.34 42.11 323.31 48.06 278.09 48.20 282.08 37.04

Auditory P3a 
central

MS>C 285.57 40.94 289.67 42.00 266.03 43.23 262.15 24.13

Note. ^ = mean, o  = standard deviation, M  = median, IQR = inter-quartile range, C = controls, 
moO = Month 0, m o l2  = Month 12
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Figure 5.4. Grand averaged waveforms o f the responses to visual and auditory P3b (Pz) and  
P3a (FCz) fo r  Month 0 versus Month 12 in MS patients and controls.
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5.1.3.3 . Correlation betw een the 12-m onth change in PASAT score and the 12-m onth  

change in P3 ERP amplitudes and latencies

SPM8, a statistical method fo r examining differences in EEG activity, was used to  examine scalp 

areas and tim e periods in which the amplitude o f 12-month ERP difference was significantly 

correlated w ith  the 12-month PASAT difference score. The correlations (Pearson's r) are 

reported between the voxel o f maximum intensity and the 12-month PASAT difference score. 

For all subjects, the tw o  difference estimates were correlated in both auditory and visual PBa 

tasks (r = 0.48, p = 0.003 and r = 0.56, p < 0.001, respectively), but not in auditory and visual 

P3b tasks (Figures 5.1. and 5.2). The correlations were apparent although at a group level the 

PASAT score had not significantly changed over the 12-month period. The change in the PASAT 

score was variable in individual subjects w ith  some subjects' PASAT score increasing, some 

remaining sim ilar and some reducing (standard deviation 9.57% in MS and 9.36% in controls). 

Therefore, the change in the PASAT score for individual subjects was paralleled by the 

individual changes in PBa ERP amplitudes. There was a significant correlation between the 

voxel o f maximum intensity and the PASAT score at M onth 0 fo r both auditory and visual P3a 

ERPs {r = 0.56, p < 0.001 and r = 0.71, p < 0.001, respectively), and at M o n th l2  fo r auditory 

and visual P3a ERP/PASAT correlation in MS patients (r = 0.63, p < 0.05 and r  = 0.61, p < 0.05, 

respectively). In controls, the SPM fo r the correlation at M o n th l2  displayed a trend towards 

statistical significance (p < .005). The PASAT results fo r controls at M o n th l2  were less variable 

than Month 0, and the average score was higher. Therefore, the results from  the control group 

alone at M onth 12 did not have enough variab ility fo r an accurate correlation. The latencies of 

12-month ERP differences did not correlate w ith  the 12-month PASAT difference scores. 

Descriptive statistics of PASAT 12-month difference scores fo r these tw o  groups are presented 

in Supplemental Table 1.
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Figure 5.5. Significant correlation (p < 0.005) between the 12-month amplitude changes o f P3 
event-related potentials and the 12-month change in PASAT with both MS patients and 
controls.
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Note. The correlation (Pearson's r) between the voxel of maximum intensity and the 12-month 
PASAT difference score is also displayed.
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Figure 5.6. Significant correlation (Pearson's r) between the voxel o f  maximum intensity and 
the 12-month PASAT difference score w ith both MS patients and controls.
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Table 5.4. The 12-month PASAT difference score in MS patients receiving disease-modifying 
medication and in MS patients w ithou t MS medication at MonthO and Month 12.

Medication for MS No medication for MS

Month 0 Month 12 Month 0 Month 12
(N=19) (N=19) (N=6) (N=5)

H a ^ a H a

12-month PASAT difference score -2.65 9.43 -3.11 8.41 1.94 10.63 3.67 13.51

Note. Both tim e points reported as one patient stopped and another patient began tai<ing 
medication fo r MS during the 12-month period, lu = mean, o = standard deviation.

5.1.4. Discussion

5.1.4.1 . The resu lts  o f th e  study

The present study employed a high-density EEG array across both visual and auditory 

modalities w/ith MS patients and controls over 12-month period. The present study revealed 

the 12-month difference am plitude to  be statistically significantly greater for MS patients 

compared to  healthy age-matched controls (i.e. a significant tim e x group interaction), and the 

effect was best demonstrated w ith  visual P3b am plitude over a large centro-parietal region 

(see Figure 5.1.). As hypothesized, the MS patients had also more delayed auditory P3a 

latency over frontal area at Month 12 relative to  M onth 0, while the controls did not have 

change in the ir latencies. The decrease in amplitudes over 12-month period was greater in MS 

patients, relative to controls, over parietal area fo r visual P3a amplitude. The MS patients had 

more delayed auditory and visual P3a latencies over fronto-centra l area relative to  controls at 

both tim epoints, but these latencies did not change in one year. The amplitudes o f the visual 

P3b, auditory P3b and auditory P3a were reduced in MS patients over the centro-parietal area 

and the latencies of auditory P3a over frontal region were prolonged after 12 month period.
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Similarly, the visual P3b latencies over central area were prolonged at M onth 12 for MS 

patients but the comparison narrow ly failed to  reach significance (p = .059). When MS subtype 

groups were examined separately, the visual and auditory P3a, and visual P3b, amplitudes 

were reduced after 12-month period in RRMS. The SPMS patients showed reduced amplitudes 

at Month 12 in visual P3a and auditory P3b.

Visual P3a amplitudes were not significantly d ifferent in MS patients from  M onth 0 to Month 

12. This may be due to  the fact tha t visual P3a is a more d ifficu lt task compared to  the P3b ERP 

tasks as reported in previous studies (Polich, 2007). Therefore, the amplitudes at Month 0 may 

already be at such a low level tha t a fu rthe r decrease was d ifficu lt to  measure at Month 12. 

More d ifficu lt standard/target discrim inations are reflected in later P3 onset (Comerchero & 

Polich, 1998; Kok, 2001; Polich, 2007). Greater standard/target d iscrim ination d ifficu lty in the 

visual P3a task -  in comparison to  the visual P3b task -  resulted in longer P3a onset. Therefore 

significant differences were later fo r visual P3a versus visual P3b. It is also possible that the 

inclusion of both RRMS and SPMS subgroups into the larger MS group may have affected the 

results by increasing variab ility of the P3a onset (thus reducing the statistical power), as when 

including these subgroups separately to the analyses they manifested w ith  longitudinal 

am plitude changes in various P3 ERP conditions, including the visual P3a. In controls, there 

were no change in the latencies w ith in  the tim efram e but the amplitudes o f P3a ERP tasks at 

M onth 12 were reduced compared to  M onth 0 over frontal and central areas, thus 

emphasizing the need fo r control groups in longitudinal studies. The visual P3a amplitude 

reduced over 12-month period in controls, but not in MS group, which may be due to  the task 

difficultness affecting the P3a latency onset, and/or the smaller variability o f P3a latency onset 

w ith in  the group, as described earlie r

In the present study the 12-month difference in the PASAT score correlated statistically 

significantly w ith  the 12-month difference in amplitude of visual PBa over the parietal area, 

which was consistent topographically w ith  the previous cross-sectional P3a ERP study of the 

previous chapter showing the visual P3a am plitude to  be correlated w ith  the PASAT scores. A 

sim ilar correlation was observed w ith  the 12-month difference in am plitude of auditory P3a. 

These correlations were over parietal areas, which is consistent w ith  the centro-parietal scalp 

d istribution o f the no-go P3a reported in previous literature (Katayama, & Polich, 1998), 

eventhough the activations related to the no-go P3a are observed more commonly over 

central scalp regions (Polich, 2007). The correlations were evident even though the PASAT 

score -  at the group level -  had not significantly changed over the 12-month period. The 

change in the PASAT score was variable across subjects, w ith  some subjects' PASAT score
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increasing, some remaining sim ilar and some reducing (standard deviation 9.57% in MS and 

9.36% in controls). The finding tha t cognitive function changes over tim e in MS may be 

reflective of the disease course variability. Therefore, it is interesting tha t P3 ERR amplitudes 

reflect changes in cognitive function measured by the PASAT score.

5 .1.4.2 . C om parison to  p revious studies

It is essential to  recognise Cl as early as possible and to  m onitor its course frequently. The 

evolution o f Cl in MS has not been entirely explained so far but a general trend appears to be 

tha t cognitive im pairm ent in MS occurs more slowly and less consistently in MS than in other 

degenerative conditions such as Alzheimer's disease (Amato, et al., 2006). In the present study 

the potential u tility  o f cognitive-indexing electrophysiological measures to  m on itor the 

progression o f cognitive dysfunction by measuring the brain functions related to Cl in MS were 

examined.

Differences in P3 ERP amplitudes were observed over the 12-month period in the present 

study. Only one previous longitudinal P3 ERP study (Flechter, et al., 2007) reported change in 

P3b component a fter one year whereas the rest o f the studies (Gerschiager, et al., 2000a; 

Pliskin, et al., 1996; Pokryszko-Dragan, et al., 2009) did not. The results o f previous studies 

may be confounded by the variety o f ways that latency and am plitude were measured. A high- 

density EEG array covers the entire scalp area and therefore it is possible to  generate statistical 

parametric maps depicting activations across tim e and the whole scalp area. Previous studies 

have suggested a modality-specific am plitude reduction in MS (De Sonneville, et al., 2002). In 

the present study, visual m odality appeared to  be more sensitive to  changes in the amplitudes 

o f P3 ERPs as greater decrease was evident in MS patients, relative to  controls, over 12-month 

period. Similar d istinction between the modalities was apparent in Chapter 4 concentrating on 

the cross-sectional differences, which may be due to  the differences between visual and 

auditory processing pathways. There may be more demyelination in visual processing areas 

and/or visual tracts, which are longer than auditory tracts. The superiority o f visual condition 

in detecting Cl-related changes in P3 ERPs can explain in part why most of the previous 

longitudinal P3 ERP studies (except fo r Pliskin, et al., 1996), which employed only auditory P3 

paradigm, failed to  find any changes. Nevertheless, latency differences were more prom inent 

in the auditory condition. The latencies and sequence o f ERP waves are related to  the tim e 

course o f processing activity, whereas the amplitudes o f ERP waves indicate the am ount of 

synchronized neurons and neural resources participating into specific cognitive processes 

(Polich & Herbst, 2000). Therefore, the deficits in the tim e  course are mostly pronounced in
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auditory m odality in MS, and dysfunctions in the neuronal level are best reflected in visual 

m odality as a reduction o f the amplitudes.

This study is the firs t longitudinal P3 ERP study, to my knowledge, to  focus solely on the 

changes in P3 ERPs related to  Cl in MS, and not to  concentrate on the effect of disease 

modifying therapies (DMTs) on cognitive performance. The present study comprised of a more 

comprehensive patient group -  including SPMS patients -  who have not been part o f the 

previously reported longitudinal PS ERP studies (e.g. Flechter, et al., 2007). However, the 

results o f the present study may be influenced by the d ifferent medications the patients were 

receiving. The DMTs alter the cerebral demyelinating process, which may in turn be associated 

w ith  slower decline o f cognitive functions (Bobholz & Rao, 2003). On the o ther hand, this link 

has not been established firm ly, and the mix of MS patients w ith  d ifferent treatm ents has the 

advantage o f giving a more comprehensive overview of the process o f Cl in MS. Moreover, the 

utilisation o f P3 ERPs in detecting and m onitoring the  brain functions related to cognitive 

im pairm ent in MS in clinical practice would inherit the same issue, and if the differences are 

observable even in a study group using d ifferent types o f DMTs, it supports the potential usage 

o f P3 ERPs in clinics. In the present study it was not possible to  compare the patients receiving 

DMTs to  those w ithou t medication as the number of patients w ithou t medication fo r MS was 

too  low (N=6). Increasing brain lesion load and brain atrophy are correlated w ith  the 

progression of Cl in MS (Amato, et al., 2006). Furthermore, the whole brain atrophy seems to 

be a good predictor o f fu ture cognitive and m emory decline in early MS (W hitwell, 2008). The 

relationship between lesions, and neuropsychological and neurophysiological cognitive 

function is imprecisely defined in MS (Lazeron, et al., 2005), which is especially true 

concerning progression o f the Cl in MS.

One o f the main objectives o f the present study was to  investigate the relationship between 

PASAT and P3 ERPs longitudinally in MS, which to  my knowledge, has not been done before. 

The 12-month PASAT difference score was found to  correlate most w ith  both visual and 

auditory P3a ERP 12-month amplitude difference. A relationship between PASAT and P3b and 

P3a ERPs was established in the previos cross-sectional studies o f Chapter 4, but they included 

larger number o f subjects (N=54 and N=74, respectively). Nevertheless, the additional 

statistical power o f the w ithin-subject design in the present study made it possible to  observe 

statistically significant PASAT/P3 ERP correlations fo r the w ith in-subject change scores. There 

were some differences between the modalities as there was greater variab ility in auditory P3a 

amplitude. Although the visual P3a variability was less than the auditory P3a, perhaps 

reflecting the d ifficu lty  o f the visual P3a task, there was a sufficient change between Month 0 

and M onth 12 fo r a statistically significant correlation. To be more specific, the d ifficu lty
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between the modalities is a function of perceptual distinctiveness of the standard/target 

discrim ination, and not related to  modality per se. Thus, the distinctiveness of the stimulus 

and the context (standard/target discrim ination) contributes to  P3a am plitude for the most 

part, and the m odality o f the stimuli is less influential (Polich, 1987). Therefore the visual P3a 

task presented was more d ifficu lt due to  the stimulus properties (i.e. the standard/target 

discrim ination was more d ifficu lt fo r visual compared to  auditory stimuli). Nonetheless, there 

was a change for some subjects in visual PSa amplitude over the 12-month period (see Figure 

5.6.), and this change was sufficient for a statistically significant correlation.

The encouraging findings o f this study revealed the deterioration o f P3 ERP activations in MS 

over the 12-month period, which motivated the next study in the chapter. The fo llow ing study 

encompasses a th ird  tim e point. Month 24, which was included to  investigate if the 

longitudinal changes discovered over 12-month period reflect the gradual degradation of brain 

and cognitive function in MS, or a lternatively if the findings merely portray fluctuations sim ilar 

to  the range o f healthy controls.

Key points:

•  MS patients have greater amplitude decrease in visual P3b and P3a tasks, and 

in auditory P3a condition, in 12 months relative to controls

•  Visual P3b, auditory P3b and auditory P3a amplitudes had significantly 

decreased and auditory P3a latency prolonged in MS patients after 12-month 

period

•  The change in visual and auditory P3a ERP activations correlated significantly 

w ith  the change in the PASAT score

•  Visual m odality is more sensitive to changes in P3 ERP amplitudes over 12- 

month period

•  Auditory m odality is more sensitive to  changes in P3 ERP latencies over 12- 

month period

• The P3 ERPs may have utility, in parallel w ith  neuropsychological tests, in 

monitoring the course of subtle changes in cognitive function in MS
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5.2. Longitudinal analysis of P3b and P3a ERPs in multiple 

sclerosis over 24-m onths

5.2.1. Introduction

The results from  the first tw o years o f P3 ERP data recorded from  the MS patients were 

presented in the firs t study o f this chapter. The same procedure was repeated at a th ird  

tim epo in t (M onth  24). Due to  the data collection constraints (e.g. subject recruitm ent and the 

tim e required to  collect, pre-process and analyse P3 EEG data), the longitudinal analysis was 

conducted in tw o  parts: the first study compared M onth 0 and Month 12, the second study 

Months 0, 12, and 24. The firs t analysis o f the 12-month period was also anticipated to  give 

indication If aspects of study procedure had to be altered. For instance, the control group was 

included in the Month 24 study procedure due to  the statistically significant amplitude 

changes over the first 12-month period in this group. Therefore, this study examines Research 

Question 5 as presented in the section 2.7. Thesis objectives included in Chapter 2-Literature 

Review. In specific, it investigated if the P3 ERP activations change over 24-month period in 

MS, and if this change is greater compared to  healthy controls. Also, it studied if the change in 

the P3 ERP activations correlate w ith  the change in the PASAT score.

As depicted in Chapter 2-Literature Review and earlier in this chapter, none o f the longitudinal 

P3 ERP studies w ith  MS patients extended over a 2-year tim efram e. Nevertheless, the 

neuropsychological longitudinal studies o f cognitive functions in MS found deficits in attention 

and short-term  spatial memory after 10 year period (Amato, et al., 1995; Amato, et al., 2001), 

in learning a fter 4 years (Jennekens-Schinkel, et al., 1990), and in the speed o f inform ation 

processing a fter 3 years (Denney, et al., 2008; Huijbregts, et al., 2006). The previous study in 

this chapter revealed visual P3b and P3a amplitudes and auditory P3a am plitude to  show 

greater decrease in 12 months in MS patients relative to  controls. In MS patient group, visual 

P3b, auditory P3b and auditory P3a amplitudes had significantly decreased and auditory P3a 

latency prolonged after 12-month period. Furthermore, the change in visual and auditory P3a 

ERP correlated significantly w ith  the change in the PASAT score. Interestingly, visual modality 

appeared to  be more sensitive to changes in P3 ERP amplitudes over 12-month period, and 

auditory m odality to changes in P3 ERP latencies over 12-month period. Therefore it was 

hypothesized tha t the longitudinal P3b ERP changes found over 12-months in the earlier study 

o f this chapter would also be found in the analysis o f data spanning over 24-month period. In 

o ther words, based on the previous research and the previous 12-month study, it was
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hypothesized that MS patients would show a gradual reduction of P3 ERR amplitudes and a 

prolongation of P3 ERP latencies over the 24-m onth period, and a gradual decline of the PASAT 

performance, which would be greater to the healthy controls. Furthermore, the 24-m onth  

change in P3 ERP activations were hypothesized to correlate with the 24-m onth changes in the 

PASAT score.

5.2.2. Methods

5 .2 .2 .1 . Subjects, procedure and data analysis

24 patients (mean age 43 years atM onth 0) and 20 age-matched healthy volunteers (mean age 

43 years atM onth 0). Table 5.2.1. displays the demographic data of the subjects at Month 0, 

Month 12 and Month 24. To the best of my knowledge, the MS patients did not take part in 

any other studies including the PASAT, or otherwise perform the PASAT, during the 24-month  

period.
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Table 5.2.1. Demographic and behavioural data o f subjects.

MS(N = 24) RRMS(N=13) SPMS(N=11) Control (N = 20)

M onth 0 M onth 12 M onth 24 M onth 0 M onth 12 M onth 24 M onth 0 M onth 12 M onth 24 M onth 0 M onth 12 M onth 24
M ale/fem ale 1 2 /1 2 5 / 8 7 / 4 9 /1 1

IJ a /J a a It a ti a li a a a a H a a li a
Age 43.24 11.54 44.46 11.64 44.92 11.99 36.19 8.77 37.22 8.75 38.27 9.11 51.57 8.54 53.87 7.4 54.9 8.37 43.23 11.1 44.36 11 39.79 30.38
PASAT % 74.64 21.02 75.99 21.68 70.8 27.48 78.75 19.59 84.17 19.89 80.51 22,08 70.15 22.53 66.17 20.41 58.17 29.7 83.98 14,32 88.8 8.44 89.75 9.6
PASAT Z -0.21 0.99 0.09 1.26 0.06 1.27 -0.16 1.21 0.32 1.49 0.3 1,46 -0.26 0.69 -0.21 0.87 -0.24 0.98 -0.23 2.01 0.1 1.38 0.21 1.35
Auditory P3b 
RT (<800 ms)

364,44 70.41 474.41 231.65 368.41 57.89 368.8 79.73 424.31 120.33 358.12 43.38 359.69 62.19 362.13 63.96 380.76 72.18 354.06 64.26 397.22 71.15 362.79 51.54

Visual P3b 
RT (<800 ms)

368.39 74.23 460.12 199.84 414.49 62.74 345.3 60.84 428.14 115.9 404.16 67.3 395.68 81.96 384.32 87.75 425.87 58.65 355.62 33.03 388.27 55.73 383.15 59.47

M IQR M IQR M IQR M IQR M IQR M IQR M IQR M IQR M IQR M IQR M IQR M IQR

EDSS 2.25 3.88 2 4.5 3 4.5 2 1 1.5 2 1.5 1.5 5.05 3.5 6.25 2.38 6 2.5 N/A N/A N/A N/A N/A N/A

HRSD 3.5 6.25 5 9.25 8.5 8.75 3.25 5 5 9.5 8 13 4.5 10.75 5.5 9.25 10 4.75 2 6 3.5 3.25 3 5

Interferon 3- 
la

7 5 4 4 3 2 3 2 2 N/A N/A N/A N/A N/A N/A

Interferon P- 
Ib

7 6 6 3 2 2 4 4 4 N/A N/A N/A N/A N/A N/A

Natallzumab 5 7 6 5 7 6 0 0 0 N/A N/A N/A N/A N/A N/A

Fingolimod 1 1 1 1 1 1 0 0 0 N/A N/A N/A N/A N/A N/A

No current 
treatm ent

4 S 7 0 0 2 4 5 4 N/A N/A N/A N/A N/A N/A

Note, lu = mean, a  = standard deviation, M  = median, IQR = interquartile range, RRMS = relapsing-remitting MS patients, SPMS = secondary-progressive MS 
patients, PASAT % = raw score of the Paced Auditory Serial Addition Test, PASAT Z= demographically corrected Z score of the Paced Auditory Serial Addition Test, RT 
= reaction tim e, EDSS = the Expanded Disability Status Scale, HRSD = the 21-item  Hamilton depression rating scale.



The procedure was identical to  the one in the previous 12-month study in the chapter and it 

was also described In Chapter 3-General Methods. The same procedure was repeated also at 

M onth 24.

The data analysis procedures are described in detail in Chapter 3-General Methods, and only 

the parts o f data analysis not included in the chapter are described here. Preliminary data 

processing employed the EEGLAB toolbox (Delorme & Makeig, 2004) in conjunction w ith  the 

FASTER software tool (Fully Automated Statistical Thresholding fo r EEG artefact Rejection; 

Nolan, et al., 2010). The EEG data were bandpass filte red between 1 and 95 Hz, notch 

frequencies set to  50 and 60 Hz (the m onitor refresh rate), average referenced across all scalp 

electrodes (appropriate when using a high-density EEG array), epoched from  500 ms pre­

stimulus to  1000 ms post-stimulus and baseline corrected from  200 ms pre-baseline). The 

FASTER toolbox removed epochs w ith large artefacts (e.g., muscle tw itch) and interpolated 

channels w ith  poor signal quality. FASTER (Nolan, et a!., 2010) also automatically identified 

artefactual (i.e., non-neural) ICs and removed them from  the EEG data (note: the standard z = 

3 threshold fo r 1C rejection was lowered to  z = 2 fo r the EOG channels).

The data analysis included the extraction of the latencies and amplitudes from  the three 

regions of interest (ROIs). The ROIs were generated by using composite mean amplitude 

measures (i.e., the mean value o f the electrodes in the ROI). The electrodes used in each ROI 

are in Table 2 (electrode sites are labelled according to the 10-5  system). The peak o f the P3a 

was found by fitting  a parametric function to  the ERR in the ROI using a Gaussian profile  and 

determ ining the delay at the peak am plitude (Gerson, et al., 2005) between 200-500 ms fo r 

the P3a and between 250-600 ms fo r the P3b task. For m ajority of the subjects the P3 ERP 

components were abnormal or not distinguishable P3b peaks fo r frontal ROI, therefore only 

P3b latencies and amplitudes extracted from  central and parietal ROI o f P3b were utilised in 

the statistical analyses.

The regression-based normative PASAT Z scores were calculated as described in detail in 

Chapter 3-General Methods.
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Table 5.2.2. A list o f  locations fo r  the Regions o f Interest.

Region Electrode locations

Frontal F2',F2,AF2',AFz, AFz', Fz, Fz', F1,F1',AF1'

Central Cz, Cz', CPz, CCP2h, FCC2h, FC2', FCz, FCClh, FCl', CCPlh

Parietal CPz', CPPlh, P I, PP03h, P 03h , Pz, Pz', POz, CPP2h, P2, PP04h, P04h

5.2.3. Results

Age was significantly correlated only w ith  auditory P3b latencies over central areas at Month 

24. When only MS patients were included in the sample, age was only correlated w ith  auditory 

P3b latencies over parietal region at M onth 12. The EDSS scores of the MS patients did not 

change significantly over the 24-month period (p > .05), but the SPMS patients had higher 

EDSS scores and therefore more physical disability in comparison to the RRMS patients at each 

tim epo in t (p < .05). The MS group had significantly higher HRSD scores over the 24-month 

period at each session relative to  the controls (p < .01), and the scores o f the MS patients 

increased over tim e, whereas the scores o f the controls remained roughly the same (time 

effect, p < .05). Closer examination revealed the SPMS patients to  have high, but relatively 

stable HRSD scores, whereas the scores o f the RRMS patients increased each session in 

comparison to the previous one in (time, group and interaction effects, p < .05).

The decrease o f PASAT Z scores corrected fo r the effects of age, sex and gender (as described 

in detail in Parmenter, et al., 2010) was correlated w ith  increase of visual P3b amplitudes over 

central locations at M onth 12 (r = -.43, p < .05) in a sample including both MS patients and the 

controls. The decrease in raw, uncorrected PASAT scores was associated w ith  increased 

auditory P3b amplitudes over parietal areas at M onth 0 (r = -.40, p < .05) and w ith  delayed 

auditory P3b latencies over parietal region at M onth 12 (r = -.47, p < .01). W ith only MS 

patients included, the decreased raw PASAT scores were related to  increase in the auditory 

P3b amplitudes over parietal areas at M onth 0 (r = -.64, p < .01), w ith  increase in the visual 

P3b amplitudes and delayed auditory P3b latencies over parietal areas at M onth 12 (r = -.63, p 

< .01 and r = -.57, p < .05, respectively).

The repeated measures ANOVA showed the MS patients to  have low er raw PASAT scores 

consistently over the 24-month period (F(l,34) = 5.26, p < .05), but the PASAT performance in 

e ither group did not change significantly over time. The demographically corrected PASAT Z
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scores failed to  show any significant effects. Longitudinal comparison o f the raw PASAT scores 

o f RRMS, SPMS and controls revealed an tim e  x group interaction effect (f(4 , 66) = 3.79, p < 

.01) and a group effect ( f( l,3 3 )  = 8.53, p = .001) w ith  SPMS patient having lower PASAT scores 

in all tim e points. However, the demographically corrected PASAT Z scores did not display any 

statistically significant effects.

The results of the repeated measures ANOVA are depicted in Tables 5.2.3 and 5.2.4. Most 

differences over the 24-month period occurred in the P3b latencies o f visual modality. The 

tim e X group interaction effects observed showed the visual P3b latencies over parietal areas 

and auditory P3b latencies at central areas o f MS patients to  prolong over the 24-month 

period while the latencies o f controls appeared to  shorten, however, no group or tim e effects 

were present. Auditory P3b amplitudes at central scalp locations were reduced at M onth 12 

and Month 24 compared to  M onth 0 in MS patients, while the amplitudes o f controls showed 

increase, nevertheless no statistically significant tim e effect was found, but there was a trend 

(p = .067) fo r the groups to  d iffer significantly. The visual P3b latencies over central and 

parietal regions showed sim ilar interaction effects when RRMS, SPMS and controls were 

compared, but no group or tim e effects were observed. Time and interaction effects (but no 

significant group differences) were observed w ith  the auditory P3b latencies at central scalp 

region; the SPMS displayed increased latencies at each tim epo in t and RRMS patients at the 

tw o  fotlow-up sessions in comparison to  the baseline, while  the latencies of the controls 

reduced over tim e at each session. Furthermore, the auditory P3b amplitudes at parietal scalp 

locations displayed a significant tim e effect, as the amplitudes reduced a fte r baseline session 

in each o f the subgroups.

When only the MS patients were included in the longitudinal analysis, the visual P3b latencies 

over parietal areas were prolonged statistically significantly each year. Also the auditory P3b 

latencies at central region increased after the baseline but remained stable thereafter.
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laole 5.2.3. The repeated measures ANOVA results fo r MS patients and controls.

Component ......... .......MS(/j, a) C (^, a)
MoO M ol2 Mo24 MoO M ol2 Mo24

Latency:
Visual -  Central (16MS, 12C) 
Visual -  Parietal (19MS, 17C) 
Auditory -  Central (13MS, IOC) 
Auditory -  Parietal (16MS,16C) 
Amplitude:
Visual -  Central (16MS, 12C) 
Visual -  Parietal (19MS, 17C) 
Auditory -  Central (13MS, IOC) 
Auditory -  Parietal (16MS, 16C)

Group effect; MS > C f ( l ,  26)=4.07, p=.054 411.01,116.19 433.56, 68.35 470.44, 90.97 400.07, 53.31 
Interaction F{2, 68)=6.94, p=.002 360.47, 70.05 384.95, 81.41 427.28, 114.78 390.31, 57.32 
Interaction F(2,  42)=6.80, p=.003 306.34, 82.49 376.21, 80.33 377.19, 81.43 344.86, 98.96

390.23, 65.85 390.68, 73.13 394.45, 54.76 393.54, 54.90

1.63,1.33 1.14,1.14 1.12,0.57 1.85,1.03 
3.14,1.37 2.63,1.41 2.18,1.09 3.33,1.78 

Interaction f(2, 42)=3.15, p=.053 2.42, 2.01 1.35,0.84 1.45,0.93 2.03,1.63
2.96, 1.97 2.51,1.38 1.92,1.04 3.11,1.29

394.95,91.84 384.11, 74.86 
354.51, 52.81 339.37, 52.99 
329.59, 52.30 307.81, 40.05 
373.32, 53.68 365.33, 45.29

1.94,1.19 1.67,1.12 
3.65, 2.01 3.06,1.35 
2.52, 2.20 2.64, 1.85 
2.89, 1.25 2.58, 1.31

Note. Post-hoc Tukey tests utilised, C= controls,  ̂ indicates a trend in results, significance of p < 0.1, * indicates significance of p < 0.05, * *  indicates significance of p 
< 0.01, * * *  indicates significance of p < 0.001



Table 5.2.4. The repeated measures ANOVA o f visual and auditory P3b latency and amplitude fo r RR patients, SP patients and controls.

Component RRMS(n, a) SPMS(n, o) C (p, o)
nCfJCULCU (flCU^UfCO MIMWV/S

MoO M ol2 Mo24 MoO M ol2 Mo24 MoO M ol2 Mo24
Latency:

Visual -  Central Interaction F(4,50)=2.52, p=.053
389.80,
135.05

409.69,
51.95

499.01,
86.12

438.27,
88.85

464.25,
78.28

433.71,
89.45

400.07,
53.31

394.95,
91.84

384.11,
74.86

Visual -  Parietal Interaction F(4, 66)=5.63, p=.001
374.41,
77.77

364.59,
64.93

447.66,
130.99

336.59,
50.77

419.84,
99.51

392.34,
76.25

390.31,
57.32

354.51,
52.81

339.37,
52.99

Auditory -  Central
Time effect; 
Interaction

F(2,40)=3.95, p=.049; 
F(4,40)=3.75, p=.029

310.22,
97.19

394.81,
95.08

372.57,
88.70

301.82,
70.36

354.50,
59.90

382.57,
80.04

344.86,
98.96

329.59,
52.30

307.81,
40.05

Auditory -  Parietal 376.45, 389.68, 365.53, 413.20, 392.33, 442.66, 393.54, 373.32, 365.33,
74.01 83.69 48.00 46.23 58.59 19.77 54.90 53.68 45.29

Amplitude:
Visual -  Central

(Group trend
p=.06)

1.51, 1.01 0.93, 1.15 1.20, 0.54 1.79, 1.73 1.41, 1.15 1.01, 0.64 1.85,1.03 1.94, 1.19 1.67, 1.12

Visual -  Parietal 2.87, 1.40 2.42, 1.50 1.74, 0.79 3.60, 1.27 2.98, 1.26 2.94, 1.17 3.33, 1.78 3.65, 2.01 3.06,1.35

Auditory -  Central 2.65,2.27 1.56, 0.97 1.84, 1.01 2.15, 1.83 1.11, 0.65 0.99, 0.61 2.03,1.63 2.52, 2.20 2.64,1.85
Auditory -  Parietal Time effect F(2, 58)=3.85, p=.027 2.39, 1.15 2.76,1.58 1.80, 1.13 3.92, 2.74 2.09, 0.96 2.11, 0.93 3.11,1.29 2.89, 1.25 2.58,1.31
Note. Post-hoc Tukey tests utilised, RRMS = reiapsing-remitting MS patients, SPMS = secondary-progressive MS patients, C = controls, MoO = Month 0, M o l2  = 
Month 12, M o24 = Month 24,  ̂ indicates a trend in results, significance of p < 0.1, * indicates significance of p < 0.05, * *  indicates significance of p < 0.01, * * *  
indicates significance of p < 0.001



5.2.4. Discussion

The present prelim inary study is the first to  investigate the P3b ERP activations in MS over a 

2 4 -m o n th  period. The findings o f th e  present study w ere  largely consistent w ith  the  

hypotheses. The results displayed various interaction effects; th e  visual P3b latencies over 

parietal areas and aud itory P3b latencies at central areas o f MS patients w ere  shown to  

prolong over th e  24 -m onth  period w hile  th e  P3b latencies of controls shortened. Auditory P3b 

am plitudes a t central scalp locations w ere  reduced at M o nth  12 and M o n th  24 com pared to  

M o n th  0  in M S patients, but not in controls. The visual P3b latencies over central and parietal 

regions showed sim ilar interaction effects w hen RRMS, SPMS and controls w ere com pared. 

How ever, no group or tim e  m ain effects w ere  present. Nonetheless, statistically significant 

longitudinal increase in visual P3b latencies over parietal areas and aud itory  P3b latencies at 

central areas w ere  shown, w hen the analysis was p erfo rm ed  w ith  th e  MS p atien t group. On 

th e  o th e r hand, the longitudinal subgroup analysis showed th e  aud itory P3b latencies at 

central scalp region to  change over tim e  (tim e effect): th e  SPMS displayed increased latencies 

a t each tim e p o in t and RRMS patients a t the tw o  fo llo w -u p  sessions in comparison to  the  

baseline, w h ile  th e  P3b latencies of th e  controls reduced over tim e  at each session. 

F urtherm o re , the aud itory P3b am plitudes at parieta l scalp locations displayed a significant 

tim e  effect, as th e  am plitudes reduced a fte r baseline session in each o f the subgroups.

The latency results o f th e  present study are com patib le  w ith  the earlier 12-m onth  period  

analysis, as both longitudinal studies showed visual and aud itory P3b latencies to  delay over 

tim e  in M S patients. The previous study also included P3a ERPs, which showed the greatest 

change over tim e  in MS patients. How ever, th e  previous 12 -m o n th  study observed P3b and 

P3a am plitudes to  change significantly in th e  visual m odality . In contrast, th e  present study 

observed the aud itory P3b am plitudes to  change the most. This difference may be due to the  

differences in analysis m ethods utilised. The g rea ter sensitivity o f visual m odality  in detecting  

th e  subtle changes in th e  brain and cognitive functions in MS can be suggested to  reflect the  

fact th a t th e  visual processing involves longer w h ite  tracts, which are m ore prone to  

d em yelination  and intervening lesions, effective ly causing m ore deficits in th e  visual modality.

O ver th e  12 -m o n th  period, RRMS and SPMS patients did not d iffe r in P3 ERPs, which also was 

th e  case in the present 24-m onth  study. How ever, th ere  was a w eak  trend  for the RRMS, SPMS 

and control groups to  d iffe r in auditory P3b latencies over parietal areas. Subsequent analysis 

com paring only the tw o  MS groups showed th e  SPMS patients to  have significantly delayed  

latencies over th e  24 -m o nth  period. This lack o f significant results may simply be due to  th e

212



very low  num ber of subjects in th e  RRMS and SPMS groups (N = 8 -1 0 ) reducing th e  statistical 

power. The study com paring tw o  progressive MS subtypes, SPMS and PPMS, also found  

aud ito ry  P3b task to  be sensitive in detecting th e  differences b etw een  MS groups, although  

th e  d ifference was present in the aud itory P3b am plitud e. The few  studies em ploying  

neuropsychological measures and com paring th e  M S subtypes reported  th e  progressive MS  

subtypes to  show a lack of im pro vem en t in visuo-spatial processing speed and w orking  

m em o ry (Huijbregts, e t al., 2006 ), and SPMS patients to d eterio ra te  m ore in visual in fo rm ation  

processing over a 8 year period (Bergendal, e t al., 2007). These neuropsychological 

im pairm ents are com patib le w ith  the P3 ERP results, as they both can be thought to  m easure  

sim ilar inform ation processing speed and basic w orking  m em ory processes. How ever, th e  

present P3b ERP results indicate differences to  be m ore p ro m in en t in th e  aud ito ry  m odality , 

w hereas th e  neuropsychological exam inations show th e  visual m odality  to  be m ore sensitive. 

It is likely, th a t the MS groups have sim ilar difficulties in perform ing th e  visual P3 tasks. 

Thereby, all MS groups perform  equally poorly and have less variation in the test m easures. In 

contrast, th e  aud itory P3 task was seen to  involve g rea ter variation b etw een  MS patients in 

th e  cross-sectional analyses in C hapter 4, and thus be able to  show statistically significant 

differences betw een  the groups.

The 12 -m onth  study also found th e  change in visual and aud itory P3a ERP correlated  

significantly w ith  th e  change in the PASAT score. In the present 24 -m o n th  study the decrease  

in th e  raw  PASAT scores was related to  increased aud itory P3b am plitudes over parietal areas  

a t M o nth  0, and to delayed aud itory P3b latencies over parietal region a t M o nth  12 in all 

subjects. In MS group, th e  decreased raw PASAT scores w ere related to  th e  increase in th e  

aud ito ry  P3b am plitudes over parietal areas a t M o n th  0, and to  th e  increase in the visual P3b 

am plitudes and delayed auditory P3b latencies over parieta l areas at M o n th  12. W ith  

dem ographically corrected PASAT Z scores, only th e  correlation w ith  visual P3b am plitudes  

over central locations a t M o n th  12 in a sample of all th e  subjects was found significant.

The MS patients, driven by the poor perform ance o f SPMS patients, had low er raw PASAT 

scores consistently over th e  24 -m o nth  period com pared to  the controls. No significant changes  

appeared  in any o f th e  groups over tim e . Taken to g e th e r w ith  th e  P3 ERP findings, it m ay be 

suggested th a t the P3 ERP changes in MS (particu larly in SPMS) may antic ipate the changes in 

th e  PASAT perform ance, although this proposition w ould  require fu rth er investigation. 

How ever, the d ifference b etw een  the groups disappeared w hen the PASAT scores w ere  age, 

sex and gender corrected. These results highlight th e  im portance o f dem ographic correction  

to  account for th e  effect o f age and education on neuropsychological test scores (P arm enter, 

e t al., 2010 ). The correction is central as typically th e  SPMS patients are o lder re lative to  th e
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RRMS patients and controls. This was also true fo r this study (at Month 0 RRMS mean age = 

36.19 years, SPMS = 52.96 years, controls = 44.01 years; F(2, 39) = 8.75, p = .001), and the 

controls often have higher level o f education (MS patients mean = 17.82 years, controls mean 

= 14.65 years; f(40) = -3.18, p < .01).

The advantages o f the present examination o f P3b ERP latencies and amplitudes encompass 

the inclusion o f 3 separate sessions w ith  yearly intervals, allowing more comprehensive 

m onitoring o f the P3 ERP responses over tim e, in comparison to  the previous study w ith  only 2 

sessions. This previous study showed tha t in some cases the P3b latencies may continue to 

increase, or stay approximately the same, or sometimes even decrease. Furthermore, the 

inclusion o f a control group th roughout the study avoided the m isinterpretation tha t the P3b 

changes observed in MS patients would be different from  the average P3 ERP changes 

occurring in healthy subjects over tim e, as there was only one statistically significant group 

effect (w ith visual P3b latencies over central areas). On the negative side, the statistical 

analysis may have suffered from  the lack o f sufficient subject numbers in each o f the groups 

thus reducing the statistical power, particularly when the RRMS, SPMS and control subgroups 

were compared (N=8-10).
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Key points:

•  MS patients have a gradual prolongation o f the visual P3b latencies over 

central areas over 24-month period, whereas latencies o f the controls do 

not change

•  MS patients, especially in SPMS patients, have a progressive delay o f the 

visual P3b latencies over parietal area and auditory P3b latencies over 

central region over 24-months compared to  the controls, whose latencies 

reduced during the same tim e period

•  Auditory P3b amplitudes reduced in each group at the tw o  fo llow -up 

sessions compared to  the baseline

•  The PASAT performance did not change over the 24-month period but the 

MS (particularly the SPMS patients) had low er raw PASAT scores at each 

tim epoin t in comparison to the controls

5.3. Conclusion

This chapter examined the longitudinal changes in the P3 ERP activations and in the PASAT 

performance over 12-month and 24-month period. The firs t study found MS patients to have a 

greater visual P3b and P3a, and auditory P3a, am plitude decrease in 12 months relative to the 

healthy controls. Furthermore, after 12 months the visual P3b, auditory P3b and auditory P3a 

amplitudes had significantly decreased and auditory P3a delayed. A gradual delay of the 

latencies was evident in MS patients over 24-month period in the visual and auditory P3b 

conditions. These longitudinal P3 ERP changes are apparent over the central and parietal scalp 

regions in both studies. No clear-cut tendencies o f differences were found between the 

subtypes. Furthermore, the change in visual and aud itory P3a ERP activities over centro- 

parietal areas were associated w ith  the change in the PASAT score over 12-month period. 

When just the PASAT scores at each tim e point (not the difference scores reflecting change) 

were studied, the MS patients (especially the SPMS patients) performed worse in the PASAT in 

comparison to  the healthy controls.

The results o f the first study in this chapter were published in a leading peer-reviewed Journal 

o f the Neurological Sciences:

Kiiski, H., Reilly, R. B., Lonergan, R., Kelly, S., O'Brien, M., Kinsella, K., Bramham, J., Burke, T., 

O'Donnchadha, S., Nolan, H., Hutchinson, M., Tubridy, N., & Whelan, R. (2011). Change in 

PASAT performance correlates w ith  change in P3 ERP am plitude over a 12-month period in 

m ultip le  sclerosis patients. Journal o f  the Neurological Sciences, 305(1-2), 45-52. (Section 5.1, 

Appendix 7)
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Although th e  relationship betw een  th e  neuropsychological test perform ance m easured w ith  

th e  PASAT and th e  P3 ERP activations w ere exam ined in this chapter, th e  next chapter will 

include a m ore com prehensive neuropsychological test battery, th e  M ACFIM S, w ith  MRI 

m easures o f lesion loads to  exam ine cross-sectionally the intriguing question o f how  the  

m ultim odal findings from  P3 ERP activations, M RI lesion load variables and 

neuropsychological perform ance are associated in measuring th e  cognitive function in MS 

patients.
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Chapter 6 - Multimodal approach to investigate 

cognitive function in multiple sclerosis: cross- 

sectional associations between the P3 ERPs, MRI 

and neuropsychological performance

The present chapter examines the Research Question 6 as stated in the section 2.7. Thesis 

objectives included in Chapter 2-Literature Review. The focus o f the chapter was to  investigate 

cross-sectionally if the findings acquired w ith  m ultim odal measures o f P3 ERPs, MRI (lesion 

load) and comprehensive neuropsychological battery MACFIMS are associated when assessing 

cognitive and brain function in MS. These measures were described in detail in Chapter 3- 

General Measures. Based on the previous research, it was hypothesized tha t the delayed P3 

ERP latencies and reduced P3 ERP amplitudes would be associated w ith  poor performance in 

the neuropsychological tests measuring processing speed, attention and working memory 

(namely the PASAT and the SDMT), and w ith  increased lesion loads. To my knowledge, the 

results o f this chapter are unique and novel, as equally thorough and m ultim odal investigation 

into the cognitive function in MS has not been conducted before.

6.1. Introduction

The previous studies in this thesis reported the PASAT performance to  be associated to  the P3 

ERP activations in a sample comprising of RRMS and SPMS patients, as auditory P3b latency, 

visual P3b latency (a strong trend) and visual P3a am plitude correlated w ith  PASAT scores. 

Furthermore, in a sample including progressive MS patients, the PASAT was correlated w ith 

both visual and auditory P3b and P3a ERP amplitudes. The change in the PASAT scores over 12- 

month period was associated to  the change in both visual and auditory P3a amplitudes. As 

reviewed in detail in Chapter 2-Literature Review, some o f the P3 ERP studies conducted in MS 

population found the P3 ERPs to  be associated w ith  neuropsychological and MRI measures 

(Giesser, et al., 1992; Gil, et al., 1993; Honig, et al., 1992; Newton, et al., 1989; Piras, et al., 

2003). A couple o f the studies examining P3 ERPs in MS population related the ir findings to 

neuropsychological results and reported auditory (Giesser, et al., 1992; Gil, et al., 1993; Honig, 

et al., 1992) and visual (Piras, et al., 2003) P3b latencies to  increase, and auditory P3b 

amplitudes to reduce (Honig, et al., 1992) w ith  poor cognitive performance. Especially
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m e a su re s  sensitive to  im p a irm en t  in learning, a t ten t io n  working m e m o ry  w e re  co rre la te d  with 

P3 ERPs (Giesser, e t  al., 1992; Gil, e t  al., 1993). However, one  s tudy  did n o t  rep o r t  an 

associa tion  b e tw e e n  th e  P3b and  neuropsychological t e s t  scores  (Onofrj, e t  al., 1991). Only 

o n e  study  (Giesser, e t  al., 1992) g rouped  MS p a t ien ts  b ased  on th e ir  neuropsychological te s t  

scores  into p a t ien ts  with and  w ith o u t  cognitive decline , and  th e  com par ison  revea led  MS 

p a t ien ts  with m os t  cognitive im pa irm en t  to  have delayed  auditory  P3b latencies. However, th e  

n u m b e r  of pa t ien ts  in each  g roup  w as very low an d  t h e  neuropsychological exam ina t ion  was 

n o t  co m p re h en s iv e  en o u g h  to  d e te rm in e  th e  cognitive s ta tu s  reliably. The neuropsychological 

m e th o d s  utilised in th e  previous stud ies  are  very  limited and  a m o re  co m p re h en s iv e  

investigation is necessary.

P3 ERP la tency delay  and  a m p li tu d e  d ec rease  have b e e n  associa ted  to  lesions d e t e c te d  with 

MRI in MS. Two of th e  earlies t s tud ies  investigating P3 ERPs in MS found  MS p a t ien ts  with 

a b n o rm a l  ERPs to  have a larger MRI cerebral lesions (N ew ton , e t  al., 1989), and  de layed  P3b 

and  P3a la tenc ies  to  co rre la te  with  th e  p re se n ce  of ex tensive  dem yelinative lesions s e e n  with 

MRI (Honig 1992). With th e  advance  of brain imaging m e th o d s ,  th e  m ore  rec en t  s tud ies  w ere  

ab le  to  e s t im a te  th e  lesion loads of specific brain regions, th u s  reporting  aud ito ry  P3b latency 

to  co rre la te  with  lesion loads in frontal ho rn  and  brain s te m  (Piras, e t  al., 2003). F u rthe rm ore ,  

Sailer, e t  al. (2001) assigned  34 MS pa t ien ts  to  low lesion volum e, high lesion vo lu m e and  

frontal lesion vo lum e groups  based  on lesion vo lum e and  dis tribution on  T2-w eighted  MRI 

scans. They re p o r te d  N2 am pli tude  to  be  significantly reduced  in th e  high lesion vo lum e and 

frontal lesion vo lum e g roups  co m p ared  to  controls.  In addition ,  th e y  d iscovered N2 am pli tude  

to  be  co rre la ted  with th e  lesion volume. However, t h e  P3b and  P3a c o m p o n e n ts  did n o t  show  

any  d if fe rences a n d /o r  corre la t ions  with  to  lesion vo lum es in various brain areas .

The aim of this  study  is to  exam ine  cross-sectionally  how  th e  P3 ERP activations are  assoc ia ted  

to  th e  neuropsychological p e r fo rm ance  in th e  te s ts  of th e  a d a p te d  MACFIMS battery ,  and  to  

t h e  MRI T2 lesion load m e a su re s  of d iffe rent brain areas .  Based on th e  previous research ,  th e  

P3 ERP activities w e re  hypothesized  to  be co rre la ted  with  th e  neuropsychological te s ts  

m easu r ing  processing sp e ed ,  a t ten t io n  and  working m e m o ry  (nam ely  th e  PASAT and  th e  

SDMT). T hese  cognitive p rocesses  have b e e n  assoc ia ted  with  th e  P3 ERP ac tiva tions  (Polich, 

2007) and  have  b ee n  previously assoc ia ted  to  th e  P3 ERP c o m p o n e n t  activa tions in MS 

p a t ien ts  (Giesser, e t  al., 1992; Gil, e t  al., 1993). It w as  also hypothesized  th a t  brain a re a s  with 

high lesion loads would  be  co rre la ted  with  delayed  P3 ERP la tencies and  red u ced  P3 ERP 

am plitudes .
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6.2. Methods

6.2.1. Subjects, procedure and data analysis

38 patients (mean age 44 years) and 44 age-matched healthy volunteers were included in the 

study. Table 6.1. displays the demographic and behavioural data o f the subjects.

Table 6.1. Demographic and behavioural data o f  subjects.

MS (N = 38) Control (N = 44)

M ale/fem ale 2 1 /1 7 2 4 / 2 0

MR! /  no MRI data 2 2 / 1 6

a a

Age (EEG) 43.58 9.48 43.53 10.51

zPASAT -0.2 1.33 0.18 1.51

zSDMT -1.9 1.22 -0.54 1.14

zBVMT -1.17 1.35 -0.68 1.08

zCVLT -0.1 1.32 0.41 0.88

zFluency -0.68 1.05 -0.29 1.31

SNST 91.05 23.16 105.74 11

SSOC -0.55 0.88 -0.37 0.76

Auditory P3b RT (<800 ms) 376.26 80.87 359.82 74.64

Visual P3b RT (<800 ms) 383.81 66.29 363.45 47.27

M IQR M IQR

EDSS 3 4.5 N/A N/A

HRSD 8.12 5.4 2.73 4.12

BDI 11.05 9.1 4.2 4.93

BAI 12.62 8.91 4.83 5.9

Interferon (3-la 7 N/A N/A

Interferon p -lb 8 N/A N/A

Natalizumab 8 N/A N/A

Fingolimod 1 N/A N/A

Glatiramer acetate 2 N/A N/A

alemtuzumab 1 N/A N/A

No current treatment 11 N/A N/A

Note, n = mean, o = standard deviation, M  = median, IQR = interquartile range. Age (EEG) = 
age at the EEG recording session, zPASAT = Z score o f Paced Auditory Serial Addition Test,
zSDMT = Z score o f The Symbol Digit Modalities Test, zBVMT = Z score o f Brief Visuospatial 
M em ory Test-Revised, zCVLT = Z score of The California Verbal Learning Test II, zFluency = Z 
score of the Controlled Oral Word Association Test (FAS version), SNST = raw score of Stroop 
Neuropsychological Screening Test, SSOC = raw score o f the Stockings o f Cambridge test, EDSS 
= Expanded Disability Status Scale, HRSD = the Hamilton Rating Scale fo r Depression score, BDI 
= The Beck Depression Inventory-ll, BAI = the Beck Anxiety Inventory, RT = reaction time.
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The procedure included the EEG, the structural MRI, the MACFIMS battery and psychological 

functioning measures, and the physical examination including Kurtzke Expanded Disability 

Status Scale (EDSS; Kurtzke, 2008), which are described in detail in Chapter 3-General 

Methods.

The data analysis is depicted in detail in Chapter 3-General Methods, and only the parts of 

data analysis not included in the chapter are described here. Prelim inary data processing 

employed the EEGLAB toolbox (Delorme & Makeig, 2004) in conjunction w ith  the FASTER 

software too l (Nolan, et al., 2010). The EEG data were bandpass filtered between 1 and 95 Hz, 

notch frequencies set to  50 and 60 Hz (the m on itor refresh rate), average referenced across all 

scalp electrodes (appropriate when using a high-density EEG array), epoched from  500 ms pre­

stimulus to  1000 ms post-stimulus and baseline corrected from  200 ms pre-baseline). The 

FASTER toolbox removed epochs w ith  large artefacts (e.g., muscle tw itch) and interpolated 

channels w ith  poor signal quality. FASTER (Nolan, et al., 2010) also automatically identified 

artefactual (i.e., non-neural) ICs and removed them  from the EEG data (note: the standard Z = 

3 threshold fo r 1C rejection was lowered to  Z = 2 fo r the EOG channels).

The data analysis included the extraction o f the latencies and amplitudes from  the three 

regions o f interest (ROls). The ROIs were generated by using composite mean amplitude 

measures (i.e., the mean value of the electrodes in the ROl). The electrodes used in each ROI 

are in Table 6.2. (electrode sites are labelled according to the 10-5  system). The peak o f the 

P3a was found by fitting  a parametric function to  the ERP in the ROI using a Gaussian profile 

and determ ining the delay at the peak am plitude (Gerson, et al., 2005) between 200-500 ms 

fo r the P3a and between 250-600 ms fo r the P3b task. For m ajority o f the subjects the P3 ERP 

components were not distinguishable P3b peaks fo r frontal ROI, and no P3a peaks fo r parietal 

ROI, therefore only latencies extracted from  central and parietal ROI o f P3b, and from  frontal

and centra l ROI o f P3a, w ere u tilised  in the  statistica l analyses. 

Table 6.2. A list o f  locations fo r  the Regions o f Interest.

Region Electrode locations

Frontal F2',F2,AF2',AFz, AFz', Fz, Fz', F1,F1',AF1'

Central Cz, Cz', CPz, CCP2h, FCC2h, FC2', FCz, FCClh, FCl', CCPlh

Parietal CPz', CPPlh, PI, PP03h, P03h, Pz, Pz', POz, CPP2h, P2, PP04h, P04h
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6.3. Results

The correlations between the P3b ERP variables and neuropsychological measures are 

displayed in Tables 6.3. and 6.4. Decrease in the demographically corrected SDMT Z scores was 

associated w ith  increased visual P3b latencies at parietal areas (r= -.27, p < .05), w ith  

increased visual P3a latencies over both frontal (r= -.31, p < .01) and central (r= -24, p < .05) 

regions, and w ith  visual P3a amplitude at central areas (r= .28, p < .05), in a sample of all 

subjects. In MS patient sample, SDMT Z scores were similarly correlated w ith  visual P3b 

latencies at parietal areas (r= -.49, p < .01) and w ith  visual P3a latencies at central regions (r= - 

.37, p < .05). The PASAT score was associated w ith  visual P3b latencies at parietal scalp area (r= 

-.41, p < .05). Lower BVMT scores were correlated w ith  delayed visual P3b latencies (r= -.27, p 

< .05) and w ith  increased visual P3a amplitudes over central areas (r= .32, p < .01), and when 

the controls were excluded from the analysis they correlated also w ith  prolonged visual P3b 

latencies at parietal areas (r= -.40, p < .01). These correlations were moderate in the all 

subjects sample, but when only the MS patients were included in the analysis the correlations 

turned to  relatively strong (r= .35-.55). In all subjects sample the CVLT was correlated w ith  

visual P3a amplitudes over frontal area (r= -.27, p < .05) and the SNST test scores were 

correlated w ith  visual P3b latencies centrally (r= -.24, p < .05), auditory P3a latencies fronta lly 

(r= -.24, p < .05) and w ith  auditory P3a amplitudes over central area (r= .26, p < .05), but these 

effects disappeared when controls were excluded from  the analysis. It may be argued tha t 

these correlational findings may reflect only certain aspects o f cognitive function, however, 

the neuropsychological tests were all part o f an established MACFIMS test battery directed to 

examine cognitive dysfunction typical in MS.

The statistically significant correlations of the P3b ERP variables and MRI measures are shown 

in Table 6.5. Especially increased latencies and amplitudes over frontal areas in visual P3a task 

were associated w ith  increased lesion load. The remaining results showed increased lesion 

loads in various brain areas to  be associated w ith  prolonged latencies o f the tasks. In specific, 

the delayed visual P3b latencies recorded from central areas were related to  increased lesion 

loads in left insula and right precuneus, visual P3b latencies at parietal regions w ith  right 

corpus callosum, auditory P3b latencies at parietal areas w ith  occipital lobe, right inferior 

fronta l gyrus and le ft hippocampus. The prolonged visual P3a latencies were associated w ith  

increased lesion load in right prefrontal lobe; and auditory P3a latencies over frontal areas 

w ith  le ft medial frontal gyrus and putamen.
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Table 6.3. Correlations betw een PS ERP latencies an d  am plitudes and  neuropsychological 
M A C FIM S test scores in M S  p atien ts  and  controls.

MACFIMS P3b PSa
Test V is e VisP Aud C Aud P Vis F Vis C Aud F Aud C

zPASAT
lat:
r= -.25*

lat:

zSDMT
lat:
r=-.27*

lat:

r= - .3 1 **
r= -.2 4 *
amp:
r= .2 8 *

zBVMT
lat:
r=-.27*

amp:
r= .32**

zCVLT
amp:
r=-.27*

zFluency

SNST
lat:
r= -.2 4 *

lat:
r= -.24*

amp:
r=.26*

SSOC

N ote. Vis = visual, Aud = auditory, C = central scalp area, P = parietal scalp area, F = frontal 
scalp area, lat = latency, am p = am plitude, *ind icates significance of p < 0 .05 , ** in d ic a te s  

significance o f p  < 0.01, ** * in d lc a te s  significance o f p  < 0 .001

lat:

lat:
r^ -.41*
lat: lat:
r^ - .4 9 * * r=-.37*
lat: amp:
a= - .4 0 * * r=.39*

Table 6.4. Correlations betw een P3 ERP latencies an d  am plitudes and neuropsychological 
M AC FIM S test scores in only M S patients.

MACFIMS P3b P3a

Test Vis C Vis P Aud C Aud P Vis F Vis C Aud F Aud C

zPASAT

zSDMT

ZBVMT

zCVLT

zFluency

SNST

SSOC

N ote. Vis = visual, Aud = auditory, C = central scalp area, P = parietal scalp area, F = frontal 

scalp area, lat = latency, am p = am plitude, *ind icates significance o f p  < 0 .05, ** in d ic a te s  

significance o f p  < 0 .01, ** * in d ic a te s  significance o f p  < 0 .001
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Table 6.5. Statistically significant correlations betw een  P3 ERP latencies and  am plitudes and  

the lesion loads in d ifferen t brain regions in M S patients.

Brain region (lesion load)
P3b 
Vis C Vis P AudC Aud P

P3a 
Vis F V ise Aud F AudC

Temporal lobe
amp:
r= .48*

-righ t
amp:
r=.50*

Occipital lobe
lat:
f^ .46 *

Parietal lobe
amp:
r= .49*

-righ t
amp:
r= .48*

Corpus callosum - right
lat:
r= .46*

Frontal gyrus

-rig h t in fe rio r
lat:
r= .52*

- le ft medial
lat:
/^ .54 *

-superio r
-le ft superior
-righ t superior

Left hippocampus
lat:
r=.48*

lat:
r=-.52*

insula
lat:

- le ft r=.57*

m idbrain

precuneus
amp:
r^ .5 7 **

-righ t
lat:
r=.57*

amp:
r= .50*

Prefrontal lobe

-righ t
lat:
r=-.51*

lat:
r=-.46*

putam en
lat:
r=.5S*

- le ft
lat:
f^ .50 *

W ernicke's area
-le ft

N ote. Vis = visual, Aud = auditory, C = central scalp area, P = parietal scalp area, F = frontal 
scalp area, lat = latency, am p = am plitude, * indicates significance of p < 0 .05 , * *  indicates  

significance o f p < 0 .01
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6.4 . Discussion

The correlational analysis o f P3 ERP latencies and amplitudes w ith  neurosychologicai test 

scores revealed several interesting associations, which fo r the most part supported the 

hypotheses. The poorer test performance in SDMT Z scores was associated w ith  increased 

visual P3b latencies at parietal areas, w ith  increased visual P3a latencies over both frontal and 

central regions, and w ith  visual PSa am plitude at central areas. Lower scores in the PASAT was 

associated w ith  delayed visual P3b latencies at parietal scalp area, and impaired performance 

in the BVMT task was correlated w ith  delayed visual 3b latencies and w ith  increased visual P3a 

amplitudes over central areas. When the controls were excluded from  the analysis, the lower 

PASAT scores were associated w ith  prolonged visual P3b latencies at parietal areas. The 

correlations were moderate in ail subjects sample, but when only the MS patients were 

included in the analysis, the correlations became relatively strong. In all subjects sample, the 

CVLT and the SNST test scores were correlated w ith  few  of the P3 ERP parameters, but these 

effects disappeared when controls were excluded. The main lim ita tion o f the study was tha t it 

was purely correlational, and therefore included m ultip le  number o f correlational analyses, 

which cannot provide inform ation on the d irectionality o f the effects. Specifically, if increased 

lesion load directly affects the prolongation of the P3 ERP latencies.

A few  o f the P3 ERP studies conducted in MS population found the P3 ERPs to  be associated 

w ith  neuropsychological performance (Giesser, et al., 1992; Gil, et al., 1993; Honig, et al., 

1992; Piras, et al., 2003). They reported very sim ilar findings to  the present study; the auditory 

(Giesser, et al., 1992; Gil, et al., 1993; Honig, et al., 1992) and visual (Piras, et al., 2003) P3b 

latencies were found to  to increase, and auditory P3b amplitudes to reduce (Honig, et al.,

1992) w ith  poor cognitive performance. Measures sensitive to im pairm ent in learning, 

a ttention working memory were correlated w ith  P3 ERPs (Giesser, et al., 1992; Gil, et al.,

1993). When MS patients were grouped based on the ir neuropsychological performance, into 

patients w ith  and w ithou t cognitive im pairm ent, the MS patients w ith  most cognitive 

im pairm ent had delayed auditory P3b latencies (Giesser, et al., 1992). Nevertheless, the study 

had numerous lim itations, such as inadequate neuropsychological test battery and low 

number o f patients. Moreover, the neuropsychological methods utilised in the previous 

studies are very lim ited and/or outdated, thus the tests may have not measured accurately the 

areas of cognition they claim to  have tested, and therefore the results should be considered 

w ith  caution. The present study overcome these lim ita tions as it utilised a validated test 

battery MACFIMS (Benedict, et al., 2002), which has been designed to  target the specific 

cognitive areas tha t are most adversely affected in MS patients.
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In th e  present study the SDMT, the PASAT and the BVM T w ere th e  neuropsychological tests 

m ost associated w ith  P3 ERP latencies (and am plitudes). In particular, the SDM T appeared to  

vary clearly w ith  the visual P3 ERP latencies, w hich can be antic ipated , as th e  task measures 

in form ation  processing speed and w orking m em ory in the visual m odality  (Drake, e t al., 2010); 

th e  sam e cognitive processes th a t th e  visual P3 ERPs are thought to  index (Polich, 2007). 

Similarly, the observed, yet som ew hat unexpected, relationship b etw een  the BVM T scores and 

visual P3 ERPs can be explained by stating th a t th ey  both m easure sim ilar processes, nam ely  

visuospatial learning and m em ory (Benedict, Schretlen, Groninger, Dobraski, &  Shpritz, 1996). 

How ever, the BVMT measures these cognitive functions at a higher level. It can be suggested 

th a t the processes a t a lo w er level o f the processing stream  o f visual inform ation  are reflected  

in the visual P3 ERPs, and th a t they also have an e ffect on the higher level visuospatial learning  

and m em o ry  processes m easured by the BVMT. The PASAT was also found to  be related to  the  

visual P3b latencies over parietal regions, which was d iffe ren t from  the results o f the previous 

chapters. The previous studies found th e  raw  PASAT scores to  be correlated w ith  aud itory P3b 

latencies, and to  visual and aud itory P3b and P3a am plitudes in a sam ple o f progressive MS  

patients. Furtherm ore, age-corrected PASAT scores w ere  associated w ith  visual P3a am plitudes  

over frontal and parietal scalp areas. The change in visual and aud itory P3a am plitudes  

correlated  w ith  the change in raw PASAT scores over 12-m onth  period. It is possible th a t due  

to  the dem ographic correction, som e o f th e  previously observed significant effects for 

aud ito ry  m odality  w ere not present in this study. M ost studies agree (Benedict & Zivadinov, 

20 11 ) th a t th e  PASAT and the SDM T reflect m ost th e  level of cognitive functioning in MS  

patients. Therefore the close association b etw een  the visual P3 ERPs and these tests implies  

th a t th e  visual P3 ERPs are capable of detecting  these subtle changes in the cognitive  

functions o f MS patients.

The results also clearly indicate th e  visual m odality  in th e  P3 ERPs to  be m ost correlated w ith  

th e  neuropsychological tasks, which has been im plicated in th e  earlier studies of this research, 

but also o th er previous studies (De Sonneville, e t al., 2002). The visual P3 ERP tasks w ere  

theorized  to  involve m ore cognitive processing as th ey  are thought to  have been m ore  

difficu lt. This is most likely due to  the low er level of distinctiveness o f th e  stimuli. 

Furtherm ore , the processing o f visual stimuli in th e  brain is expected to  be m ore affected by 

th e  dem yelination  and lesions, as it is m ore d ep en dent on th e  long-range w h ite  tracts (i.e. 

w h ite  tracts spanning from  prim ary visual cortices in occipital areas to  frontal brain areas) in 

com parison to  the aud itory processing. This is reflected in th e  study by the increase in the  

correlation strength w hen only MS patients w ere  included in th e  analysis. The visual P3b task

225



was also found to be the most sensitive to  detect differences between the MS patients and 

controls in the previously conducted studies.

P3 ERP latency delay and am plitude reduction have also been associated to  lesions detected 

w ith  MRI. In the present study, increased visual P3a latencies and amplitudes over frontal 

areas were associated w ith  increased lesion loads in numerous brain regions including 

temporal, parietal and prefrontal lobes and hippocampus. The remaining results showed 

increased lesion loads in various brain areas to  be associated w ith  prolonged latencies of the 

P3 ERP tasks. The delayed visual P3b latencies recorded from  central areas were related to 

increased lesion loads in le ft insula and right precuneus, visual P3b latencies at parietal regions 

w ith  right corpus callosum, auditory P3b latencies at parietal areas w ith  occipital lobe, right 

inferior fronta l gyrus and le ft hippocampus. The prolonged visual P3a latencies over frontal 

and central areas were associated w ith  increased lesion load in right prefrontal lobe; and 

auditory P3a latencies over frontal areas w ith  le ft medial frontal gyrus and putamen. 

Comparable to  these findings, a relatively recent study reported auditory P3b latency to 

correlate w ith  lesions in frontal horn and brain stem (Piras, et al., 2003). The other, less recent 

studies in MS found abnormal ERPs to have a larger MRI cerebral lesions (Newton, et al., 

1989), and delayed P3b and P3a latencies to  correlate w ith  the presence of extensive 

demyelinative lesions seen w ith  MRI (Honig, et al., 1992). Furthermore, one study reported N2 

am plitude to  be significantly reduced in the high lesion volume and frontal lesion volume 

groups compared to  controls (Sailer, et al., 2001).

An explanation fo r the unexpected finding o f increased P3 ERP amplitudes associated w ith 

poor neuropsychological test scores and increased lesion loads over w ide brain regions can be 

drawn from  the fMRI studies on cognitive function in MS (Caramia, et al., 2010). According to 

the theoretical account, the increased activation in various brain areas associated w ith  poor 

cognitive performance reflects compensatory mechanism in which the brains o f MS patients 

recruit additional brain regions to  be able to  complete cognitively taxing tasks (Mainero, et al., 

2004; Penner, et al., 2003; Staffen, et al., 2002). The increased activation may be directly 

related to, or caused by, brain pathology th a t has led to reorganisation o f the pathways. These 

new pathways may thus contribute to  compensatory cognitive functioning in MS despite the 

pathological damage (Caramia, et al., 2010).

According to  the research literature on the P3b source locations presented in Chapter 2- 

Literature Review (Bledowski, et al., 2004; Bokura, Yamaguchi, & Kobayashi, 2001; Brazdil, et 

al., 1999; Crottaz-Herbette & Menon, 2006; Daffner, et al., 2000; Knight, 1996; Yamaguchi &
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Knight, 1991; McCarthy 1997; Linden 1999; Stevens 2000; Karch, et al., 2010; Verleger, Heide, 

Butt, & Kompf, 1994; Yamaguchi & Knight, 1991; Menon 1997), the findings of the present 

study are relatively consistent w ith  the proposed neural origins o f P3b, as the P3b ERP 

variables were found to  correlate w ith lesion loads in the right in ferior frontal gyrus and le ft 

hippocampus. However, the P3b ERP correlations w ith  lesion loads in occipital lobe, corpus 

callosum, insula and precuneus, were not consistent w ith  the P3 sources reported in previous 

studies. This may be due to  the fact tha t in MS the activations related to  cognitive functions 

are more w idely d istributed, which has been theorized to  be caused by brain reorganisation 

and neuroplasticity in response to pathological damage (Caramia, et al., 2010). Interestingly, 

the brain areas w ith  lesion loads associated w ith  P3a ERP variables were more consistent w ith  

the previous research literature on the origin o f P3a also discussed in Chapter 2-Literature 

Review (Bledowski, et al., 2004; Daffner, et a!., 2003; Halgren, Marinkovic, & Chauvel, 1998; 

Brazdil, et al., 1999; Daffner, et al., 2000; Brazdil, et al., 1999; Voipe, et al., 2007; Halgren, et 

al., 1998; VoIpe, et al., 2007; Strobel, et al., 2008). The P3a ERPs o f the study were associated 

w ith  the lesion loads in m ultiple, largely distributed brain areas; the tem poral lobe, parietal 

lobe, hippocampus, precuneus, and prefrontal lobe. Moreover, these correlations suggest that 

the lesions in these brain areas may affect the latency delay and am plitude reduction 

commonly observed in the P3 ERPs in MS. However, due to  the correlational nature o f the 

study, it cannot be conclusively stipulated that these lesions directly cause these changes in 

the P3 ERP components. It is also possible tha t the originating brain areas for the P3a are not 

very well defined, and therefore more brain areas are indicated to  be related to  the P3a origin. 

Alternatively, the brain regions related to  the P3a can be thought to  be widespread in nature 

and thus, affected by lesions in various brain locations. On the other hand, as the origins o f the 

P3a are better delineated, it w ill also be possible to  relate the findings to  the theoretical 

context o f the P3a. To summarize, the correlations between lesion load locations and the P3 

activations are relatively consistent w ith  the previous literature.

Key points:

•  Cognitive performances measured w ith  SDMT, PASAT and BVMT were 

significantly associated w ith  visual P3b and P3a latencies

• Visual P3a latencies and amplitudes over frontal scalp regions were 

correlated to  lesion loads in various brain areas including temporal, 

parietal, prefrontal lobes and the hippocampus

• Visual P3b and P3a ERP latencies were indicated to  best index the 

cognitive function in MS

• Visual P3a ERP latencies and amplitudes reflected the pathological 

changes in widespread brain areas in MS
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6.4. Conclusion

This chapter investigated the associations b etw een  multinnodal m ethods; the P3 ERP 

activations, th e  neuropsychological test perform ances and th e  MR! lesion load variables, in 

order to  m easure cognitive function in MS. The most im p ortan t findings are sum m arized in 

Keypoints in th e  section 6.3 . Discussion. It can be concluded th a t th e  prolongation an d /o r  

reduction o f the visual PS ERP com ponents are associated w ith  both poor neuropsychological 

perform ance and w ith  increased lesion load, and thus th e y  index cognitive function in MS.

In th e  next chapter th e  focus w ill shift from  the cognitive functioning in MS to  purely sensory 

investigation o f th e  visual function in MS, as it exam ines the u tility  of a novel 

electrophysiological m ethod, the VESPA, to  probe dysfunction in the visual system of th e  MS 

patients.
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Chapter 7 - Cross-sectional and longitudinal analysis 

of the utility of Visual Evoked Spread Spectrum  

Analysis (VESPA) method to probe visual 

dysfunction in multiple sclerosis

The present chapter examines the Research Question 7 as stated in the section 2.7. Thesis 

objectives included in Chapter 2-Literature Review. This chapter examines cross-sectionally 

and longitudinally if the novel VESPA method can probe visual dysfunction in MS. The details 

related to  the recording and data analysis o f the VESPA were presented in Chapter 3-General 

Methods. Based on previous research, it was hypothesized tha t the MS patients (particularly 

MS patients w ith a progressive disease course and/or visual dysfunction) would show delayed 

VESPA-like PlOO latencies, and reduced VESPA-like PlOO amplitudes, compared to  the  healthy 

controls. In addition, it was hypothesized tha t the VESPA-like PlOO would show gradual delay 

in latency and reduction in am plitude over the 24 month period in the MS patients relative to  

healthy controls. To my knowledge, the findings o f th is chapter are novel as the u tility  o f the 

VESPA method in probing visual dysfunction in the context o f MS has not been investigated 

before.

7.1. Introduction

Visual dysfunction is a common feature of m ultip le  sclerosis (MS). The visual system o f most of 

the MS patients is affected during the course o f the condition, and it can eventually lead to 

disability, along w ith  the degradation of other central functions in m otor and sensory system 

(The World Federation o f Neurology, 2007b). Approxim ately 95% o f MS cases (The World 

Federation o f Neurology, 2007a) have optic neuritis (ON). Other visual dysfunctions in MS 

include nystagmus, internuclear ophthalmoplegia and gaze palsies (Frohman, et al., 2005). The 

nature of visual dysfunction depends on the site o f the demyelinating lesion w ith in  cerebral 

w h ite  m atter (Frohman, et al., 2005).

Visual Evoked Potentials (VEPs) are visually evoked electrophysiological signals extracted from  

the electroencephalographic activity in the visual cortex recorded from  the scalp (Odom, et al., 

2010). The VEP method is utilised to determ ine visual defects, such as ON, in clinical practice,
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and VEP may be utilised as an additional test to  confirm  the MS diagnosis (Polman, et al., 

2011; Polman, et al., 2005). According to the current McDonald diagnosis criteria fo r MS 

(Polman, et al., 2011), a patient must present w ith  a specific combination of attacks and 

lesions, which are detected using magnetic resonance imaging (MRI) or VEPs. There is a wide 

range o f literature available, which gives fu rthe r support to  the VEP as a valuable analysis tool. 

These previous studies (Balnyte, et al., 2011; Niklas, et al., 2009; Schlaeger, D'Souza, Schindler, 

Grize, Dellas, e t al., 2012; Schlaeger, D'Souza, Schindler, Grize, Kappos, et al., 2012) examining 

VEPs in MS found the PlOO responses o f MS patients to  have prolonged latencies and reduced 

amplitudes, and to be related to m otor and visual dysfunction. Therefore, the VEP are 

indicated to  be a highly useful diagnostic tool. These studies were discussed in detail in 

Chapter 2-Literature Review. Furthermore, strong correlations have been found between 

abnormal VEP responses and the p robability  o f having m otor or visual disorders (Balnyte, et 

al., 2011). In addition, the VEPs have also been reported to  predict MS disability (Schlaeger, 

D'Souza, Schindler, Grize, Dellas, et al., 2012; Schlaeger, D'Souza, Schindler, Grize, Kappos, et 

al., 2012). Moreover, one study found the VEPs to  be superior to  MRI in the detection of 

lesions (Ko, 2010). Thus, the VEPs are of great u tility  in the diagnosis of MS.

The VESPA method has been proposed as an alternative to  the VEPs (Lalor & Foxe, 2009; Lalor, 

et al., 2006), as it allows fo r the rapid acquisition o f a VEP w ith  a complete tem poral profile, it 

has high signal to  noise ratios (SNR), and it has been shown to  be more sensitive to  individual 

responses than VEPs (Lalor, et a!., 2006). Most im portantly, VESPA allows for similar 

inform ation to  be obtained in a significantly shorter period o f tim e as a single VESPA run lasts 

fo r 2 m inutes, which leads to a dramatic decrease in testing tim e (Lalor, Yeap, Reilly, 

Pearlmutter, &  Foxe, 2008). It also allows fo r the presentation o f simultaneous stimuli that 

produce separate VESPA responses. Moreover, as VEPs present stim uli periodically, responses 

are only generated about every 400 ms. In comparison, the VESPA method generates and 

obtains a response from  the subject fo r the entire  duration o f stimulus presentation.

The u tility  o f the VESPA method to diagnose and m on itor visual dysfunction in MS is o f interest 

o f the present chapter. The VESPA is a special case o f VEP where a continuous visual stimulus 

modulating over tim e is presented to  the subject as detailed in Chapter 2-Literature Review 

and Chapter 3-General Methods. The tem poral profile o f VESPA responses is highly correlated 

w ith  tha t o f VEPs evoked using standard discrete stim uli (Lalor, et al., 2006). The temporal 

profile o f the VESPA includes a clearly defined, measurable VESPA-like PlOO component (Lalor, 

e t al., 2006). Scalp maps showing topographical evolution o f VESPA indicate that the method 

generates highly specific scalp topographies (Lalor, et al., 2006), which may indicate the
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involvem ent o f d ifferen t visual neural pathways, nam ely the parvocellular pathw/ays (Lalor, &  

Foxe, 2009 ). The VESPA may also provide add itional, potentially d ifferen t in form ation  to  th a t 

o f th e  VEPs, for instance, the VESPA has been deem ed m ore sensitive to  individual responses 

(Lalor, e t al., 2006).

The current study aims to  establish an additional use for the VESPA m ethod in th e  diagnosis 

and m onitoring of visual dysfunction in MS. If VESPA is found to  be as effective a t identifying  

visual dysfunction in patients w ith  MS, then th e  benefits which VEPs have for MS patients will 

be directly applicable to  th e  VESPA m ethod. To my know ledge, this is th e  first tim e  the VESPA 

m ethod  is exam ined w ith  MS patients. Based on earlier cross-sectional VEP and VESPA studies 

it was hypothesized th a t MS patients w ould  have prolonged VESPA-like PlOO latencies and 

reduced VESPA-like PlOO am plitudes re lative to  controls, as visual dysfunction has been  

reported  to  occur in most MS cases (Frohm an, e t al., 2005; The W orld  Federation of 

Neurology, 2007a), the VEP PlOO has been shown to have sim ilar pattern  of activ ity changes in 

MS patients (Z iem ann, e t al., 2011 ) and th e  VESPA-like PlOO com ponent has been shown to be 

highly correlated w ith  th a t of VEP (Lalor, e t al., 2006 ). Furtherm ore, th e  progressive MS  

patients and MS patients w ith  visual dysfunction w ere  hypothesized to  have reduced VESPA- 

like PlOO am plitudes and delayed VESPA-like PlOO latencies in comparison to  RRMS and MS  

patients w ith  no visual defects. It was hypothesized th a t the VESPA-like PlOO w ould  show  

gradual delay in latency, and reduction in am plitud e, over th e  24 m onth period in the MS  

patients relative to  healthy controls, as th e  visual dysfunction is caused by the dem yelinating  

lesion(s) w ith in  cerebral w h ite  m a tte r (Frohm an, e t al., 2005 ), and th e  lesion load is expected  

to  increase as the disease progresses (Rejdak, e t al., 2010). In addition, it was hypothesized  

th a t MS patients w ith  visual dysfunction w ould  show a delay of the VESPA PlOO, w hereas the  

MS patients w ith o u t visual dysfunction w ould  not, as MS patients w ith  ON have been reported  

to  show an initially prolonged PlOO latency, w hich displayed a shortening o f PlOO latency over 

a 4 year period, w hereas the PlOO latency rem ained stable in MS patients not affected by 

visual dysfunction (Niklas, e t al., 2009).

7.2. Methods

7 .2 .1 . Subjects, th e  VESPA procedure and EEG acquisition and analysis

56 M S patients (m ean age = 42 .91  years) and 53 healthy controls (m ean age = 40 .9  years) w ere  

included in th e  study. The details o f the study procedure are included in Chapter 3-G eneral
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M ethods .  The m e a n  t im e  b e tw e e n  th e  base line  and  M on th  12 sessions w as 374.35 days (SD = 

56.96), and  391.42 days (SD = 45 .35  days) b e tw e e n  M onth  12 and  M onth  24. Tables 7.1. and 

7.2. display th e  dem ograph ic  and  behavioural d a ta  of th e  subjects.  13 MS p a t ien ts  had had at 

least o n e  re lapse  within 24 m o n th s  from th e  baseline, 2 MS p a t ien ts  had had a t  least one  

re lapse  b e tw e e n  M onth  0 and  M on th  12, bu t  n o n e  of th e  MS pa t ien ts  had re lapses  b e tw e e n  

M onth  12 and  M onth  24.

M ost sub jec ts  co m p le te d  tw o  VESPA runs p e r  tes t ing  session, which w ere  su bsequen tly  

averaged  to  g e n e ra te  a single VESPA resp o n se  for each  yea r  th a t  th e  sub jec t  par t ic ipa ted  in 

th e  s tudy  a lthough  so m e  subjects  did n o t  c o m p le te  a second  run due  to  t im e  limitations. 

Subjects co n d u c te d  o n e  session per  y e a r  N u m b er  of su b je c ts  w ho  co m p le ted  a single run in a 

single session: Year 1 - 1 8  subjects,  yea r  2 - 4  sub jects ,  y ea r  3 - 3  subjects.  VESPA responses  

w e re  p lo tted  as a function  of t im e  for each  sub jec t  and  for each  y e a r

Besides th e  com parison  of all MS p a t ien ts  and  contro ls ,  cross-sectional and  24 -m onth  

longitudinal ana lyses  w ere  p e r fo rm ed  to  co m p a re  RRMS, SPMS and  control subgroups,  and 

MS pa t ien ts  with and  w ith o u t  visual dysfunction. Visual dysfunction w as defined  by th e  

pa t ien ts '  clinical history of optic  neuritis, nystagm us,  diplopia (double  vision) and o th e r  

sy m p to m s  and  condit ions  re la ted  to  visual function.

Previously recorded  VEP resp o n se s  in clinical settings, typically p a r t  of th e  initial MS diagnosis 

p rocess  if p a t ien ts  have p re se n te d  with visual deficits,  w e re  re tr ieved  from St. Vincent's  

University Hospital records for all MS pa t ien ts .  The VEP results  w ere  found  only for 10 of th e  

MS pat ien ts ,  w h o  w e re  divided into tw o  g roups  based  on th e ir  VEP results, norm al re sp o n se  

(N=3) and  abno rm a l  re sp o n se  (N=7). As th e  n u m b e r  of  sub jec ts  w as low, and  th e  subgroups  

unequa l in size, fu r th e r  statistical ana lyses  could no t be  pe r fo rm ed .  In addition, m any of th e  

VEP results o b ta in ed  from hospital records w e re  very old, so m e  w ere  recorded  in th e  1980s, 

th u s  th e  VEP results  m ay  no  longer be  valid.

A s e p a ra te  g roup  of PPMS pa t ien ts  and  age-, ed uca t ion -  and  g e n d e r -m a tc h e d  SPMS p a t ien ts  

w e re  com p ared .  U nfortunately, following da ta  processing, four  of nine PPMS pa t ien t 's  

resp o n se s  w e re  noisy and  could no t be  used  as p a r t  of statistical analysis. However, 

preliminary statistical ana lyses  w ere  co m p le ted  to  identify possible t r e n d s  bu t no statistically 

significant d iffe rences could be  found  b e tw e e n  t h e  tw o  groups in any of th e  VESPA-like PlOO 

variables.

232



The VESPA stimuli, expe r im en ta l  p rocedu re  and  th e  EEG acquisition an d  analysis are  descr ibed  

in detail in C hap te r  3-General M e thods .  All statistical ana lyses  on  dem o g ra p h ic  and  

behavioural data  w ere  co m p le ted  using PASW Statistics 18.0 (Predictive Analytics S o ftw are ;  

SPSS Inc., Chicago, IL, USA, www/.spss.conri).

Results o b ta in ed  exhibited  VESPA-like PlOO la tenc ies  w/hich w e re  much la te r  th a n  an t ic ipated .  

This fea tu re  is cons is ten t  across all re sp o n se s  for all th e  sessions in d iffe ren t years and  is m os t  

likely a result  of th e  tes t ing  p ro ce d u re  or  s e t  up. As a co n s e q u e n c e  this  w idesp read  

pro longat ion  in VESPA-like PlOO c o m p o n e n t  did n o t  affect th e  results  o f  this  study.
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Table 7.1. Demographic and behavioural data o f MS patients and controls.

MS patients (N =56) RRMS(N=23) SPMS(N=20) Controls (N =53)

Month 0 Month 12 Month 24 Month 0 Month 12 Month 24 Month 0 Month 12 Month 24 Month 0 Month 12 Month 24
Male /  female 2 3 /2 0 12 /12 9 /1 0 10/13 5/10 5 /8 1 3 /7 7 /2 4 /2 2 6 / 16 16/7 10/4
Normal VEP
/  abnormal 3 /7 1 /4 1 /4 0 /4 0 /3 0 /3 3 /3 1 /1 1 /1 N/A N/A N/A
VEP
Normal VF 
/  abnormal VF

20 /2 2 9 /1 4 8 /1 0 12 /10 8 /6 7 /5 8 /1 2 1 /8 1 /5 N/A N/A N/A

O N /no  ON 19 /23 10 /13 9 /9 8 /1 4 4 /1 0 4 /8 1 1 /9 6 /3 5 /1 N/A N/A N/A
^ a ^  o a /i a 1̂ a a /J a a a 1̂ a 1̂ a /J a

Age 42.91 10.03 41.98 10.72 42.88 11.31 37.84 8.61 37.81 9.95 38.39 10.48 48.74 8.34 48.94 8.35 52.6 5.59 40.9 9.11 43.82 11.22 45.39 11.08
Edu years 15.31 3.40 14.46 3.45 14.26 3.49 15.78 3.34 14.67 3.62 14.31 3.75 14.74 3.48 14.11 3.33 14.17 3.19 1.22 3.1 17.6 3.3 17.75 3.08
Disdur_S 15.74 9.88 15.38 11.73 15.25 12.77 8.96 6 8.07 4.99 7.86 5.25 23.59 7.32 27.5 9.31 31.27 8.44 N/A N/A N/A N/A N/A N/A
Disdur_dx 11.30 7.73 10.28 9.39 9.72 9.61 5.96 4.94 4.34 2.73 4.16 2.85 17.48 5.39 20.17 8.01 21.77 7.65 N/A N/A N/A N/A N/A N/A

M IQR M IQR M IQR M IQR M IQR M IQR M IQR M IQR M IQR M IQR M /Q/? M IQR
EDSS 3.00 4.50 2.00 4.50 2.00 4.50 2.00 1.50 1.50 2.00 2.00 1.50 6.50 1.38 6.00 0.50 6.25 1.50 N/A N/A N/A N/A N/A N/A
Relapses 9 1 0 7 1 0 2 0 0 N/A N/A N/A N/A N/A N/A
Interferon P-la 10 7 6 6 4 3 4 3 3 N/A N/A N/A N/A N/A N/A
Interferon P-lb 7 7 5 5 5 4 2 2 1 N/A N/A N/A N/A N/A N/A
Natalizumab 5 5 5 5 5 5 0 0 0 N/A N/A N/A N/A N/A N/A
Fingolimod 1 1 1 1 1 1 0 0 0 N/A N/A N/A N/A N/A N/A
No current

10 4 2 0 0 0 10 4 2 N/A N/A N/A N/A N/A N/A
treatment
Note, p = mean, o = standard deviation, M  = median, IQR = interquartile range, RRMS = reiapsing-remitting MS patients, SPMS = secondary-progressive MS 
patients, VF = visual function, ON = optic neuritis, Edu years = years of education, Disdur_S = years since the first symptom, Disdur_dx = years since the MS 
diagnosis, EDSS = Expanded Disability Status Scale.



Table 7.2. Demographic and behavioural data o f  MS patients w ith  and w ithou t visual 
dysfunction.

Visual dysfunction MS patients No vis dysfunction MS patients

Month 0 Month 12 Month 24 Month 0 Month 12 Month 24
Male 
/  Female

1 3 / 9 7 / 7 5 / 5 1 0 /1 0 5 / 4 4 / 4

Valid (RRMS 
/SPMS)

1 0 /1 2 6 / 8 5 / 5 1 2 / 8 8 / 1 7 / 1

Normal VEP 
/  abnormal VEP

3 / 4 1 /3 1 /3 0 / 2 - / - - / -

ON / n o  ON 1 2 /1 0 9 / 5 8 / 2 7 / 1 3 1 / 8 1 / 7
^ a a a a a a

Age 43.2 9.7 42.8 9.5 44.9 10.0 43.5 10.2 42.5 12.3 42.4 12.3
Edu years 15.5 3.2 14.3 3.3 14 3.1 15.1 3.8 14.6 4.1 14.4 4.3
Disdur_S 18.9 9.2 19.9 12.1 21.9 13.7 12.8 9.8 9.5 8.3 8.3 6.7
Disdur_dx 12.8 7.6 13.0 9.6 13.4 11.1 10.1 7.8 6.9 8.5 6.0 6
Relapses 2 1 0 6 0 0
Note, n  = mean, o = standard deviation, RRMS = relapsing-rem itting MS patients, SPMS = 
secondary-progressive MS patients, ON = optic neuritis, Edu years = years o f education, 
Disdur_S = years since the firs t symptom, Disdur_dx = years since the MS diagnosis

7 .3 . Results

7.3.1. Correlations between VESPA-like PlOO and demographic variables

All of the correlations are conducted w ith  all o f the MS patients and controls. The EDSS scores 

correlated w ith  absolute VESPA-like PlOO latency at baseline {r^ = .374, p = .013) and w ith  

absolute VESPA-like PlOO am plitude at Month 24 (rj = -.507, p = .027). Age at baseline 

correlated w ith  absolute VESPA-like PlOO latency and amplitude at baseline (r = .367, p = .001 

and r  = -.24, p = .032, respectively), w ith  latency and am plitude at M onth 12 (r = .318, p = .029 

and r  = -.288, p = .049, respectively), and w ith  latency at M onth 24 (r = .414, p = .017). The 

disease duration correlated w ith  absolute VESPA-like PlOO latency at Month 0 (r = .354, p = 

.023). The years of education correlated w ith  absolute VESPA-like PlOO latency at baseline (r = 

-.256, p = .022), M o n th l2  (r = -.365, p = .012), and M onth 24 (r = -.345, p = .050), and w ith 

am plitude at M onth 24 (r = .352, p = .045). Visual dysfunction correlated w ith  both absolute 

VESPA-like PlOO latency and am plitude at baseline (rj = .350, p = .023 and r  ̂= -.354, p = .021, 

respectively). Age was also correlated w ith  the VESPA-like PlOO difference am plitude and 

latency at M onth 0 (p < .05). The years o f education was correlated w ith  VESPA-like PlOO 

am plitude difference at M onth 0 and at M onth 24 (p < .05). The VESPA-like PlOO latency 

difference was found to  correlate w ith age at M onth 12 and M onth 24 (p < .05). Increase in 

EDSS score was related to  the reduction of VESPA-like PlOO am plitude difference (p < .05).
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Linear regression analysis did not show absolute VESPA-like PlOO latency to  predict later 

d isability indicated by the EDSS score.

7.3.2. Cross-sectional differences between the MS patients and the  

controls in VESPA-like PlOO

The MS patients showed statistically significantly delayed absolute VESPA-like PlOO latencies 

(p = .001) compared to  controls (Figure 7.1. and Table 7.3.). There was a strong trend 

indicating MS patients to  have reduced amplitudes relative to controls (p = .073). Results 

remained the same when MS patients w ith  relapses w ith in  24 months pre- and post-baseline 

were excluded from  the analysis. When controlling fo r both age and the years of education 

w ith  ANCOVA, the results were the same. However, when the effect o f age and years of 

education were controlled separately, the MS did not have significantly delayed absolute or 

difference VESPA-like PlOO latencies relative to  controls, whereas the groups differed in 

absolute VESPA-like PlOO amplitude.

Figure 7.1. The VESPA response in MS patients and controls a t Month 0.
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Table 7.3. Independent T-test results o f VESPA-like PlOO fo r MS patients and controls.

Component T-test MS (^, a)________ C a)

PlOO amplitude (absolute) 

PlOO latency (absolute) 

PlOO amplitude difference 

PlOO latency difference

t(83)= -1.81" 

t(72)= 3 .37***  

f(83)= -1.66' 

f(83)= 1.68"

1.91, 1.22 2.38, 1.19

187.39, 43.19 160.94, 27.80

4.27,2.54 5.12,2.16

67.86, 31.32 57.73, 23.79
Note. C = controls, lu = mean, a  = standard deviation;" indicates a trend in results, significance 
of p < 0.1, * indicates significance of p < 0.05, * *  indicates significance of p < 0.01, * * *  
indicates significance of p < 0.001.

7.3.3. Cross-sectional differences between the RRMS patients, SPMS 

patients and the controls in VESPA-like PlOO

RRMS, SPMS and controls differed significantly in absolute VESPA-like PlOO latency (p = .001) 

(Figure 7.2. and Table 7.4.). Tukey post-hoc tests showed that the SPMS have the most delayed 

absolute VESPA-like PlOO latencies in comparison to the controls, but there were no other 

statistically significant group differences. Similar trend was also visible for the VESPA-like PlOO 

latency difference variable. The results did not change when the effect of age and/or years of 

education were controlled with ANCOVA. Furthermore, when MS patients with relapses within  

24 months were excluded from the analysis the results remained the same (although there 

was a trend of RRMS to have more delayed VESPA-like PlOO latencies relative to controls).

Figure 7.2. The VESPA response in RRMS patients, SPMS patients and controls a t Month 0.
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Note. RRMS = relapsing-remitting MS, SPMS = secondary-progressive MS
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Table 7.4. One-way ANOVA results o f VESPA-like PlOO fo r  RR patients, SP patients and controls.

Component ANOVA Tukey RRMS(a(, a) SPMS (yi. a) C (/ ,̂ a]

PlOO amplitude 
(absolute)

f(2,77)= 1.65 1.87, 1.09 1.95,1.37 2.38, 1.87

PlOO latency (absolute) f(2 ,77)= 36.72** SP>C 176.35,41.2 200.1, 42.9 160.9, 27.80

PlOO amplitude 
difference

F(2,77)= 1,65 4.52, 2.82 3.98, 2.21 5.12,2.16

PlOO latency difference F(2,77)= 2.96" (SP > C) 61.03, 29.5 75.71, 32.2 57.73, 23.80

Note. Tukey post-hoc tests utilised. RRIVIS = relapsing-remitting MS patients, SPMS/SP = 
secondary-progressive MS patients, C = controls,  ̂ indicates a trend in results, significance of p 
< 0.1, * indicates significance of p < 0.05, * *  indicates significance of p < 0.01, * * *  indicates 
significance of p < 0.001.

7.3.4. Cross-sectional differences between the MS patients with and 

w ithout visual dysfunction in VESPA-like PlOO

MS patients with visual dysfunction displayed significantly reduced absolute VESPA-like PlOO 

amplitudes and prolonged absolute VESPA-like PlOO latencies than patients with no history of 

visual dysfunction (Figure 7.3. and Table 7.5.). MS patients with no history of visual 

dysfunction also exhibited a trend for larger VESPA-like PlOO amplitude differences. The 

results remained the same when the effect of age and/or years of education were controlled 

with ANCOVA.

Table 7.5. Independent T-test results o f VESPA-like PlOO fo r  MS patients with and without 
visual dysfunction.

Component T-test Visual dysf (̂ i, a) No visual dysf. (/i, a)

PlOO amplitude (absolute) t(40)= 2.40, p=0.021* 1.51, 0.82 2.37, 1.45

PlOO latency (absolute) t(40)= -2.48, p=0.017* 203.40, 44.72 172.35, 35.16

PlOO amplitude difference t(40)= 1.78, p=0.082" 3.57, 1.77 4.94, 3.09

PlOO latency difference t(40)= -0.95, p=0.346 73.11, 30.62 63.91, 31.85

Note. Visual dysf. = MS patients with visual dysfunction, No visual dysf. = MS patients with no 
history of visual dysfunction, n = mean, o = standard deviation, *indicates a trend in results, 
significance of p < 0.1, **indicates significance of p < 0.05, ***ind icates significance of p < 
0 .001.
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Figure 7.3.The VESPA response in MS patients with and without visual dysfunction a t Month 0.
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7 .3 .5 . Longitudinal differences betw een  th e  m ultip le  sclerosis patients and 

th e  controls in VESPA-like PlOO

The only statistically significant finding was a group effect o f absolute VESPA-like PlOO latency

(p = .05), but o therw ise there w ere no statistically significant tim e, group or tim e x group  

interaction  effects n either for VESPA-like PlOO latency nor for VESPA-like PlOO am plitude over 

24-m o n th  period (Figure 7.4. and Table 7 .6 .). In addition, no differences w ere  observed w hen  

th e  e ffect o f age an d /o r education w ere  controlled as p art o f th e  repeated  m easures ANOVA  

analysis. However, statistically significantly prolonged absolute VESPA-like PlOO latencies in MS 

patients, and clear trends of reduced absolute VESPA-like PlOO am plitudes in MS patients, 

w ere  observed w hen  the groups w ere  com pared at each tim ep o in t separately (i.e. tim e  x 

group interaction). These effects w ere  visible in th e  first tw o  years, eventhough th ere  was a 

notable trend  tow ards MS patients to  have delayed absolute VESPA-like PlOO latencies at 

M o n th  24. A t M o n th  24 MS patients showed slightly increased VESPA-like PlOO am plitude, 

h ow ever this d ifference was not statistically significant and may thus reflect variab ility  in the  

data.

Paired t-tests com paring th e  baseline and M o nth  24 variables did not d iffe r in e ith e r MS  

p atien t sam ple or control sample. Controls d iffered in VESPA-like PlOO am plitude differences  

b etw een  M o n th  0 and M o n th  12.

o ver 24 M o n th  period as MS patients had m ore prolonged latencies com pared to  the controls
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Figure 7.4. Averaged VESPA responses o f MS patients and controls fo r  Month 0, Month 12 and 
Month 24.
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Table 7.6. Independent T-test results fo r MS patients and controls.

Component T-test MS {pi, a) C {^, a)

PlOO amplitude (absolute)

Month 0 t(83)=-1.8l" 1.91, 1.22 2.38, 1.19

Month 12 t(40)= -1.98" 1.80, 0.88 2.42, 1.22

Month 24 t(31)= -0.98 1.81, 1.26 2.22, 1.11

PlOO latency (absolute)

Month 0 t(72)= 3.37** 187.39, 43.19 160.94, 27.80

Month 12 t(41)= 2.04* 192.81, 49.87 167.45, 34.06

Month 24 t(30)= 1.85" 195.98, 45.53 171.88, 29.05

PlOO amplitude difference

Month 0 t(83)=-1.66" 4.27, 2.54 5.12, 2.16

Month 12 t(45)= -2.57* 3.90, 2.10 5.52, 2.23

Month 24 t(31)=-0.80 4.14, 3.15 4.97, 2.67

PlOO latency difference

Month 0

00II
m00 67.86, 31.32 57.73, 23.79

Month 12 f(45)= 0.71 70.11, 34.76 63.48, 29.23

Month 24 t(31)= 0.90 75.79, 34.82 66.59, 24.05
Note. C = controls, ^ = mean, a  = standard deviation, *indicates a trend in results, significance 
of p < 0.1, **indicates significance of p < 0.05, ***ind icates significance of p < 0.001

7.3.6. Longitudinal differences between the RRMS patients, SPMS patients 

and the controls in VESPA-like PlOO

No significant group, tim e or interaction effects were found between the groups RRMS 

patients, SPMS patients and controls (repeated measures ANOVA) in any of the VESPA-like 

PlOO variables over a 24-m onth period (p > 0.05) (Figure 7.5. and Table 7.7.). Furthermore, no 

significant differences were found when the 24-m onth repeated measures ANOVA test was 

controlled for age and/or number of years of education (p > 0.05). However, it is im portant to  

keep in mind that these statistical analyses only included 6 SPMS patients. Besides the cross- 

sectional differences already reported, when the groups were compared at each tim epoint 

separately, only VESPA-like PlOO amplitude difference at Month 12 showed statistically 

significantly controls to have larger VESPA-like PlOO amplitude difference than RRMS. Paired 

samples t-tests revealed RRMS patients to have prolonged absolute VESPA-like PlOO latency at 

Month 24 (p < 0.05). Furthermore, the controls were found to have increased VESPA-like PlOO 

amplitude difference at Month 12 compared to Month 0.
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Table 7.7. One-Way ANOVA results ofVESPA-like PlOO for RRMS patients, SPMS patients and 
controls.

Component ANOVA Tukey RRMS {/i, a) SPMS (n, a) C {^, o)

PlOO amplitude (absolute)

Month 0 F{2)= 1.65 1.87, 1.09 1.95, 1.37 2.38, 1.87

Month 12 F(2)= 1.65" (O S P ) 1.96, 0.99 1.53, 0.61 2.42, 1.22

Month 24 F(2)= 1.88 2.11, 1.29 1.16, 0.98 2.22, 1.11

PlOO latency (absolute)

Month 0 F(2)= 36 .72** C<SP 176.35,41.2 200.1, 42.9 160.9, 27.80

Month 12 f(2)=  2.76" (C<SP) 184.89, 42.3 206, 60.9 167.5, 34.06

Month 24 f(2)=1.68 192.00, 43.3 204.6, 53.3 171.9, 29.05

PlOO amplitude difference

Month 0 F(2)= 1.65 4.52, 2.82 3.98, 2.21 5.12, 2.16

Month 12 F{2)= 3.61* C> RR 4.18, 2.36 3.43, 1.59 5.52, 2.26

Month 24 F(2)= 1.24 4.75, 3.42 2.80, 2.15 4.97, 2.67

PlOO latency difference

Month 0 F(2)= 2.96" (C<SP) 61.03, 29.5 75.71, 32.2 57.73, 23.80

Month 12 F{2)= 0.90 64.36, 30.7 79.70, 40.8 63.48, 29.23

Month 24 f(2)=  0.55 72.76, 35.2 82.35, 36.2 66.59, 24.05

Note. Tukey post-hoc tests utilised. RRMS/RR = relapsing-remitting MS patients, SPMS/SP = 
secondary-progressive MS patients, C = controls,  ̂ indicates a trend in results, significance o f p 
< 0.1, * indicates significance o f p < 0.05, * *  indicates significance o f p < 0.01, * * *  indicates 
significance of p < 0.001
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Figure 7.5. Averaged VESPA responses ofRRMS patients, SPMS patients and controls fo r  M onth  
0, M onth 12 and M onth 24.
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The repeated  m easures ANOVA test betw een  MS patients w ith  and w ith o u t visual dysfunction  

over th ree  years also yielded no significant results. Statistically significant cross-sectional 

differences (p < .05) w ere  only present at baseline w hen  groups w ere com pared at each tim e  

point. No longitudinal differences w ere  observed w ith  paired samples t-tests.

7.4. Discussion

7.4.1. The results of the present study

The utility o f th e  VESPA m ethod in measuring visual dysfunction has not been investigated  

prior to  this study. The results o f th e  present study w ere  consistent w ith  th e  hypothesis th a t 

M S patients have significantly prolonged VESPA-like PlOO latencies and reduced PlOO 

am plitudes in com parison to  responses o f controls. The VESPA-like PlOO latency and 

am plitud e differences w ere most evident at th e  baseline. SPMS patients had the most delayed  

VESPA-like PlOO latencies com pared to  controls. RRMS patients did not d iffe r significantly from  

controls or th e  SPMS patients. It is likely th a t these d ifferences result from  a reduction in visual 

function due to  the effects o f dem yelination , which is m ore w idely spread in th e  brains of 

SPMS patients. The SPMS patients d eterio rate  progressively and most of th em  experience  

continuous severe disease related sym ptom s such as fatigue, m uscular problem s and visual 

dysfunction. These results rem ained th e  same w hen  MS patients w ith  relapses w ith in  24  

months pre- and post-baseline w ere excluded from  the analysis.

M S patients w ith  a history o f visual dysfunction had significantly reduced absolute VESPA-like 

PlOO am plitudes and prolonged absolute VESPA-like PlOO latencies. Significant differences  

w ere  observed for baseline data only, w hen th e  sam ple size was largest (N = 22). Similar 

differences b e tw een  th e  tw o  subgroups w ere observed fo r th e  subsequent years, although  

none of these d ifferences reached statistical significance. It can be suggested th a t th e  visual 

functioning rem ains roughly at the sam e level over a 3-year period in MS patients. The deficits  

in visual function  are likely to  be caused by adverse disease processes, w hich affect longer 

w h ite  tracts involved in visual processing th a t are m ore prone to  dem yelination and  

intervening lesions. It is also possible the small sam ple size reduced th e  statistical pow er o f th e  

longitudinal analyses. A lthough the differences observed b etw een  th e  tw o  subgroups 

contradicted th e  findings o f Balnyte e t al. (2011), th ey  w ere  in line w ith  the hypothesis th a t as 

VESPA is a m easure o f visual functionality, patients w ith  reduced visual functions such as ON, 

diplopia (d ou ble  vision), blurred vision, and nystagmus, should have slower response tim es  

and sm aller am plitudes. This may be because Balnyte e t al. (2011 ) looked a t ON history only,
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w hereas this study encompassed a w id er range o f visual dysfunctions including nystagmus and 

diplopia.

Contrary to  th e  hypotheses, th ere  was not any clear, consistent pattern  in the longitudinal 

analysis, showing th e  pro longation o f VESPA-like PlOO latencies and th e  reduction o f VESPA- 

like PlOO am plitudes in MS patients re lative to  controls over th e  24 -m o n th  period. How ever, a 

few  significant d ifferences and notable trends w ere  found cross-sectionally w hen th e  groups 

w ere  com pared w ith in  each year. There was also a lack o f longitudinal changes betw een  the  

M S patients w ith  and w ith o u t visual dysfunction. The most n o tew o rth y  finding was th a t the  

absolute VESPA-like PlOO latency was prolonged a t every tim ep o in t relative to  the controls. 

The lack o f clear hypothesized longitudinal statistical differences is m ost likely due to  the  

reduced statistical pow er as the sam ple size was much low er a t M onths 12 and 24. On the  

o th er hand, it may im ply th a t th e  visual functions rem ained  largely a t the sam e level in th e  MS  

patients investigated during the 24 -m o n th  period. The results o f repeated  measures ANOVA  

controlled for age and the num ber of years o f education did not yield fu rth er significant 

results. This m ay be due to  th e  reasonably w eak associations found b etw een  num ber o f years 

of education, age and VESPA variables, which im plies th e  lack o f influence of age and th e  years 

of education to  th e  change in VESPA-like PlOO responses. These analyses fu rth er supported  

th e  conclusion th a t the MS do not present w ith  longitudinal changes in th e ir visual function  

over a 24 -m onth  period.

The clear d ifferences b etw een  th e  groups at M o n th  0  and a t each fo llow -up  session in 

absolute VESPA-like PlOO latency, and the non-existent longitudinal differences, highlight the  

reproducibility o f th e  VESPA-like PlOO response, also confirm ed by th e  findings of Lalor and 

colleagues (2006). Reproducibility is an im p ortan t fea tu re  w hen choosing a reliable diagnostic  

tool as it allows fo r m eaningful comparisons to  be m ade b etw een  separate responses.

One m ethodological constraint o f th e  study was th a t th e  results obta ined  exhibited VESPA-like 

PlOO latencies, w hich w ere much later than those antic ipated  and typically presented in the  

lite ra tu re (Lalor, e t al., 2006). How ever, this fea ture  is consistent across all responses for all 

years and is m ost likely a result o f the testing procedure or set up. As a consequence, this 

w idespread prolongation in VESPA-like PlOO com ponent did not affect th e  results of this study.

The absolute VESPA-like PlOO latency (and am plitude) w ere  found to  be correlated  w ith  MS  

physical disability status m easured w ith  th e  EDSS score, w hich m ay indicate d eterio ra ting  brain 

changes affecting visual and physical functions a t a com parab le rate. The absolute VESPA-like
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PlOO latency and annplitude were shown to correlate modestly with age and the years of 

education. The VESPA-like PlOO latency can be expected to prolong with age, similarly to VEP 

PlOO latency (Kuba, et al., 2012). The finding of absolute VESPA-like PlOO latency to increase 

with less years of education suggests the early visual processing mechanisms to be related to  

the general cognitive performance of a subject. However, the mechanisms and the nature of 

these associations are unknown and may be mediated by other factors, such as overall brain 

function and intelligence of a subject.

7.4.2. Comparison with previous studies

The results o f the present VESPA study are similar to the VEP findings of (Balnyte, et al., 2011) 

as in their study MS patients also displayed greater VEP PlOO latency differences and reduced 

VEP PlOO amplitude differences compared to  controls. Although the results of the previous 

VEP studies are not directly applicable to the current VESPA study, they highlight the 

usefulness of VEPs in relation to the study of MS and its treatments. The more im portant VEPs 

are for the diagnosis and treatm ent of MS, the greater the potential for the VESPA method in a 

similar role. Moreover, the present results are promising, as the VEPs has been shown to be a 

more sensitive measure than MRI at detecting abnormalities, including clinically silent lesions 

(Ko, 2010). This implies a potential clinical utility of the VESPA method to complement the 

conventional MRI examination. The VEPs have been shown to depend on the functionality of 

the patient's central vision at any level of the visual pathway (the eye, retina, optic nerve, optic 

radiations and occipital cortex) (Odom, et al., 2010). The VEP PlOO waves are likely to reflect 

'brain resetting' activity occurring between the presentations of each stimulus, an event which 

does not occur during the presentation of VESPA stimuli (Lalor, et al., 2006).

As mentioned in Chapter 2-Literature Review, the VESPA stimuli were hypothesized to target 

mainly parvocellular pathways within the brain, based on a finding from a study by Lalor and 

Foxe (2009). The parvocellular and magnocellular pathways are one of the major pathways of 

the visual system and anatomically distinct from eachother (Liu, et al., 2006). The parvocellular 

pathway is thought to be central for chromatic processing and visual acuity, to  provide input to  

higher-order pattern processes, to be sensitive to higher spatial frequencies, lower temporal 

frequencies and chromatic stimuli (Cao, et al., 2011). The view is consistent with the results of 

the present chapter, as the pathological changes in the brains of MS patients can be expected 

to  affect most the parvocellular pathway. The parvocellular pathway accounts for 

approximately 80% of optic nerve fibers, and it consists of thinly myelinated ganglion cells 

likely to be prone to disruptions caused by widespread demyelination in MS (Cao, et al., 2011).
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Parvocellular pathways have a low er lum inance contrast gain, but do not have a tendency to  

saturate . On the o ther hand, m agnocellu lar pathways have a high lum inance contrast, which  

tends to  saturate at contrasts g rea ter than about 32%  (Kaplan & Shapley, 1986). Lalor and Foxe 

(2009) adjusted th e  contrast levels o f stimuli to  target th e  pathways, and they reported the full 

range VESPA to  be biased tow ards parvocellu lar pathways. Furtherm ore, th e  lack of 

longitudinal differences is most likely due to  no significant changes in the pathological changes 

affecting th e  visual system, an d /o r the low  num ber of subjects in th e  second and th ird  year 

reducing statistical pow er o f th e  analyses. The role o f rem yelination  has been previously 

suggested to  be one o f th e  reasons o f no visible prolongation effects o f VEP PlOO latencies 

o ver tim e , or even the shortening o f PlOO latencies in the VEP fo llo w -u p  sessions (Niklas, e t 

al., 2009 ), which may explain th e  lack o f VESPA-like PlOO changes over tim e  In MS.

The present study avoided m any shortcomings o f the previous studies in the area, such as the  

inclusion o f neurological patients as controls (Balnyte, e t al., 2011; Niklas, e t al., 2009 ). In 

addition, th e  study groups w ere  observed unequal am ou n t o f tim e, i.e. patients diagnosed 

w ith  MS w ere  observed over a longer period than those w ho  w ere  not affected (Niklas, e t al., 

2009). Furtherm ore, in the study o f Balnyte e t al. (2011 ), about one third o f the MS patients  

exam ined in th e  study had a history o f ON. This may have been a contributing factor to  the  

high level o f VEP abnorm alities observed w ith in  th e  p atien t group. Nevertheless, the present 

study encompassed a few  lim itations. The VEP was n o t p art of th e  experim enta l procedure in 

the present study, and thus th e  clinical u tility  of th e  VESPA m ethod in detecting visual 

dysfunction w ill need to  be fu rth er confirm ed w ith  a m ore com prehensive study com paring  

th e  tw o  m ethods. The longitudinal analysis could also be enhanced through large sample sizes 

in the fo llow -up  years. The fu rth er investigation o f VESPA as a supporting or preferred  

diagnostic m ethod  to VEPs is endorsed.

The VESPA m ethod  has m ultip le advantages over th e  trad itional VEP m ethod  as it allows for 

th e  rapid acquisition o f a VEP w ith a com plete tem pora l profile, it has high signal to  noise 

ratios (SNR), and it has been shown to  be m ore sensitive to  individual responses than VEPs 

(Lalor, e t al., 2006). M o st im portantly , VESPA allows fo r sim ilar inform ation to  be obtained in a 

significantly shorter period o f tim e  as a single VESPA run lasts for 2 m inutes, which leads to  a 

dram atic decrease in testing tim e  (Lalor, e t al., 2008 ). It also allows for the presentation of 

sim ultaneous stim uli th a t produce separate VESPA responses. M oreover, the VESPA m ethod  

generates and obtains a response from  the subject for th e  entire duration of stimulus 

presentation in com parison to  periodically generated VEP responses. The disadvantage of 

VESPA, in com parison to  standard VEPs, is th a t it requires g reater com putational power.
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However, Lalor et al. (2006) state tha t given the power o f modern computers, this should not 

be a factor in choice o f method and rather the  speed at which results can be obtained should 

be prioritised. Moreover, it has not been yet conclusively delineated if the VESPA-like PlOO 

reflects the same underlying visual processes as the VEP PlOO, although the PlOO responses 

acquired w ith  both methods have been reported to  be linked (Lalor, et al., 2006). It is possible 

tha t the VESPA method offers increased subtlety to  the assessment of visual function, and may 

reveal additional inform ation not present in the VEP PlOO response. Likewise, the VESPA-like 

PlOO response may reflect d ifferently the level o f demyelination occurring in the white matter 

tracks part of the visual system in comparison to  the conventionally measured VEP PlOO. In 

sum, the VESPA method has potential u tility  in detecting visual dysfunction in MS.

Key points:

•  Absolute VESPA-like PlOO latency and am plitude were correlated w ith  MS physical 

disability status, age and the years o f education

• Absolute VESPA-like PlOO latencies were delayed in MS compared to  controls at 

each yearly session over 24-month period

• SPMS patients have most pronounced delay in absolute VESPA-like PlOO latency 

relative to RRMS patients and controls

• MS patients w ith  visual dysfunction have reduced absolute VESPA-like PlOO 

amplitudes and delayed absolute VESPA-like PlOO latencies compared to  MS 

patients w ith  no clinical history of visual dysfunction

• No consistent longitudinal VESPA-like PlOO peak differences were observed 

between MS patients and controls, or between any o f the other subgroups, 

indicating the VESPA to  be a reproducible tool to  probe visual dysfunction in MS

• VESPA method, especially the absolute VESPA-like PlOO latency, has potential 

clinical u tility

7.5. Conclusion

This chapter set out to investigate the u tility  o f the  novel VESPA method to probe the 

functioning of the visual system in MS. The central findings are summarized in Key points in 

the section 7.4. Discussion. The VESPA method was deemed a reproducible 

electrophysiological method as no consistent longitudinal VESPA-like PlOO peak changes were 

observed between MS patients and healthy controls over 24-month period, or between any of 

the o ther subgroups. Reproducibility o f a method is a good indicator as to its usefulness in 

clinical applications, and therefore the VESPA method is proposed to  have potential clinical or 

diagnostic u tility  in MS. The next chapter reviews comprehensively the findings acquired in the
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studies of this thesis, and it considers how they are associated to one another and to the 

previous research literature. Subsequently, the next chapter discusses in-depth how these 

exciting new cognitive-indexing electrophysiological findings are related various topics 

surrounding the the research of brain and cognitive functions in MS and other neurological 

conditions, and what kind of impact these findings may have on the clinical management of Cl 

in MS, and on the clinical research and practice in general.
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Chapter 8 - Discussion

The overall objective of this thesis was to  d e te rm in e  if brain and cognitive dysfunction in MS, 

can be successfully detected and m onitored  w ith  electrophysiological measures. Detailed  

research questions w ere posed and presented in th e  section 2.7. Thesis objectives w ere  

included in C hapter 2-L iterature Review. The first research question asked if th e  P3 ERPs 

recorded at baseline differed b etw een  MS patients and healthy controls, and b etw een  MS 

subtypes RRMS, SPMS and PPMS. It also investigated the relationship betw een  

neuropsychological perform ance m easured w ith  th e  PASAT and the P3 ERP activations. The 

second objective of the thesis was to  em plo y  a novel ind ependent com ponent (1C) clustering  

m ethod , to  exam ine the source P3 EEG activations a t baseline. In add ition, this study also 

aim ed to  d eterm ine  if the source EEG activations differed b etw een  M S patients and healthy  

controls and b etw een  MS patients, w ith  and w ith o u t cognitive im pairm ent. The third aim  was 

to  exam ine th e  effect o f genetic factors on Cl in MS. In particu lar w h e th e r MS patients  

possessing AA O A S l-genotype and w ith  increased disease activity w ould show delayed PS ERP 

latencies and reduced PS ERP am plitudes, and perform  m ore poorly in the PASAT, relative to  

th e  o ther AG O A S l-genotype M S patients. The fourth  and fifth  research questions set out to  

exam ine change, if any, in the P3 ERP activations and th e  PASAT, over a 12-m onth  and 24- 

m onth period. A prim ary objective was to  investigate if the MS patients show signs of 

d eterio ration  in the electrophysiologically measured brain and cognitive functions over tim e, 

and if these changes can be linked to  cognitive perform ance m easured w ith  th e  PASAT. The  

sixth aim  of th e  research was to  investigate if th e  P3 ERP activities w ere  associated w ith  the  

neuropsychological perform ance, as m easured w ith  tests in th e  adapted  M ACFIM S battery. 

This part of the research also exam ined if th e  P3 ERP activities w ere re lated to  MRI T2 lesion 

load in d iffe ren t areas o f the brain. The final objective o f the thesis was to  exam ine the  

benefits of th e  VESPA m ethod in probing visual dysfunction in MS. The findings from  these  

studies are discussed in depth  in this chapter.

8.1. Main findings of the thesis

The studies conducted as part o f this thesis dem onstrated  electrophysiological measures to  

detec t, and in som e cases to  m onitor, brain function re lated to  subtle cognitive processing in 

MS. The prim ary focus was on the electrical activities generated by th e  oddball (P3b) and 

th ree-stim ulus (P3a) paradigms, w hich w ere  exam ined cross-sectionally and longitudinally, by 

utilising advanced signal processing analysis m ethods. In M S patients and in subgroups, the
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high-density EEG recordings enabled the localisation o f the am plitude and latency deficits to 

present more accurately on the scalp space and over a timescale. It also allowed the 

utilisation of source EEG analysis w ith  1C clustering. Similarly, advanced methodology has not 

been utilised to  the same extent in previous electrophysiological studies o f MS (Magnano, et 

al., 2006). Neither has a high-density EEG been associated as comprehensively w ith  other 

measures o f cognitive and brain functioning; e ither neuropsychological examinations or brain 

MRI.

The firs t study in Chapter 4 investigated the hypothesis tha t MS patients would show reduced 

amplitudes and delayed latencies in one o f the most established ERP components; the P3b. As 

anticipated, widespread deficits were observed in MS patients in electrophysiological 

activations, measuring early sensory processing and those indexing subtle cognitive functions. 

These dysfunctions were most evident fo r amplitudes and latencies, during the visual tasks, 

over the large frontal and centro-parietal areas. The observations in the auditory condition 

included delayed latencies over the parietal region and reduced amplitudes o f the early 

sensory components. In accordance w ith  these findings, visual m odality was more sensitive in 

detecting prolonged P3a latencies and decreased P3a amplitudes in MS patients, particularly 

those observed over the fronta l and parietal scalp regions. The only P3a differences in the 

auditory task were observed in the latencies recorded from the parietal region o f interest. 

Progressive MS patients were found to  have reduced visual P3b and P3a amplitudes and 

decreased auditory P3a amplitudes, in comparison to  controls.

P3 ERP source EEG activities and the ir informative tim e-frequency properties were also 

included in Chapter 4, as they were investigated w ith  a novel 1C clustering analysis method. 

The results revealed reduced low-frequency theta and alpha activations after P3b target 

stim uli were presented, in widespread brain source sites in MS patients. MS patients also 

showed a greater reduction in alpha power in the posterior sources. These findings were 

sim ilar in both modalities. The reduced P3b task-related theta power, observed in MS 

patients, was thought to reflect compromised connectivity, which is most likely due to  

demyeiination, which may have disrupted early processes essential to P3b generation. These 

processes include orienting response and signal detection. The greater decrease in alpha 

power, on the other hand, may be associated w ith  enhanced cognitive function in MS 

patients, possibly reflecting a compensatory mechanism in response to the compromised early 

cognitive processing.

251



In the longitudinal analysis described in Chapter 5, the MS patients were hypothesized to 

show greater prolongation and decrease of the P3 EEG activations, and a reduction in the 

PASAT score, compared to the healthy controls over the 12- and 24-month follow-up periods. 

MS patients had greater visual P3b, visual P3a and auditory P3a amplitude decreases over 12 

months compared to the controls. The MS patients also displayed significant decreases of 

visual P3b, auditory P3b and auditory P3a amplitudes and delayed auditory P3a latencies at 

12-month follow-up. The 12-month longitudinal analysis showed visual amplitudes and 

auditory latencies to be most sensitive to change over the relatively short one-year period. 

The 24-month investigation of the P3b latencies and amplitudes confirmed the earlier 

longitudinal findings, as visual modality was deemed predominant in detecting the changes. 

However, over the 24-month period, the changes in MS occurred in the visual P3b latencies, 

over the parietal areas, but not so in the amplitudes. In addition, auditory P3b latencies 

showed prolongation over central areas, particularly in SPMS patients. At the same time, the 

latencies of controls reduced over the 24-month timeframe. It is plausible that the 

inconsistencies between the findings may be masked by an effect that was not controlled for 

in the present studies, but has been reported in other previous studies. It may be that MS 

patients present with two courses of cognitive functioning. One group of early stage MS 

patients displayed mild cognitive deterioration, which accumulates over the years, while the 

cognitive performance of the initially preserved MS patients, remains more or less stable over 

several years (Bergendal, et al., 2007; Camp, et al., 1999; Kujala, et al., 1997).

In the context of the present research project, a similar, purely neuropsychological cross- 

sectional and longitudinal analysis would have been possible. However, as the focus of the 

present research was on electrophysiology and its associations with neuropsychological 

examination and MRI, the comprehensive longitudinal neuropsychological analysis was 

conducted by the collaborating researchers in the UCD School of Psychology. The differences 

between 12 month and 24 month studies may also be due to a methodological constraint. For 

instance, the peak picking method fitting a Gaussian curve on a selected ERP component 

and/or time window (Gerson, et al., 2005), may not have measured the peak amplitudes 

sufficiently accurately. Thus, to get a more accurate picture of their change over time, the P3b 

amplitudes should be further examined with more advanced analysis methods, such as SPM 

utilised in the 12-month study.

In the studies in Chapters 4 and 5, another major aim was to find associations between the P3 

ERP measures and cognitive functions. This task was implemented by correlating the extracted 

P3 ERP variables to PASAT performance scores, and by dividing the MS patients into groups
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based on the ir PASAT performance and then finally comparing th e ir cognitive-indexing 

electrophysiological activities. At baseline, in a sample o f RRMs and SPMS patients, the PASAT 

scores correlated w ith  auditory P3b latencies, and w ith  visual P3a amplitudes, over a large 

fronta l scalp region. When only progressive MS patients were included, the PASAT score 

correlated w ith  all the P3 ERP conditions, i.e. visual and auditory, P3b and P3a tasks over 

centro-parietal areas. In a small sample of MS subjects tested fo r th e ir OASl genotype, the 

PASAT score was associated w ith  auditory P3b latency. Source analysis conducted w ith 1C 

clustering methods showed MS patients w ith  the lowest PASAT scores to  have significantly 

reduced theta power, relative to  the MS patients w ith  the best PASAT performance. This effect 

was visible in widespread brain source regions. Longitudinal analyses also provided support for 

the link between P3 ERPs and cognitive functions when measured w ith  the PASAT. The 12- 

month change in both visual and auditory P3a was associated w ith the change in the PASAT 

score.

8.2. Differences in cognitive-indexing electrophysiological 

activations betw een multiple sclerosis patient subgroups

W ith MS-related deterioration, there Is no single uniform  course o f cognitive function, and 

many of the studies report individual patients to  perform  below the ir estimated premorbid 

levels at follow-up, yet this is not always seen at a group level (Jennekens-Schinkel, et al., 

1990). Interestingly, some of the studies (e.g. Kujala, et al., 1997), have suggested tha t the 

portion o f MS patients manifesting early signs o f cognitive problems, typically develop the 

most cognitive deterioration over the disease course. On the o ther hand, the patients w ith  no 

cognitive concerns early in the ir disease course, usually remain somewhat stable in the ir 

cognitive performances. Some researchers have linked this phenomenon to  the concept of 

cognitive reserve; MS patients w ith  larger cognitive reserve w ithhold  the  signs o f cognitive 

deficits, more so, than those who possess lim ited cognitive reserve, at the start o f the disease 

progression (Arnett, 2010).The notion of cognitive reserve in MS is also suggested as a reason 

why only one th ird to  one half o f the variance is explained in the strong correlations between 

the brain MRI measures and the cognitive performance o f the patients. The MS patients w ith  a 

larger cognitive reserve would thus have behavioural adaptation or compensation, which 

enables improved cognitive performance in the setting o f cerebral disease (Benedict & 

Zivadinov, 2011). This improvement was demonstrated by recent research, where the 

correlation between atrophy and cognitive performance, was shown to  be insignificant w ith  

high-level cognitive reserve MS patients, whereas it was robust in low intelligence MS patients
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(Sumowski, et al., 2009). Reports o f increased cerebral activity in response to  cognitive tasks, 

(which is correlated w ith  improved cognitive performance), are in favour o f a cognitive reserve 

hypothesis (Chiaravalloti, e t al., 2005). Furthermore, a longitudinal study has reported a 

substantial decline in patients w ith  low cognitive reserve, but no remarkable change o f 

cognitive functions in patients w ith  high cognitive reserve. This is particularly apparent in the 

speed o f in form ation processing (Benedict, et al., 2010). In conclusion, high premorbid levels 

o f cognitive functioning appear to protect against the progression o f cognitive im pairm ent in 

MS.

The relevance o f the conventional subtype classification to  the cognitive status of the patient 

is unclear. The longitudinal neuropsychological studies agree tha t the patients w ith  a 

progressive disease course, generally exhibit more cognitive decline compared to patients in 

the relapsing-remitting phase (Benedict & Zivadinov, 2011). As shown in the studies in 

Chapters 4 and 5, the P3 ERP measures did not reveal differences at baseline or over a 24- 

month period, between RRMS and SPMS patients, on e ither early or later cognitive-indexing 

P3b amplitudes or latencies. Nevertheless, SPMS patients displayed prolonged visual P3a 

latencies over the parietal scalp areas, when compared to  RRMS patients at baseline. The 

PPMS patients displayed decreased auditory P3b amplitudes in comparison to o ther 

progressive MS subtype SPMS patients. These observed differences between the MS subtypes, 

could be related to  the level o f d ifficu lty  in the P3 ERP task performed.

The visual P3a task was considered to  have a d ifficu lt stimulus discrim ination task; which 

typically causes a subtle delay in the latencies o f the healthy controls. The visual P3a task may 

have been too  challenging fo r the inform ation processing functions o f the SPMS, as they have 

more brain abnormalities affecting these functions compared to  the RRMS patients. Similarly, 

it was suggested that the observed difference between PPMS and SPMS patients in auditory 

P3b amplitudes was caused by the low level o f d ifficu lty in the task, which increased the 

variation o f the amplitudes, making a difference between the groups observable. Whereas, 

the o ther tasks presented more demands on inform ation processing, and produced a sim ilar 

level o f dysfunction in both progressive MS groups.

The lack o f clear, consistent differences between the MS subtypes on P3 ERP measures, 

suggests tha t the disease process itself (e.g. demyelinating lesions in processing pathways), 

impacts on P3 ERP am plitude and latency, rather than the severity or duration o f the disease. 

It is also possible tha t the subtype classification is somewhat outdated and tha t other means 

o f grouping MS patients into subtypes, should be considered as more reflective o f the ir
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symptoms and disease course. For example, it may be suggested th a t PPMS is a distinct 

neurological condition due to  its clearly defined disease progression and clinical features. The 

recommendation o f an update in the MS subgroup classifications may also be supported by 

the recent debate around tw o  theoretical accounts of its origin. MS can be seen to  be more of 

an autoimm une disorder or in contrast, more a result of neurodegenerative processes. The 

tw o  conflicting theories and evidence o f the cause o f MS, suggest tha t a more complex 

classification system should be designed, to  account fo r the large variety in clinical 

presentations of MS. This heterogeneity is also apparent in the cognitive functions in MS. 

Benedict & Zivadinov (2011) suggest tw o distinct aspects related to the cognitive disorder in 

MS. Firstly, it can be an inflam m atory and demyelinating process found in all patients, or 

secondly, a neurodegenerative process tha t is strongly related to  neuropsychological 

compromise, and is seen in many, but not all MS patients.

One potential and a more objective criterion, could be to apply the genetic inform ation of the 

MS patients, such as OASl genotype (described in Chapter 2-Literature Review), to  define 

specific groups o f MS patients that have sim ilar disease activity, severity, course and 

pathological changes. As part o f the current research, in Chapter 4, the MS patients were 

tested for the ir OASl genotype, which was then utilised to divide them  into AA and AG 

subtypes. Previous studies revealed the AA MS patients to have more anti-in flam m atory 

disease activity than the other AG and GG MS patients. It was also revealed tha t the AA 

genotype occurs at higher frequencies in MS patients, compared to  the large healthy control 

sample (O'Brien, et al., 2010). Accordingly, the AA MS patients o f the present research 

displayed signs o f an impaired cognitive profile. The patients perform ed significantly worse in 

the PASAT and had prolonged auditory P3 ERP latencies in comparison to the AG MS group. 

Notably, auditory P3b latency proved to  be a good indicator of cognitive function, when it was 

associated w ith  the PASAT score.

8.3. The relationship between P3 ERP task properties and the PS 

ERP findings in multiple sclerosis: the role o f modality

Previous research literature (De Sonneville, et al., 2002; King & Nelken, 2009), has also 

suggested, that w ith  d iffering neuronal pathways, there is a modality-specific effect on P3 

ERPs in MS. In the m ajority of studies in th is research project, visual m odality proved to  be 

more sensitive in detecting latency delays and am plitude reductions in the P3 ERPs, than 

auditory modality. Remarkably, MS patients also presented w ith  sim ilar source EEG activities
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across the modalities and across widespread brain areas. In short, the Chapter 4 studies 

showed reduced visual P3b and P3a amplitudes and delayed visual P3b and PSa latencies 

cross-sectionally, in a relatively large group o f RRMS and SPMS patients, as well as in a sample 

o f MS patients at progressive MS stage.

In the longitudinal analysis presented in Chapter 5, visual P3 ERP amplitudes were the tasks 

most sensitive to  change. It was also observed, tha t the auditory P3 ERPs deteriorated in one 

year and were most visible w ith  aud itory P3a latency delay. Auditory P3 ERPs did not show 

sim ilarly consistent effects, as only auditory P3a latency showed delay in the RRMS and SPMS 

group, and auditory P3a am plitude in the progressive MS sample. Nevertheless, the auditory 

P3 ERPs showed promising results in detecting subtle differences between MS subgroups. The 

PPMS patients displayed more reduced auditory P3b am plitude; relative to  age-matched SPMS 

patients. Likewise, the patients w ith  AA genotype o f OASl, had prolonged auditory P3 ERP 

latencies in comparison to  patients w ith  the AG genotype, which is known to cause a decrease 

in disease activ ity (O'Brien, et al., 2010).

Consequently, one can propose tha t the visual m odality is more sensitive at d ifferentiating 

between MS patients and controls. This may be due to the inclusion o f less adversely affected 

RRMS patients, who had presented w ith  very few  P3 ERP latency delays or amplitude 

reductions. However, the subtle effect o f MS disease progression on cognitive functions is 

visible in the visual modality, which may be a ttributed to the w idely spread lesions that are 

already affecting the fibrous part o f the visual processing system in the brain. These white- 

m atter tracts are longer than those in auditory processing, and are therefore more readily 

affected by widespread lesions typical in MS. In turn, it can be inferred, that most o f the white- 

m atter fibres involved in auditory processing remain largely intact at the early stage o f the 

disease. As a consequence, it is also plausible to  suggest that the RRMS patients do not show 

as much deterioration in the speed o f inform ation processing as the SPMS patients. This 

became apparent in the present research and was revealed by a large delay in the visual P3a 

latency o f the SPMS patients.

Accordingly, once the disease has progressed and the adverse brain changes (including 

demyelination and axonal degeneration), affect more auditory processing areas, the 

progressive MS patients have sim ilar levels of dysfunction in the visual processing. 

Nevertheless, the auditory P3b task is able to  show, w ith  easily distinguishable stimuli, that 

PPMS patients have a larger decrease in auditory P3b amplitudes, relative to  the SPMS 

patients. One can suggest, tha t the differences seen in the auditory P3 ERPs may be due to  the
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synaptic relays involved in early auditory processing (King & Nelken, 2009). They are therefore 

nnore affected by demyelination in PPMS patients and in MS patients w/ith AA genotype of 

OASl, which in turn delays the transmission o f the later auditory inform ation related to 

cognitive processes.

Similar predominance was shown in the visual over auditory modality, in a previous P3b ERP 

study by van Dijk, et al. (1992). They found MS patients to  have considerably delayed P3b 

latencies relative to  healthy controls in the visual modality, whereas the same groups had 

more or less sim ilar P3b ERPs in the aud itory task. Accordingly, some o f the 

neuropsychological studies have confirmed this modality discrepancy, by reporting MS 

patients as displaying a poorer performance in neuropsychological tasks, which require mostly 

visual processing (De Bonneville, et al., 2002). The findings o f the neuropsychological studies 

do not generally compare the modality effects, but instead, they stress the deficits some MS 

patients show in speed of processing, a ttention, executive functions and (working) memory 

(Rogers & Panegyres, 2007). For instance, as part o f the present studies presented in Chapter 

4, the performance in the auditory presented PASAT task was demonstrated to correlate 

repeatedly w ith  visual P3a amplitudes across the studies. The auditory P3 ERPs presented 

w ith  a more variable cognitive pattern; as auditory P3b latency correlated w ith the PASAT 

scores, in the relatively large group of MS patients and healthy controls, and w ith  a small 

group o f OASl genotyped MS patients. In the progressive MS group, the PASAT score was 

related to  both auditory P3b and P3a amplitude. The one year change in the PASAT score was 

associated w ith  the change in auditory P3a am plitude in a sample of MS and healthy controls.

However, the proposed auditory m odality effect is in contrast to the 24-m onth longitudinal 

study. That study showed the demographically corrected PASAT scores only correlated w ith  

visual P3b amplitudes at Month 12. Even though the uncorrected raw PASAT scores were 

found to  be in line w ith the prior cross-sectional result, as they were found to be related to 

auditory P3b amplitudes at M onth 0 and auditory P3b latencies at M onth 12. Thus, it may be 

possible that the earlier results o f significant correlations between auditory P3 ERP parameters 

and uncorrected PASAT scores were affected by intervening factors, such as the age and 

education level o f the subjects. Emphasising this impact o f demographic variables on the early 

correlational analyses, the prelim inary results reported in Chapter 6, revealed almost 

exclusively tha t only the visual P3 ERPs are associated w ith  the neuropsychological 

performance o f the subjects. The tests are generally regarded as the most sensitive and 

specific to  the cognitive deficits in MS, the SDMT and the PASAT (Forn, et al., 2011). They are 

most strongly associated w ith the prolonged visual P3b latencies over parietal areas and visual
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P3a latencies over central scalp regions. This key finding indicates that the visual P3 ERR 

latencies, not the auditory P3 ERPs, to be the most sensitive in indexing cognitive functions in 

MS.

It can be argued tha t the m odality specific differences in P3 ERPs may be due to  the 

distinctiveness o f the stim uli utilised in the studies, w ith  more sim ilar stim uli properties 

increasing the d ifficu lty of the task. It is possible tha t in our studies the auditory stimuli were 

not suffic iently similar, which would have made the auditory P3b and especially the auditory 

P3a ERP task less d ifficu lt to  perform . It would have also placed fewer demands on attentional 

capacities and memory processes, than the visual P3 ERP tasks. A faster ERP to auditory 

stim uli may indicate tha t it was easier to  discriminate between auditory target and non-target 

stim uli, as P3a non-target latency has been shown to  increase when targets are harder to 

discrim inate from  standards) (Polich &  Comerchero, 2003). It is also possible that the white- 

noise burst, used as an infrequent non-target in the auditory P3a condition, was not as salient 

as the checkerboard in the visual condition. In general, previous studies have shown tha t the 

P3a to  auditory stim uli is typically faster than the P3a ERP to  visual stimuli, and the control 

data in the present research are comparable to data using sim ilar paradigms (Katayama & 

Polich, 1999). On the other hand, van Dijk, et al. (1992) modulated the distinctiveness of the 

stim uli in both visual and auditory P3b tasks, but could only find significant differences in the 

visual m odality; not in e ither the easy or the hard auditory condition. Their finding supports 

the proposition tha t deficits in subtle inform ation processing and cognitive functions indexed 

by P3 ERPs, are in fact more apparent in visual m odality and are not just due to  stimuli 

distinctiveness and/or task difficulty. Therefore, it is d ifficu lt to  exhaustively determ ine if the 

m odality differences were affected by the fact tha t the auditory P3 ERPs were less sensitive to 

subtle cognitive-indexing changes, or if they were due to  the differences o f the stimuli 

properties inherent in the paradigms. Future studies employing P3 ERP paradigms w ith clinical 

populations, should take the stim uli properties into account when designing new study 

procedures. M oreover fu ture research should include a sufficient num ber o f p ilo t studies, in 

order to determ ine the most suitable task features for the patient population in question.

The longitudinal 12-month study in Chapter 5, was in accordance w ith  the prior findings, as 

the visual P3a was implied to  have a higher level o f d ifficulty, compared to  the P3b ERP tasks, 

as reported in previous studies (Polich, 2007). Therefore, the amplitudes at M onth 0 may 

already be at such a low level, tha t a fu rthe r decrease was d ifficu lt to  measure at M onth 12. 

More d ifficu lt standard/target discrim inations are reflected in later P3 onset (Comerchero & 

Polich, 1998; Kok, 2001; Polich, 2007). Greater standard/target discrim ination d ifficu lty in the
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visual P3a task, in com parison to  the visual P3b task, resulted in longer PSa onset. Therefore, 

significant differences w ere  la ter fo r visual P3a in contrast to  visual PSb. The subsequent 

longitudinal study, including an additional session a t M o n th  24  in Chapter 5, found the  

m odalities to  be m ore related to  e ith e r latency delays or am plitud e reductions o f the PSb 

ERPs. Visual was highlighted to  decrease in am plitudes and aud ito ry  and to increase in 

latencies. One explanation of these findings, is th a t th e  adverse changes in th e  processing of 

th e  aud itory  in form ation  are reflected in th e  P3b ERP tim e  course, w hereas, th e  changes in the  

visual processing are m anifested in the reduction o f neural resources allocated to  a cognitive  

process. These inferences are based on th e  previous theoretica l d istinction, stating th a t th e  

latencies and sequence o f ERP waves are related to  th e  tim e  course o f processing activity. 

W hereas in contrast, the am plitudes of ERP waves indicate the am ount of synchronised 

neurons and neural resources participating into specific cognitive processes (Polich & Herbst, 

2000).

No consistent differences could be detected  b etw een  the tw o  cognitive-indexing  

electrophysiological paradigms; th e  P3b and the P3a, although it is clear th a t th ey  m easure  

slightly d iffe ren t brain and cognitive processes. Possibly the clearest d ifference betw een  the  

P3 ERP tasks w ere th e ir association w ith  cognitive perform ance m easured w ith  the PASAT. The  

visual P3a am plitud e correlated consistently w ith  th e  PASAT scores in cross-sectional and 

longitudinal samples o f MS patients and controls and w ith  a sam ple of progressive MS  

patients.

8.4. The associations betw een P3 ERP findings and pathological 

brain changes in multiple sclerosis

The various changes found in th e  PSb and P3a ERP com ponents in MS are m ost likely due to  

d em yelination  and axonal degeneration, which causes the disruption o f the cortico-cortical 

and cortical-subcortical neural connections (Leocani, e t al., 2010 ). In th e  m ultim odal 

investigation, th e  delayed and reduced P3 EEG activations w ere  hypothesized to  be associated  

w ith  increased lesion load. The baseline investigation o f the correlations betw een  the P3 ERPs 

and lesion loads in various brain regions in C hapter 6, found th e  increase in the visual P3a 

latencies and am plitudes to  be most re lated  to  the increase in lesion load in m ultip le and  

extensive brain areas, including the tem po ra l, parieta l, prefrontal lobes and the right 

hippocam pus. This finding implies th a t in contrast to  the PSb, which seem s to be m ainly  

affected by tem po ro -p arie ta l junction disruptive lesions, the PSa responses are com prom ised
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in patients w ith  a variety o f disruptive lesion sites, including ones in th e  medial tem pora l, 

frontal, and parieta l lobes (Linden, e t al., 1999). Therefore , the P3a may be m ore suitable than  

th e  P3b in detecting  C l-related brain dysfunctions in MS, in which patients typically have 

w idespread  lesions.

On the o th e r hand, th ere  w ere also som e correlations b etw een  visual P3b and aud itory P3 

ERPs and lesion loads in d iffe ren t brain regions. The increase in th e  visual P3b latencies was 

associated w ith  an increase in th e  lesion loads o f m ore specific brain areas such as th e  right 

corpus callosum , le ft insula and th e  right precuneus. Also, the aud ito ry  P3b and P3a latencies  

w ere  correlated w ith  a num ber o f brain regions, nam ely occipital lobe, frontal gyrus, le ft 

hippocam pus and putam en. Nevertheless, due to  the correlational nature o f the analysis, it 

cannot be stated th a t these increases in the specified brain regions, directly caused the  

observation in the P3 ERP latency prolongations an d /o r am plitude reductions. A lthough th e  

prelim inary correlational results m ay be thought to  im plicate the involvem ent o f these brain  

areas in the changes encountered in th e  P3 ERPs in MS, these findings require further, m ore  

com prehensive exam ination.

The findings o f the cross-sectional P3b study included in Chapter 4  are also consistent w ith  the  

pred o m inant view  th a t the latency prolongation and am plitude reduction are most apparen t 

in the MS patients w ith  a progressive disease course (Leocani, e t al., 2010). The findings of this  

study also go fu rth er and extend th e  understanding o f brain and cognitive function in MS. In 

th e  first cross-sectional study exam ining the preceding ERP com ponents o f the P3b, the early  

sensory com ponents w ere  clearly delayed and reduced in MS patients, w hich was particularly  

evident in th e  N2 latency and the aud itory condition. The latency delays and am plitud e  

reductions in early sensory com ponents are in accordance w ith  th e  theoretical accounts. 

These accounts a ttr ib u te  th e ir cause to  be dem yelinating lesions in th e  prim ary a ffe ren t 

pathway, leading to  prolonged cognitive-indexing N2 and P3 com ponents (M agnano, e t al., 

2006). This underlying mechanism  is thought to  be sim ilar to  the 'subcortical d em entia ' seen  

in Parkinson's disease and Huntington's disease (Gil, e t al., 1993; M agnano, e t al., 2006). 

Furtherm ore , the N1 am plitude was significantly greater for SPMS patients than fo r controls. 

An N1 am plitud e increase, in conjunction w ith  a P3b am plitud e decrease, has been reported  

in o lder subjects during an aud itory  oddball task (Anderer, e t al., 1996). This feature has been  

attrib u ted  to  a h igher level o f general a tten tio n  in o lder adults during the oddball task. In 

reference to  th e  aud itory N1 com ponent, it is plausible th a t a sim ilar com pensatory  

mechanism  is im plied in MS subjects.
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Other studies reporting deficits only in the later N2 and P3 waves (Gil, et a!., 1993; Honig, et 

al., 1992; Newton, et al., 1989; Onofrj, et al., 1991; Piras, et al., 2003; Triantafyllou, et al., 

1992; van Dijk, et al., 1992), are in favour o f the view tha t the cognitive dysfunction is due to  

abnormal processing at the cortical level, as the higher cortical areas are thought be 

disconnected from  subcortical regions, due to  demyelinating plaques and axonal degeneration 

(Honig, et al., 1992; Magnano, et al., 2006; Piras, et al., 2003). Sailer, et al. (2001) reported 

visual N1 and N2 peak amplitudes to  be reduced in MS patients w ith  high lesion volume. This 

study also found a significant correlation between visual N2 am plitude and lesion load. These 

results agreed w ith  the views tha t lesions cause partial disconnections w ith in  widespread 

cortical networks. In a w ider context, it has been suggested tha t the prolongation and 

reduction o f the early sensory components are intrinsically part o f the electrophysiological 

profile o f neurological patients w ith  cognitive defic it (Giesser, et al., 1992).

The findings from  the source EEG analysis w ith  1C clustering method, included in Chapter 4, 

offer more support fo r this view tha t the cognitive impairm ent in MS is due to  d isruption of 

cortical-subcortical, in addition to  cortico-cortical neural connections caused by demyelination 

and axonal degeneration. The abnormalities were observed in the oscillatory activity of the 

low-frequency bands theta and alpha, o f which, generation and synchronisation is thought to 

be dom inated by subcortical structures, in particular the thalamus. Whereas neural 

synchronisation in the high frequency range (gamma and beta) seem to  be largely mediated by 

cortico-cortical connections. These connections reciprocally link cells w ith in  the same cortical 

area and are distributed across d ifferent areas, even hemispheres (Uhlhaas & Singer, 2006).

Cognitive impairm ent can occur in the absence o f physical disability and vice versa, but the 

physical disability can have an effect on the cognitive function in some MS cases (e.g. 

Thornton & Raz, 1997). Some of the researchers have even implied tha t the cognitive 

im pairm ent may have a use in predicting disease progression (Portaccio, et al., 2009). The 

relationship between physical disability and P3 ERP measures remains unclear. The studies in 

Chapters 4 and S did not find associations between the physical disability indicated by EDSS 

scores and P3 ERPs, w ith  a large sample of RRMS and SPMS patients. However, a link was 

found between the disability level o f progressive MS patients and auditory P3 ERP measures. 

Furthermore, the change in EDSS score, was associated w ith  the change in P3 ERPs, and 

markedly so in the P3a component and in visual modality.
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8.5. The utility of novel VESPA m ethod to probe and monitor  

visual dysfunction in multiple sclerosis

A fu rthe r aim o f the present research project, (as per Chapter 7), was to  investigate if a novel 

m ethod to  probe visual dysfunction, the VESPA (Lalor, et al., 2006), would indicate visual 

deficits in MS patients. In addition, it was examined if the VESPA can also m onitor changes in 

visual functioning over a 3-year period. In general clinical practice, pattern-reversal visual 

evoked potentials (VEPs) are recorded from  the suspected MS cases, as one of the most 

common firs t presenting symptoms o f MS is optic neuritis. The VEPs are also included as an 

additional confirm atory test fo r the diagnosis o f MS in the widely accepted revised 2010 

McDonald diagnostic criteria (Polman, 2011). Some studies have even found it to be a more 

sensitive diagnostic too l than the gold standard MRI scans (Ko, 2010). The VEPs, however, are 

a rather ineffic ient way to collect data concerning the function o f the visual system in MS, as 

they present the stim uli periodically to  the subject, and the brain responses are later averaged 

during the data processing stage. Thus causing potentia l loss o f inform ative data. Due to  this 

in te rm itten t presentation, acquiring sufficient amount o f data requires hundreds of 

repetitions, which increases the testing tim e to  up to  as much as an hour. It can also become a 

tiresome and inconvenient experience fo r the neurological patients being tested. Particularly if 

they already have compromised attention processes. In contrast, the VESPA takes only a few 

minutes to  conduct and it may provide a more expanded and detailed view of the visual 

processing, as the visual stimulus is continuously modulating over time.

The VESPA-like PlOO component was hypothesized to  be reduced and delayed at baseline, and 

show over a 24 month tim eframe, a gradual delay in latency and reduction in am plitude in MS 

patients in comparison to healthy controls. The present research found evidence to  support 

the clinical value of the VESPA as a reliable and robust measure to  probe visual function in MS. 

The VESPA-like PlOO latencies were found to  be delayed in MS patients in comparison to the 

controls, both at baseline and over the 24-month tim eframe. The effect was most pronounced 

in the SPMS patients. Further confirm ation of the advantage o f the VESPA method, was 

provided by a find ing tha t the MS patients w ith  a clinically recorded history of visual 

dysfunction presented w ith  reduced VESPA-like PlOO amplitudes and delayed VESPA-like PlOO 

latencies, compared to  MS patients w ith  no history o f visual dysfunction. The reproducibility 

o f the test was confirmed by the lack o f significant changes over a 3-year period. The VESPA- 

like PlOO component latency and am plitude were also associated w ith  the physical disability of 

the MS patients. The clinical potential o f the VESPA method needs to  be fu rthe r validated w ith
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a study com paring th e  responses extracted from  the standard, clinically tested VEP paradigm  

and the VESPA in a large, representative M S population. In addition, th e  sim ilarities and  

differences b etw een  the PlOO responses acquired w ith  these d iffe ren t m ethods, dem and  

fu rth e r research as discussed in the Discussion in C hapter 7. Furtherm ore, in the fu ture , the  

clinical m erit o f the VESPA m ethod may be enhanced w ith  the inclusion o f a simple, low - 

density electrode array. The findings from  the com prehensive high-density EEG studies o f the  

VESPA-like PlOO response and its topographical distribution in MS, w ill indicate th e  required  

n u m b er and optim al locations o f the electrodes.

8.6. The advantages of sophisticated EEG data analysis methods, 

statistical parametric mapping and independent com ponent  

analysis methods, over the classical scalp-based EEG analysis

A great m ajority  o f the previous electrophysiological studies, investigating the cognitive and 

brain function in MS, have utilised a classical scalp-based, averaged ERP approach (M agnano, 

e t al., 2006). A small num ber o f these studies (e.g. Honig, e t al., 1992; O nofrj, e t al., 1991) 

have reported  topographical results. However, these results have been subjective evaluations  

o f th e  ab norm ality  o f th e  individual an d /o r averaged scalp-topographies o f MS patients. As 

described in detail in Chapter 3-G eneral M ethods, th e  present research project included a 

re latively new  m ethod , i.e. statistical param etric  m apping, which allow ed statistical analysis of 

th e  topographical distributions o f am plitudes betw een  th e  groups. As MS patients com m only  

have lesions in various brain locations, th e ir electrophysiological activities on th e  scalp may be 

affected. For exam ple, instead o f the typical (centro -)parie ta l d istribution o f P3b, patients may 

show  an a ltered  distribution o f the activations on the scalp. Thus, th e  conventionally utilised 

ERP m ethods recording and com paring activations only from  one, or a restricted num ber of 

electrodes, do not take into account this fact. These conventional m ethods can potentia lly  lose 

in form ation , due to  inappropriate electrode p lacem ent, so leading to  false positive or false 

negative results.

F urtherm ore , the averaged ERPs do not reflect th e  full range of tim e-freq uency properties  

underlying electrophysiological activities. The average scalp-based ERPs b etw een  groups, only  

capture th a t portion  of the channel data th a t is phase-consistent at latencies, re lative to  th e  

tim e-locking events, and there fore , loses in form ation  of the activities (D e lorm e, e t al., 2012; 

O nton, e t al., 2006 ). W hereas, the 1C clustering m ethod (presented in detail in Chapter 3 - 

G eneral M ethods), aggregates ICs into functionally equ ivalent groups, and therefore estim ates
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the source o f EEG activities across subjects and conditions. In addition, the ICA and 1C 

clustering methods reflect more accurately the spatiotemporal features o f the EEG activations. 

One o f the main assumptions underlying scalp-based ERP analysis, is tha t the position o f an 

electrode reflects the neural activities d irectly underneath it, and that the task-related EEG 

activations in the same location, w/ould be sim ilar across d ifferent subjects (Onton, & Makeig, 

2006). However, the physical characteristics and projection orientations from  the cortex to  the 

scalp, d iffe r across individual brains, which may contravene the assumptions inherent in an 

ERP analysis. Furthermore, the scalp-based EEG is a sum o f the recorded channel activities 

originating from  m ultiple, functionally distinct, neural sources and non-brain sources, and 

therefore overlapping both tem porally and spatially on the scalp (Dale, et al., 2000; Delorme, 

et al., 2012; Hagoort, 2003). Instead o f the scalp-based EEG analysis o f the locally highly- 

correlated source signal mixtures, recorded at the two-dim ensional scalp surface, the ICA 

decomposition is an analysis o f the tim e courses and spatial 3-D source distributions of 

maximally tem porally independent data sources whose separate patterns of projection, via 

volume conduction to  the scalp sensors, are given by the ICA decomposition (Delorme, et al., 

2012). Averaging is commonly conducted to reduce the noise in the scalp-based EEG data as 

part o f the scalp-ERP analysis procedure. But averaging also leads to  discarding data, and it is a 

relatively inefficient way to isolate and locate individual EEG source signals (Delorme, et al., 

2012). Moreover, the ICA and 1C clustering methods enable isolating EEG artefact sources, i.e. 

eye blinks, and muscle artefacts, and removing them . This then yields a more accurate 

representation o f neural activity, compared to  scalp-based ERPs w ith  artefacts. The 

independent component analysis is regularly employed to  remove artefacts from  the EEG data 

(Groppe, et al., 2008; Nolan, et al., 2010), which results in the enhanced signal-to-noise ratio 

o f the EEG data (Delorme, et al., 2012). This advantageous ICA approach was used in the 

studies to  pre-process the EEG data (i.e. to  remove artefacts), and was also applied in the 

investigation o f the source P3 task-related EEG activities in Chapter 4.

1C clustering has the potential to  o ffer a more thorough insight into how the changes in MS 

patients' brains (due to  demyelinating lesions and cortical atrophy) affect the processing o f the 

stimulus inform ation obtained from  the outside world, and so therefore the cognitive 

functions in general. These changes affecting the cognitive functions, such as sustained 

a ttention and working memory, may be mediated through compromised neural 

synchronisation. The ICA and 1C clustering methods estimate the location of the activation 

(inverse source modelling). Whereas, scalp-based ERP assumes the recorded signals o f the 

scalp electrodes to  be comparable w ith  results from  equivalently placed electrodes for all 

subjects. Therefore, it does not sufficiently take into account the physical differences o f the
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brains o f d ifferent people. For example, the differences in the orientations o f cortical gyri and 

sulci can particularly cause diverse projections o f exactly equivalent cortical sources (Delorme, 

et al., 2012; Onton, et al., 2006).

8.7. The benefits of the proposed cognitive-indexing 

electrophysiological measures relative to conventional methods, 

to detect and monitor brain and cognitive function in multiple 

sclerosis

A conventional clinical approach to  cognitive dysfunction is to conduct a comprehensive 

neuropsychological examination, which can often be unavailable, be costly, or have interfering 

factors affecting the subjects' performance on these tasks, such as depression. Therefore, 

there is a demand for ancillary measures to  com plem ent the examination o f the cognitive 

performance and related brain functions. Approaches such as cognitive-indexing 

electrophysiological measures, may provide additional inform ation on the brain processes 

involved in the cognitive processes in MS. While at the same tim e avoiding some of the 

disadvantages of neuropsychological examination, such as practice effects (Barker-Collo, 

2005). It may also avoid the impact of demographic factors such as education, required 

m inimum  interval times between tw o test sessions w ith  same subject, the effect of hand, 

speech and/or m otor dysfunction on the ability to  perform the tasks (Magnano, et al., 2006). 

In addition, many patients dislike perform ing some o f the most challenging neuropsychological 

tests such as the PASAT (Tombaugh, 2006), and should be considered especially im portant in 

the context o f clinical trials in which repeated testing may increase the drop-out rate 

(Williams, et al., 2006).

The research conducted during the course o f the present thesis, and the findings from the 

studies o f Chapters 4, 5 and 6, found the PASAT performance to  be associated to the P3 ERPs. 

The firs t cross-sectional study found the poor performance in the PASAT, as measured w ith  the 

raw, uncorrected scores, to  be associated w ith  an increase in the auditory P3b latency at 

central and parietal sites. The lower PASAT scores, which were controlled fo r the effect o f age, 

showed a correlation w ith  a decrease o f the visual P3a amplitudes over frontal and parietal 

areas in MS patients. The subsequent study w ith  progressive MS patients, observed a 

correlation between the raw PASAT scores to  and both visual and auditory P3b and P3a 

amplitudes over centro-parietal scalp regions. Similarly, the source EEG study found the MS
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group w ith  the poorest PASAT performance, to have reduced P3b task-related theta power in 

widespread brain regions, in comparison to  MS patients w ith  the highest raw PASAT scores.

The longitudinal studies, however, revealed somewhat discrepant findings. The 12-month 

study found a change in the raw PASAT score, to  correlate w ith  the change in visual and 

auditory P3a amplitudes over parietal scalp-areas. Whereas the prelim inary results from  the 

24-month study found the demographically corrected PASAT scores and the P3 ERPs to 

correlate only at Month 12, while  the raw PASAT scores and P3 ERPs were correlated at Month 

0 and 12 but not at M onth 24. A more comprehensive investigation o f the 24-month change of 

both the PASAT and the P3 ERPs, including a greater number o f subjects and comprising more 

advanced EEG analysis methods such as SPM, is warranted. Furthermore, the 24-month study 

found the MS patients to  have a poorer outcome in the PASAT each year in comparison to the 

controls. Yet when the scores were corrected fo r age, education and sex th is difference no 

longer existed. These somewhat inconsistent results stress the importance o f demographic 

correction as part o f the neuropsychological testing procedures, in order to  improve the 

evaluation o f the cognitive status o f the MS patient. Moreover, also it is necessary to  exclude 

the potential effects tha t demographic factors (particularly age) have on the 

neuropsychological performance. The observed correlations in the cross-sectional P3b ERR 

study are therefore, not entirely comparable w ith  the subsequent studies, as the significant 

correlations o f raw, uncorrected PASAT scores may well represent the effect tha t age, 

education and gender may have on the P3 ERP parameters.

The longitudinal 12-month study in Chapter 5 included a seemingly contradictory result. In 

particular, the groups did not show changes in the ir PASAT scores a fter 12 Months, but these 

changes still correlated w ith the P3a ERP amplitudes over centro-parietal areas. It was 

revealed tha t although the visual P3a variab ility was less than the auditory P3a, perhaps 

reflecting the d ifficu lty o f the visual P3a task, there was a sufficient change between Month 0 

and Month 12 fo r a statistically significant correlation. To be more specific, the d ifficu lty 

between the modalities is a function o f perceptual distinctiveness o f the standard/target 

discrim ination, and not related to  m odality per se. Thus, the distinctiveness o f the stimulus 

and the context (standard/target d iscrim ination) largely contributes to  P3a am plitude and the 

m odality o f the stim uli is less influentia l (Polich, 1987). Therefore, the visual P3a task 

presented was more d ifficu lt due to  the  stimulus properties (i.e. the standard/target 

discrim ination was more d ifficu lt fo r visual compared to  auditory stimuli). Nonetheless, there 

was a change fo r some subjects in visual P3a amplitude, over the 12-month period (see Figure 

5.6.) and this change was sufficient fo r a statistically significant correlation.
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The m ultim odal investigation presented in Chapter 6 examined the hypotheses tha t delayed 

and reduced P3 EEG activations would be associated w ith poor neuropsychological test scores. 

Results revealed that the visual P3 ERP latencies best index cognitive function in MS. The 

visual P3 ERPs were found to  relatively strongly correlate w ith  the neuropsychological tasks; 

comm only considered to  be the most sensitive and specific for the cognitive functions in MS, 

w hile  they also correlated w ith  widespread brain regions. A functional MRI (fMRI) study 

(Mainero, et al., 2006) reported that, during execution o f the PASAT in RRMS patients, there 

was bilateral activation of the in ferior and middle frontal gyrus, anterior cingulate, in ferior 

parietal lobule, supplementary m otor area, superior and m iddle temporal gyrus, insula, 

thalamus, vermis and brainstem, as well as unilateral activation o f the right superior parietal 

lobule and right lateral prem otor area. These correlations o f P3 ERPs w ith  low 

neuropsychological test scores and lesion loads over widespread brain areas, may reflect the 

fact tha t the P3 ERPs, especially the P3a, involve large widespread brain regions, which when 

affected by lesions may have a deteriorating effect on the P3 ERPs and also the higher-order 

cognitive functions measured by the PASAT. As such it can be proposed tha t the compromised 

speed o f inform ation processing, due to  demyelinating lesions, is reflected in the latency delay 

and am plitude reduction o f the visual P3 ERPs, which eventually emerge on the higher 

processing level as cognitive difficulties. These results, which have yet to be fu rthe r 

investigated and confirmed, indicate tha t the electrophysiological measures, especially in the 

visual modality, have u tility  in the detection o f cognitive disturbances in MS.

The present research also proposed novel signal processing methods, detailed in Chapter 3- 

General Methods, offering a more comprehensive and informative view on the 

neurophysiological activities in MS. One o f the main aims was to examine the source EEG 

activities during P3 ERP tasks, in addition to  the trad itional scalp-based and response averaged 

ERP waveforms. The 1C clustering approach identified abnormalities especially in the low- 

frequencies in MS; showing less increase in theta band power and more reduced alpha band 

power 200-400 ms after the presented target stimuli, observed across a w ide range o f brain 

areas. In previous studies, spectral analysis o f P3b has indicated tha t P3b am plitude is linearly 

related to  delta and theta band spectral power (Spencer & Polich, 1999). Alpha band spectral 

power covaries w ith  P3b, which indicates ERP to  be related to attention and m emory (Polich, 

1997). Theta oscillations are also found to be related to  inform ation processing tasks which 

improve P3b task completion; especially those o f sustained attention, high executive demands 

(Gevins, et al., 1997; Klimesch, 1999; Mizuhara, et al., 2004; Mizuhara & Yamaguchi, 2007), 

maintenance o f working m emory (Gevins, et al., 1997) and the encoding and retrieval of 

episodic memories (Klimesch, et al., 2006).
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The extent of theta synchronisation has also been related to good working memory 

performance (Klimesch, 1999; Wang, 2010). The successful performance of the P3b task is 

dependent on these attention, memory retrieval and decision making processes. It has also 

been proposed that the parieto-prefrontal circuit is im portant for working memory, and that 

working memory and attention control may share a common cortical circuit substrate (Wang, 

2010). This is in line with Polich's (2007) theoretical account of the neural processes 

underlining P3 ERPs. In addition, hippocampal theta rhythm is believed to play a role in the 

form ation and retrieval of episodic and spatial memory. Theta rhythm in the neocortex was 

found to be enhanced in various neocortical sites during working memory. It appears to be 

particularly prominent in the frontal midline, including anterior cingulate cortex, a sub region 

of the prefrontal cortex implicated in behavioural monitoring, valuation of response outcomes 

and other aspects of cognitive functions (Wang, 2010). Moreover theta rhythm has also been 

suggested to be the brain area where P3 response originates (Polich, 2007).

Furthermore, slow alpha rhythm is implicated in suppressing irrelevant information in memory  

and attention tasks. Hence this links alpha rhythm to the PS ERP processes, in accordance to  

Polich's (2007) inhibition hypothesis discussed in Chapter 2-Literature Review. Hence, at a 

given cortical site, alpha rhythm may be reduced when attention is focused on external stimuli 

processed by that area, but enhanced when the flow of sensory information to that area is 

behaviourally irrelevant and should be ignored (Wang, 2010). Differences in the beta rhythm  

may reflect differences in the motor system between MS patients and controls, as beta rhythm  

has been associated with the motor functions, especially with the preparation and inhibitory 

control in the motor system, and with sensorimotor integration and top-down signalling 

(Wang, 2010).

These findings support recent advances in neuroscience, which suggest that the brain 

functions as a distributed, parallel and recursive network, challenging the generally accepted 

principle of cortical localisation of function as a core concept of clinical neurology. Usually in 

clinical practice it is considered that specific functions are represented in certain parts of the 

brain and that brain injuries disrupt these localised functions, giving rise to corresponding 

behavioural deficits. M oreover it is anticipated that stimuli are processed in a serial fashion in 

separate brain areas performing different functions (He, et al., 2007). It can also be suggested 

that the damaged brain should be viewed as a whole new system, not simply as the old system 

minus the lesioned parts (He, et al., 2007). It is also im portant to rem em ber that the 

neurological deficits do not simply reflect the primary effect of a lesion, but also the secondary 

effects of the lesion on other structures. This approach fits well with the study investigating
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th e  source P3 ERR activations, as th e  MS patients exhibited reduced th eta  and alpha ERSP 

pow er over w idespread brain regions. Thus dam age in the brain was not observed in any 

specific source location, but m ore o f a general reduction o f the brain activations in a 

w idespread brain netw ork was revealed.

In add ition, an interesting approach for fu tu re  investigation w ould  be to  exam ine the MS  

patients w ith  d iffe ren t 'new  brain systems' o f which som e are m ore adaptive than  others (for 

exam ple due to higher cognitive reserve). The degree o f how  adaptive th e  new  brain system is 

could be exam ined w ith  sim ilar m ethods as utilised in th e  present research. First the  

neuropsychological assessment could be utilised to  d eterm ine  th e  prem orbid  cognitive status 

and the present level o f cognitive functioning. These findings could th en  be m irrored to  the  

M RI findings, such as lesion load, to  exam ine the level o f adaptation  o f the brain system. For 

instance, the new  brain system w ould  be considered adaptive if th ere  was evidence of 

w idespread increase in lesion loads, w hile  th e  neuropsychological perform ance rem ained  

stable an d /o r at sim ilar level to  th e  healthy age-m atched controls. The advanced high-density  

EEG m ethods could then be utilised to  investigate differences in the spatio tem poral patterns  

o f th e  brain activations re lated to  cognitive functions, b etw een  th e  MS patients w ith  and 

w ith o u t adaptive brain systems.

Nevertheless, this approach is incongruous to  some exten t w ith  the correlational baseline 

study conducted in Chapter 6, but in fact may be m ore revealing w ith  regards to  th e  

m echanism  depicting how  th e  electrophysiological changes, affect cognitive perform ance. 

Thus, the netw ork view  of the brain should be considered m ore o ften  w hen conducting the  

correlational studies. Yet th e  observed correlations betw een  visual P3 ERPs and lesion loads 

w ere  w idespread, w hich im plicates theoretica l accounts regarding th e  brain as one system. In 

particular, in w hich the processing o f th e  incom ing inform ation  is conducted by 

synchronisation of various brain areas, not just m erely by serial, non-sim ultaneous processing, 

occurring in separate brain areas.
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8.8. The potential utility of electrophysiological methods to 

assess brain and cognitive function in other neurological 

conditions

The present research project investigated the u tility  of EEG and ERP methods to  detect and 

m on itor cognitive and brain function in MS, however, similar EEG and ERP methods can also 

be applied to  other neurological conditions. For example, sim ilar reduction o f alpha- and beta- 

band synchronisation compared to  healthy controls, during maintenance o f Information in 

working m em ory was reported in Alzheimer's disease patients (Pijnenburg, et al., 2004). 

Similarly, findings from  m ultip le  studies imply tha t P3 latency differentiates between 

subcortical and cortical dementia, dementia and depression and early Alzheimer's disease and 

normal aging. Reduced auditory and/or visual P3b amplitudes have been reported in 

schizophrenia, alcoholism and traum atic brain injury. Reduced P3b amplitude and delayed P3b 

latency results have been found in people w ith  bipolar disorder, yet the results have not 

shown consistent deviations fo r depression relative to  healthy controls (Duncan, et al., 2009). 

Furthermore, changes in event-related potentials are shown in many childhood disorders such 

as a ttentlon-defic it/hyperactiv ity disorder, autism, dyslexia, auditory processing, language 

impairments and psychiatric conditions (Duncan, et al., 2009). The Intra-subject test-re test 

correlation coefficients fo r the P3b compares favourably w ith  clinical assays; 0.50 to 0.80 for 

am plitude and 0.40 to  0.70 fo r peak latency (Segalowltz & Barnes, 1993).

In addition to  the P3 paradigm, o ther ERP paradigms, such as m ismatch-negativity (MMN), 

have been utilised to  investigate cognitive and brain function in neurological conditions 

(Duncan, et al., 2009). The (auditory) MMN is a negative event-related potentia l (ERP) w ith  the 

highest activ ity showing over fronto-central scalp area at around 100-250 ms (Garrldo, Kilner, 

Stephan, & Friston, 2009; Naatanen, Kujala, & Winkler, 2011). In a typical MMN task, subjects 

listen to auditory stim uli o f which they are asked not to  attend (See Figure 8.1). Frequent 

standard stim uli e lic it a negative peak N1 around 100 ms, reflecting early auditory processing 

at the prim ary auditory cortex. However, when the repetitive stim ulation is interrupted by a 

stimulus audibly d ifferent from  the preceding ones, an enhanced negative potential around 

100-200 ms is visible. MMN is typically reported as a difference wave as it becomes clearly 

visible only through a subtraction procedure (Naatanen, et al., 2011). MMN process Is thought 

to  reflect subtle attentional processes (i.e. the automatic switching o f the organism's attention 

to  auditory change) (Naatanen, et al., 2011).
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Based on the findings w ith  various neurological populations, it was investigated whether the 

M M N can be utilised as a neurophysiological marker, to  aid the early d ifferentia l diagnostics 

between tw o  common neurological conditions sharing sim ilar symptoms, namely the early 

Parkinson's disease (PD) and essential trem or (ET). Parkinson's disease (PD) is one o f the most 

common neurodegenerative diseases and its diagnosis is usually based on clinical features, 

which include trem or (for a comprehensive review see Lees, Hardy, & Revesz, 2009). The 

d ifferentia l diagnosis o f PD and essential trem or (ET) can be challenging, and ET is commonly 

misdiagnosed as PD, especially when the trem or is o f large amplitude, starts in old age and 

continues into the resting state (Lees, et al., 2009). The fact tha t some patients w ith  PD have 

dem entia w ith  deficits in a ttention and tha t ET is characterised w ith  physical symptoms 

(excluding cognitive impairm ent), offers a novel possibility fo r d ifferentia l diagnostics. The 

M MN is an index o f subtle attentional effects, which has shown to  be impaired in PD (Lees, et 

al., 2009). The MMN is typically largest over fronta l areas (Naatanen, et al., 2011), which 

opens up the possibility of early identification o f PD patients at risk o f dementia. Since there is 

growing evidence tha t subtle frontal lobe deficits may hold prognostic value in identifying PD 

patients at risk o f dementia (Woods & Troster, 2003).

Figure 8.1. The mismatch negativity (M M N) and associated event-related potentia l 
components in non-attended task (Naatanen, Kujala, & Winkler, 2011).
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A preliminary study was conducted with 9 Parkinson's disease (PD) and 11 essential trem or 

(ET) patients, in collaboration with the Departm ent of Neurology in St. Vincent's University 

Hospital. Based on the literature showing PD patients to experience dysfunction in attention 

(Lees, et al., 2009) and the M M N  to measure subtle attentional changes (Naatanen, et al., 

2011), it was hypothesized that the PD patients would show a reduced scalp-space and source 

M M N  activations, in comparison to the ET patients. Neither of these approaches revealed 

statistically significant differences in M M N  profiles of the tw o groups. The lack of differences 

may be due to the small group sizes, which reduce the statistical power of the analysis, but it is 

also likely that the M M N  paradigm utilised was not a sufficient method to find differences, as 

no clear trends were present in the data. The M M N  paradigm or the selected stimulus 

features may not have been optimal in order to detect differences between the two samples 

of neurological patients. It is also possible that the subtle cognitive difficulties, present in the 

early PD disease course, may not have been sufficiently targeted with the M M N . From a 

signal-processing point of view, it can also be noted that electrophysiological measuring is 

technically highly challenging, with patient populations presenting with substantial motor 

impairments, such as tremor, which introduces large motion artefacts to the data. In fact, large 

motion artefacts were observed in the data for the majority of the PD and ET patients. 

Therefore, the data pre-processing methods utilised (both manual procedure and FASTER 

method described in Chapter 3-General Methods) may have not removed a satisfactory 

amount of the artefacts, which has subsequently lead to a reduced signal-to-noise ratio. The 

M M N  is often regarded as a not easily detectable ERP component, and may have thus had 

small amplitude, therefore not revealing differences between the PD and ET patients. The 

sample sizes of the groups were also small, which may have reduced the statistical power of 

the analysis and added to the lack of observed differences. However, more studies are 

required to determ ine if the M M N  may have the potential to be utilised in clinical research, in 

addition to neuropsychological tests and especially in trials seeking new drug therapies for 

cognitive dysfunction in PD.

8.9. The advantages and future potential of electrophysiological 

measures in the study of neurological conditions

The advent of MRI and other neuroimaging methods has significantly reduced the clinical 

utilisation of EEG in MS (Polman, et al., 2011; Polman, et al., 2005). However this is hard to 

comprehend, as the information provided by EEG is quite different from that provided by MRI. 

EEG measures action potential conduction, along central, visual, auditory, somatosensory and
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m o to r pathways, and th ere fo re , assesses th e  consequences o f axon dem yelination  and 

degeneration  in MS (Ziem ann, e t al., 2011). Despite the recent surge o f highly advanced brain  

im aging technologies, such as functional m agnetic resonance im aging (fM R I) and positron 

em ission tom ography (PET) offering high spatial resolution and ab ility  to  d etec t cellu lar 

activ ity in subcortical structures of the brain, EEG measures still have various m ajor 

advantages. M ost im portantly, w/ith the higher tim e  resolution, th e  EEG (and M EG) can detect 

changes in brain activity faster than th e  new est brain im aging technologies. EEG is a direct 

reflection o f th e  sum m ation o f cortical postsynaptic potentials, which is a distant reflection of 

th e  brain's inner workings (da Silva &  Spekreijse, 1991), w hereas recent brain im aging  

m ethods m erely m easure th e  cell m etabolism  o f neurons (blood flow , blood vo lum e, 

oxygenation) (da Silva & Spekreijse, 1991).

In addition to  these benefits, EEG technology also has in its favour psychological and physical 

convenience, low  cost, portability and a long history o f investigation spanning over eighty  

years (M ille tt, 2001). M easuring EEG involves w earing a sim ple cap or string o f electrodes and 

it is com m only acquired from  young children and neurological and psychiatric populations, 

which are likely to  find noisy fM R I and PET m achines frightening and intim idating. 

F urtherm ore , the fu tu re  o f EEG looks prom ising as advances in te lem etry  and dry electrodes, 

have th e  potential to  e lim inate  th e  inconveniences re lated  to m easuring EEG. W hen  

considering the expense, the EEG is much m ore affordab le  in com parison to  the new est 

technologies (M RI, fM R I, PET, MEG). In recent years sim ultaneous EEG and fM R I (co- 

registration) has gained in popularity as it can build on and co m plem ent th e  strengths o f both  

approaches. However, at present it still requires fu rth e r d eve lop m ent before it can becom e a 

viable m ethod fo r clinical practice and clinical research.

Im portantly , th e  role of synchronisation o f neural netw orks should be m ore com prehensively  

investigated in various brain disorders. M ost o f the research on electrophysiological correlates  

o f pathological brain states, have focused on the analysis o f pow er distributions in various  

frequency bands, of resting-state EEG activ ity (e ith er eyes-open or eyes-closed) or on the  

changes seen in averaged ERP com ponents. Nevertheless lim ited research has investigated  

task- or perfo rm ance-re lated  synchronisation phenom ena in brain disorders (Uhlhaas &  Singer, 

2006). Distinct abnorm al changes in (task-re lated) neural synchrony, most likely play an 

im p ortan t role in not only the cognitive dysfunction, but also the overall pathophysiology of 

brain disorders, such as schizophrenia, A lzheim er's disease and autism (Uhlhaas, e t al., 2009; 

Uhlhaas &  Singer, 2006). These conditions involve th e  reduction o f both local and long-range  

neural synchronisation. Therefore, the cognitive dysfunction w ith  th e  o th e r overt sym ptom s of
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these disorders arises from  dysfunction in the coordination of distributed neural activity, 

between and w ith in  functionally specialised regions in the cerebral cortex. Reduced neural 

synchrony can be the consequence o f a disconnection o f these brain regions, but it can also be 

the cause o f impaired coupling between brain areas. In particular, as synchronisation is 

required, fo r the e ffic ient propagation o f neural responses across sparsely connected networks 

(Uhlhaas & Singer, 2006).

The EEG methodology enables the flexible utilisation o f a wide range o f d ifferent task 

paradigms, o f which the P3 paradigm is one o f the most Investigated. Future research could 

em ploy o ther sim ilar task paradigms; targeting the subtle cognitive functions while measuring 

the brain activations. The inform ation o f the brain functions, related to  cognitive dysfunction, 

acquired w ith  the P3 and the alternative ERP task paradigms could be compared to  find the 

most suitable and most effective ERP task design. This would challenge damaged brain 

networks in MS and/or other patients affected by a neurological condition.

As technology develops these advantageously, developed cognitive-neurophysiological 

measures may in the fu ture be an auxiliary part o f the standard diagnosis procedure fo r MS or 

o ther neurological conditions. The measures such as EEG have several advantages; namely 

non-invasiveness and objectiveness. These measures have increasing potential to  act as 

valuable diagnostic tools. Specifically as the detection and m onitoring o f disease progression 

and the efficiency o f therapeutic interventions has advanced, novel methods fo r tim e series 

analysis are being refined and developed (Uhlhaas & Singer, 2006). M oreover they can act as 

additional measures, complementing the in-person, comprehensive neuropsychological 

examination and brain imaging results. If the recording procedure becomes less cumbersome 

and tim e consuming, as the technology advances, these cognitive-neurophysiological 

measures can act also as initia l screening methods fo r cognitive deficits. Future technological 

advances would  enhance the applicability o f EEG measures in clinical practice. These 

technological advances may include the dry electrodes, high-density EEG and the w idely 

available and more effective signal-processing methods w ith  easily approachable user- 

interfaces. One appealing opportun ity  would be to  utilise sim ilar technologies as biofeedback 

therapies, to  test If the cognitive functions can positively affect an im provement in quality of 

life o f the neurological patients suffering from  these subtle but high-impact cognitive deficits 

(Uhlhaas & Singer, 2006).
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8.10. The impact of the present research on the clinical research 

and clinical practice

The advanced electrophysiological methods examined, were shown to  have the potential to  be 

adapted as part o f the clinical procedure. That is, to  detect, and in some cases to fo llow  the 

progression of, brain functions related to  subtle cognitive processes o f inform ation processing 

speed, a ttention and working memory, and the existence o f visual dysfunction in MS. The 

findings o f the present research enhance the existing knowledge on brain and cognitive 

function in MS, as it includes a comprehensive, 3-year m ultim odal examination o f a relatively 

large MS patient sample, w ith  age-matched healthy controls. Furthermore, advanced signal 

processing analysis methods w ith  high-density EEG, were utilised fo r the firs t tim e in the 

context o f MS research.

EEG technology is already commonly employed as part o f diagnosis in various neurological 

conditions; in MS to  detect visual dysfunction, in epilepsy to  detect the nature of the epileptic 

seizures and identify the ir cause and in sleep disorders to  track the function of the brain to  

give indication o f the underlying difficulties (Duncan, et al., 2009), to  name a few. The 

cognitive-indexing electrophysiological measures o f P3 and MMN ERPs have particularly 

favourable u tility  in clinical research o f neurological conditions (Duncan, et al., 2009). They are 

well suited in the assessment o f brain function related to  cognitive performance, during the 

in itia l investigation of new emerging trea tm ent options fo r d ifferent neurological conditions 

like MS or PD, to  complement the inform ation from neuropsychological batteries and from 

MRI or other brain imaging measures. The electrophysiological inform ation can provide 

inform ation on the brain functions related to  cognitive dysfunction, and thus, complem ent the 

findings acquired w ith conventional neuropsychological examination and structural MRI scans. 

A fter clinical research has determ ined the scalp distribution, pattern and origin of cognitive- 

indexing ERR activations in patients w ith  a neurological condition, the number of electrodes 

could be reduced and in clinical practice only a few electrodes would be required to be placed 

on the scalp.

The findings from  the present research support the notion tha t P3 electrophysiological 

measures have u tility  in assessing and m onitoring brain functions related to  cognitive 

dysfunction in MS. They have desirable value especially in clinical research, and can be applied 

in the ir present form  to  study brain and cognitive function. Furthermore, the P3 

electrophysiological measures have potential u tility  in clinical practice to  complem ent
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neuropsychological and M RI findings. The present research supports th e  d eve lop m ent of 

these measures to  be an auxiliary part o f th e  clinical m anagem ent o f MS.

8.11. Electrophysiological measures and the cognition-specific 

drug therapies in multiple sclerosis

Although neuropsychological rehabilita tion  can im prove a ttentio n , in form ation  processing and 

executive functions in MS patients w ith  low/ disability levels (M a ttio li, S tam patori, Zanotti, 

Parrinello, &  Capra, 2010), th ere  is a drive to  find drug therapies th a t have positive effects on 

cognitive function in MS patients. The d isease-m odifying m edications a lte r the cerebral 

dem yelinating process, which m ay in tu rn  be associated w ith  slower decline o f cognitive 

functions (Bobholz &  Rao, 2003). On th e  o th er hand, this link has not been firm ly  established  

and the mix o f MS patients w ith  d iffe ren t trea tm en ts  w ould  have th e  advantage o f giving a 

m ore com prehensive overview  of th e  process o f Cl in MS. In the present research project, 

th ere  was not adequate num bers o f subjects in each tre a tm e n t group, to  be able to  

satisfactorily conduct statistically p ow erfu l analyses. Furtherm ore, studies exam ining the  

influence o f drug therapies on the cognitive perform ance of MS patients should m on ito r their 

effect systematically; measuring the cognitive functions prior to  tre a tm e n t tria l, during and 

afte r tre a tm e n t w ith  large age-, education- and gender-m atched MS samples o f equal size.

As drug therapies typically target specific n euro transm itter systems, w hich are involved in 

neural synchrony, th e  cognitive-indexing electrophysiological m ethods reflecting the function  

o f neurotransm itters m ay have the potentia l to  be p art o f th e  design process o f these novel 

therapies. A lthough som e o f the studies have included the P3 ERPs, so far only one has 

reported changes in P3 ERP activations a fte r treated  w ith  disease-m odifying therapies  

(Flechter, e t al., 2007). The VESPA m ethod  could also be utilised to  m easure th e  effect o f drug  

therapies on visual function. Indeed one study em ployed this approach and found th e  VEP to  

be im proved by a m arked percentage o f MS patients, a fte r natalizum ab tre a tm e n t com pared  

to  the sam e patients m easured during a run-in phase prior to  tre a tm e n t (M eu th , Bittner, 

Seiler, Gobel, &  W iend l, 2011). For instance, intrinsic th eta  or gam m a oscillations in individual 

neurons appear to  critically depend on voltage-gated sodium and potassium channels (W ang, 

2010). Various n euro transm itter m echanism s have been im plicated to  underlie  P3b 

generation; how ever these systems still rem ain  unclear (Polich, 2007). M ost o f th e  studies 

indicate th a t, dopam inergic activ ity m ediates the PSa link to  frontal focal a tten tio n  and 

w orking m em o ry  systems, w hereas norep inephrine is re lated to  P3b w ith  tem p o ra l/p arie ta l
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activity. However, more human studies investigating the neurotransm itter systems underlying 

P3 ERP components are required, in order to  improve the understanding o f the ir 

neurophysiological mechanisms and yield im portant clinical applications (Polich, 2007).

There is growing evidence for abnormal cortical inform ation processing in schizophrenia, to be 

associated w ith  dysfunctions in cholinergic, dopaminergic and GABAergic neurons and 

neurotransm itter systems (Uhlhaas & Singer, 2006). It is possible tha t the irregularities in 

neural synchrony and also in the generation o f neural synchrony, related to  cognitive functions 

found in MS, can be linked to  neurotransm itter systems. This may have invaluable implications 

fo r the fu ture  development o f cognition-sensitive drugs fo r MS. EEG methodology has the 

potentia l to  act as an indispensable metric during the development o f more precise 

pharmacological interventions fo r neurological disorders such as MS.

8.12. Limitations of the present research

The present research had various lim itations, which have to be taken in to  account when 

interpreting the results o f these studies. Most im portantly, some of the studies in Chapters 4, 

S, 6 and 7 included a low number o f subjects (especially the ones comparing d ifferent MS 

subgroups and/or including the data acquired at M onth 24 into the analysis). In particular, the 

failure to  recruit sufficient numbers o f PPMS over the 24-month period was unfortunate, as 

the rare MS disease course requires a more in-depth examination. It can be proposed that 

w ith  the inclusion of more MS patients w ith  d ifferent disease courses in fu tu re  research, it 

would be possible to reach a more comprehensive understanding. In particular in relation to 

the abnormalities and changes occurring over tim e in the cognitive functions present in MS 

patients, and to discover how these findings relate to  the d iffering disease courses and 

physical disability. Accordingly, w ith  the inclusion of a w ide variety of patients in d ifferent 

disease courses it is im portant to investigate if the cognitive-indexing electrophysiological 

measures show reproducible pattern not only on the group level but also fo r each subject. The 

fu ture  studies could, thus, ascertain the u tility  of cognitive-indexing electrophysiological 

measures also at an individual level.

Furthermore, while some MS patients were treated w ith  d ifferent disease-modifying therapies 

(DMT) potentia lly affecting the ir cognitive performance, others (particularly in the progressive 

disease course) did not receive any trea tm ent fo r MS. As discussed earlier in this chapter, the 

effect the DMTs have on cognitive function in MS is still largely unknown and the issue needs
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to  be addressed in fu ture  research. Principally it would be intriguing to  utilise the cognitive 

neurophyslological measures, in addition to the neuropsychological and brain imaging 

methods, to  determ ine if they can provide supplemental insight into the topic.

The findings o f the 24-month longitudinal study presented in Chapter 5 are considered 

prelim inary. Future studies could utilise advanced EEG analysis methods, including SPM and 

source EEG analysis measures such as 1C clustering and sLORETA. This would more accurately 

represent the group and tim e differences between MS patients and healthy controls. 

Moreover, a large number o f MS patients dropped ou t from the study during the 24-month 

period, and it is plausible tha t the MS patients w ith  most disability and/or cognitive 

im pairm ent may have been the firs t ones to  leave the study. Thereby, potentia lly distorting the 

results through insuffic iently reflecting the whole MS patient population. It is vital to  address 

these issues in fu tu re  longitudinal studies on the cognitive function in MS, by fo r instance, 

making the participation to the study more accessible to MS patients w ith  home visits or 

sim ilar arrangements. Moreover, the change in P3 ERP activations in MS over a longer periods 

o f tim e (such as three years) has not been studied before, although there are a few 

longitudinal studies employing neuropsychological and/or MRI measures up to a tim e period 

o f ten years (Amato, et al., 2001). Thus, fu tu re  studies focusing on the cognitive function in MS 

and spanning over three years should include cognitive-indexing electrophysiological 

measures into the study procedure, in order to  gain a fu ll view o f the cognitive and brain 

changes occurring.

The effect o f genetic factors on the cognitive function in MS was implied by a study in Chapter 

4 showing MS patients w ith  the AA OASl-genotype (indexing increased disease activity) to 

have more prolonged and reduced P3 ERP components and poorer performance in the PASAT 

test, in comparison to  the o ther genotype, AG OASl. It must be acknowledged that it is not 

sufficient to  examine the influence that only one potentia l genetic factor has on cognitive 

function in MS, one at a tim e, as done in this study and in the previous research literature 

(Cerasa, et al., 2010; Enzinger, et al., 2004; Ghaffar, et al., 2010; Jensen, et al., 2010; Manna, et 

al., 2006; Oksenberg, et al., 2008; Oliveri, et al., 1999; Parmenter, et al., 2007; Portaccio, et al., 

2009; Savettieri, et al., 2004; Shi, et al., 2008; van der Walt, et al., 2009; Weinstock-Guttman, 

et al., 2011; Zivadinov, et al., 2007). Thus, the m atter requires a thorough investigation, w ith  a 

large num ber o f MS patients tested on various d ifferent genetic factors. The cognitive-indexing 

electrophysiological measures provide a new, auxiliary method to examine the effect tha t 

genes have on the brain and cognitive function in MS, in addition to the neuropsychological 

and MRI measures.
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The prelim inary results from  the cross-sectional m ultim odal study o f Chapter 6, tha t found 

associations between P3 ERP, MRI and neuropsychological measures are promising, but need 

to  be fu rthe r examined w ith  more advanced statistical and signal processing methods, such as 

SPM. This would enable a more accurate representation o f P3 ERP amplitudes and topography 

in relation to  neuropsychological scores and MRI variables. Similarly, the in itia l results from  the 

3-year P3 ERP study have to  be confirmed w ith  SPM to  reveal the topographical distributions 

and differences between the subjects. In addition, advanced source analysis methods such as 

1C clustering and LORETA, may provide more significant inform ation o f the underlying 

electrophysiological activities and the brain locations where the activations o f MS patients 

d iffe r from  those of healthy controls. One interesting approach would also be to  apply a 

connectivity analysis of the data w ith  measures such as diffusion-tensor imaging (DTI).

8.13. Future perspectives

To summarise, the main research objectives for the thesis, presented the thesis objectives in 

section 2.7. included in Chapter 2-Literature Review, were achieved and the 

electrophysiological measures such as P3 ERPs and the VESPA have potential for u tility  in 

clinical research and/or practice associated w ith  the diagnosis and trea tm ent of MS. The 

research highlighted that the VESPA has potential diagnostic use, but its value as a diagnostic 

toot w ill need to  be confirmed w ith  a study comparing the VEP and the VESPA responses. The 

P3 ERPs, especially in the visual modality, offer an auxiliary tool fo r clinical research to  detect 

and m onitor cognitive functions and the related brain processes. The advantages o f cognitive- 

indexing electrophysiological methods are far-reaching and include: reliable and easier short­

te rm  replication, high temporal resolution, cost-effectiveness, high level o f objectiv ity and less 

interference from  subject-related factors such as mood disorders, physical disability and 

education. Due to  these beneficial properties the inclusion o f the cognitive-indexing 

electrophysiological measures into clinical practice is encouraged. It can be stated tha t these 

measures may hold u tility  in clinical practice, although this may be dependent on fu rther 

developm ent o f the EEG methodology. At present, the sophisticated EEG data analysis and 

statistical procedures utilised in the studies o f this thesis are not incorporated in clinical 

practice. Nevertheless, they hold promise as they could be utilised as part o f clinical practice, 

if the data and statistical analysis processes could be fu lly  automated and the results 

presented in a user-friendly manner to  clinical professionals. For instance, it is plausible to  

create a clear and simple graphical user interface where the acquired EEG data can be entered 

fo r autom atisation and advanced data and statistical analysis. The ou tpu t from  the EEG
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analysis would be presented in the form  o f an easily approachable result summary w ith  self- 

evident visualisations and text delineating the main differences (in comparison to  the data of 

the healthy controls). The clinical professionals could then make use o f the acquired 

inform ation as part of the ir trea tm ent plans.

Moreover, recently there has been an intense interest into the EEG frequencies during resting- 

state paradigms. However, these do not measure the activities associated w ith  cognitive 

processes. EEG paradigms, sim ilar to  the P3 ERPs, which target specific cognitive processes, 

should be fu rthe r developed by altering the paradigms, in order tha t they would be more 

sensitive to  the specific cognitive deficits in d ifferent neurological conditions, such as MS. This 

type o f EEG paradigms would be beneficial in clinical research on cognitive and brain functions 

in neurological and/or neuropsychiatric conditions. Novel, advanced methods have vast 

potential fo r sim ilar research investigating brain functioning related to cognitive function in 

d ifferent neurological conditions. Relatively new methods have been developed to  enable 

spatiotem poral analysis o f multichannel EEG, i.e. the analysis of the spatial properties of the 

fie ld topographies (Brunet, Murray, & M ichel, 2010). Moreover, the ICA clustering method has 

since been made more adaptable by adding o ther K-means clustering algorithms such as the 

A ffin ity  Product Method^®, and introducing the measure projection method. It is a novel 

probabilistic m ulti-subject inference method tha t searches voxel by voxel fo r brain regions that 

have event-related 1C process dynamics, which exhibit statistically significant consistency 

across subjects and/or sessions, as quantified by the values o f various EEG measures.

By abandoning the notion o f d istinct 1C clusters, the Measure Projection Analysis (Bigdely- 

Shamlo, M ullen, Kreutz-Delgado, & Makeig, 2013)^^ involves lower levels o f subjectivity. In 

particular as the user is not required to set the clustering parameters, such as the number of 

clusters to  be extracted and the relative weights of d ifferent EEG measures, it overcomes the 

d ifficu lty  in proper statistical evaluation of cluster memberships and the discontinuous nature 

o f 1C clustering. W ith regards to m ultim odal investigations, a novel neuroelectromagnetic 

forward head m odelling toolbox (NFT; Delorme, et al., 2011) enables the building o f realistic 

electrical-head models from  available magnetic resonance (MR) images and/or from  measured 

EEG sensor coordinates. Also studies utilis ing fMRI to examine brain activations related to 

cognitive functions, provide insight on the spatial locations o f these activations. Combined

Description o f the  Affinity Product M ethod  available online:
http://sccn.ucsd.edU/w iki/Chapter_05:_Com ponent_Clustering_Tools#Preparing_to_cluster_.28P re­
clustering. 29_w ith_A ffln ity_P roduct_M ethod  

“  Description and fu rth er details on the  M easure Projection Analysis available online: 
http ://sccn .ucsd.edu/w ik i/M P T
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w ith  electrophysiological m ethods, it offers a unique and com prehensive approach to  study  

th e  cognitive function -re lated  brain activations. In th e  fu ture, sim ilar highly sophisticated  

m ethods m ay prove beneficial w hen exam ining how  brain abnorm alities affect the function of 

th e  brain in rest or w hile  perform ing cognitively dem anding tasks. The functional connectivity  

analysis measures, such as source in form ation  flow  toolbox (SIFT; D elorm e, e t al., 2011 ), 

electrophysiological connectom e (eConnectom e; He, e t a!., 2011) and diffusion tensor imaging  

(DTI; Sundgren, e t al., 2004), have recently gained in popularity and m ay be rem arkably  

interesting in th e  context o f MS, which involves adversely affected connections in th e  brain. 

Furtherm ore , the studies utilising brain imaging m ethods w ith  higher specificity, have found  

correlations betw een  cognitive dysfunction and low  m agnetisation transfer imaging ratios, N- 

acety lasp arta tex rea tin e  ratio using m agnetic resonance, diffusion M RI and diffusion MRI 

m etrics (Benedict & Zivadinov, 2011).

The in fo rm ation  acquired w ith  these novel neurophysiological and brain imaging m ethods  

could then serve to d e term in e  th e  particu lar features characteristic o f the brain and cognitive  

(dys)function in MS. The profound understanding o f th e  abnorm alities could then  be used to  

create and develop innovative ways to  m easure th e  brain and cognitive function in MS. This 

could include advanced and user-friendly adjustm ents o f the research m ethods th a t w ould  be 

easily applicable to  clinical practice; such as se lf-explanatory graphical user interfaces, dry  

electrodes, sim ultaneous neuropsychological and electrophysiological testing.

Future ERP studies could also incorporate a full neuropsychological battery  to  longitudinal ERP 

and MRI studies, which may clarify how  th e  changes in specific cognitive dom ains are related  

to  longitudinal neurophysiological an d /o r M RI findings. The association b etw een  the lesions 

and neuropsychological and neurophysiological cognitive function is not clearly defined in MS, 

w hich is particularly tru e  in relation to  th e  progression of Cl in MS. A com prehensive  

m ultim odal and longitudinal study would enable th e  exam ination  o f abnorm alities in norm al- 

appearing w h ite  and grey m atter, which m ay be related to  the severity and progression o f Cl, 

but are com m only undetectable by conventional imaging (Bagert, Camplair, &  Bourdette, 

2002). Previous studies have reported increasing brain lesion load and brain atrophy to  be 

correlated  w ith  the progression o f Cl in MS (Am ato, e t al., 2006 ). Furtherm ore, th e  w ho le  

brain atrophy seems to be a good predictor of fu tu re  cognitive and m em o ry  decline in early  

MS (W h itw e ll, 2008). These m ultim odal, com prehensive investigations are a necessity in th e  

fu tu re  research o f Cl in MS.
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The profic ient functioning o f cognitive processes is central to  hum an beings, especially in the  

dem anding  w ork and social environm ents o f m odern life. Typically the sm ooth cognitive 

perform ance goes unnoticed in m ost MS patients. Indeed before the adverse-disease changes 

affecting these functions becom e ap p aren t and cause difficulties, for instance, in the ability to  

concentrate and re m e m b er everyday details. The subtle cognitive deficits in attention, 

inform ation  processing speed and w orking  m em o ry  m ay m anifest as difficulties in com m on  

everyday life situations, fo r exam ple, in m aintaining concentration w hile  driving and in 

difficulties com pleting m ore com plex tasks a t w ork. Therefore , it is crucial to  catch these  

adverse changes in tim e, in o rder to  assess th e ir  im pact on daily tasks such as w ork and driving 

and to m ake adaptations to  w ork and social environm ents and conditions. As m any MS  

patients m ay try  to  hide these deficits from  th e ir  fam ily  and em ployers, causing them selves  

considerable stress, loneliness and frustration , it is essential th a t clinical professionals 

com m unicate effectively th a t cognitive deficits can be accom m odated into everyday life in the  

form  of p a rt-tim e  w ork, additional breaks, restructuring o f w ork tasks, driving in th e  mornings, 

am ong others. M oreover, the fam ily  o f the p atien t can be seen as a resource, as th ey  can 

report recent changes in the patient's behaviour, enab le necessary alterations in th e  daily life 

and provide support to  the patient.

The im portance of having an outlook on th e  cognitive functioning of an individual MS patient 

becomes even m ore vital in th e  context o f controversial topics, such as the m anagem ent and 

tre a tm e n t o f MS sym ptom s. The cognitive disturbances may affect a patient's ability to  make  

inform ed decisions and fully understand all o f th e  risks and legal im plications involved in the  

alterna tive tre a tm e n t options. Some MS patients may disagree w ith  th e ir doctor about the  

best tre a tm e n t option for th em , w hich m ay cause substantial stress to  both parties and the  

possible cognitive im p airm en t o f the p atien t may play a role in these disputes. For instance, 

th ere  are num erous a lternative  trea tm en ts  available, which may include travel to  th e  o ther 

side of th e  w orld  to  a country w ith  less stringent m edical legislation, w ith  costly (and possibly 

risky) procedures, som e even involving surgery^^. Similarly, using cannabinoids (e.g. m arijuana) 

may ease muscle spasticity but at th e  sam e tim e  cause dizziness, fatigue and slow m ental 

functions, not to  m ention  th e  uncerta inty  ab o ut th e  possible long-term  effects and the  

potentia l legal consequences to  th e  patient^^. M o st controversial d ebate  of all, euthanasia^^

A recent controversy surrounds alternative trea tm en t named chronic cerebro-spinal venous 

insufficiency (CCSVI) (h ttp ://w w w .cbc.ca /new s/health /s tory /2012/05 /10 /m ultip le -sc lerosis-ccsvi- 
fda-w arning.htm l).

”  The issue is discussed in a news article: h ttp ://w w w .reu te rs .eo m /artic le /2012 /05 /14 /u s -m ariju an a -  
sclerosis-idUSBRE84D0RS20120514.
A recent case reported by the press:
http://w w w .nzhera ld .co .nz/po litics /new s/artic le .c fm ?c_id=280& objectid=10834168
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highlights t h e  im p o r ta n ce  of d e te rm in ing  th e  pa t ien t 's  level of cognitive function  in its core: if 

an d  w h e n  can a p a t ien t  be  ju dged  to  be cognitively fit eno u g h  to  m ake a decision t o  end  

h is /h e r  ow n life?

In light o f  all th e s e  ethical ques t ions  it is essential to  be ab le  to  accurate ly  d e te c t  any cognitive 

difficulties as early  as possible, and to  m on ito r  th e ir  po ten tia l  p rogression over  t im e .  This 

allows MS p a t ien ts  to  plan th e ir  life and  a c c o m m o d a te  to  th e  fu tu re  challenges. O ne  of  th e  

difficulties a t  p resen t,  is th e  accu ra te  d iagnosis of cognitive im p a irm en t  in MS, as th e  deficits 

a p p a r e n t  in neuropsychological p e r fo rm ance  can be m asked  by fatigue, dep ress ion  and  o th e r  

m o o d  d isorders  such as  anxiety  (Arnett,  e t  al., 1999; D em aree ,  e t  al., 2003; D iam ond, e t  al., 

2008; Gilchrist & Creed, 1994; Litvan, e t  al., 1988; T ho rn ton  & Raz, 1997), which m ay lead to  

in ap p ro p r ia te  t r e a tm e n t .  Therefore, th e  interdisciplinary care and  th e  util isation of 

m ult im odal m e th o d s  to  d e te c t  and  m o n ito r  Cl in MS are  essen tia l ,  in o rd e r  to  gain a full 

u n d e rs ta n d in g  of th e  cognitive functioning in each  pat ien t .  As it h ap p en s ,  th e  cognitive- 

indexing electrophysiological m e a su re s  may prove to  be  a central p a r t  of th e  solution.
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Appendices.

A pp en d ix  1. Participant in form ation  and c o n s e n t  form

W St. Vincent's Healthcare
G R O U P  LIMITED

PARTICIPANT INFORMATION AND CONSENT FORM

STUDY TITLE: Cognitive Functioning in M ultiple Sclerosis: A 
Longitudinal ERP Analysis

NAME OF PRINCIPAL INVESTIGATOR: Professor Niall Tubridy, 
Consultant Neurologist, St. Vincent’s University Hospital, Dublin

You are being invited to participate in a research study. Thank you for taking 
time to read this.

WHAT IS THE PURPOSE OF THIS STUDY?

The aim of the study is to see how people with a diagnosis of MS complete a 
range of mental tasks, when compared to healthy volunteers. It also aims to 
examine whether or not any difficulties with mental tasks are related to 
abnormalities seen on traditional and newer types of MRI brain scan.
As part of this study, we also record the electrical activity of the brain from the 
scalp surface. The method of recording electrical brain activity is called 
Electroencephalography (EEG), and it is a safe, non-invasive method. During 
an EEG recording the subject listens to, and/or watches some stimuH. These 
stimuli are called events, and the electrical activity associated with these events 
are called Event Related Potentials (ERPs).

We aim to observe changes in these measures over time; they will be performed 
at three points in time (at the start of the study, i year later and 2 years after the 
study begins).

WHY HAVE I BEEN CHOSEN?

You are being asked to participate in this study because you have a diagnosis of 
Multiple Sclerosis (MS).

WHAT WILL HAPPEN IF I VOLUNTEER?

Your participation is entirely voluntary. If you initially decide to take part you 
can subsequently change your mind without difficulty. This will not affect your 
future treatment in any way. Furthermore your doctor may decide to withdraw 
you from this study if he/she feels it is in your best interest.
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This study involves tests in the neurology clinic, the ERP laboratory and MRI 
department. Therefore, you will be asked to attend St. Vincent’s Hospital twice 
in one week during the first, second and third years. The following outlines 
what will happen during your visits to St Vincent’s Hospital:

DAY ONE

On the first day, before the ERP test, you (the study subject) will be asked to 
complete some mental tasks, for example addition of a series of numbers called 
out on CD.

You will also be asked some questions regarding your mood and other aspects 
of mental health, and how you think MS impacts on your life. Some participants 
may find these questions disturbing or intrusive. If you experience any anxiety 
you will be offered a referral to counselling services provided by the Dept of 
Psychiatry at SVUH and UCD. The contact number is o i 2774228.

The ERP test involves placing a cap with 128 electrodes on your head. Four 
electrodes will also be placed under and to the side of your eyes using sticky 
paper. Each electrode makes contact with the scalp via conductive water-based 
gel, which will have to be washed out afterwards. The picture below shows what 
1 ’  ...................................................................

You will be asked to:

(1) Listen to a series of tones (beeps) through a pair of earphones, and press a 
button when you hear a high-pitched tone.

(2) Watch to a series of letters on a computer screen, and press a button when 
you see the letter X.

(3) Watch a checkerboard pattern (no response needed)

(4) Listen to random noises (no response needed)

(5) Remember a series of numbers

The ERP study will take approximately 2.5 hours.



DAY TWO

The brain scan (MRI) will be performed in St. Vincent’s Hospital on the day of 
your second visit. It will take about 30 minutes. The scan causes no discomfort. 
After the brain scan, a psychologist will meet you and bring you to the 
Neurology Department, St Vincent’s Hospital. You will be asked to participate 
in a neuropsychological assessment. This assessment will require you to 
complete a number of tests which will assess different aspects of your cognitive 
functioning. The neuropsychological assessment will take approximately one 
hour.

ARE THERE ANY BENEFITS FROM MY PARTICIPATION THIS 
STUDY?

You will not benefit directly from taking part in this study but the information 
we will obtain will provide further knowledge of this condition.

ARE THERE ANY RISKS INVOLVED IN PARTICIPATING IN THIS 
STUDY? 

ERP TEST

We are using a very safe way of measuring brain activity, with no known 
adverse effects. Very occasionally, participants feel uncomfortable wearing the 
hat.

MRI SCANNING

MRI scanning is a very safe procedure, which uses a strong magnetic field to 
study the brain. Prior to having the MRI, you will be asked to go through a 
checklist of questions to make sure that it is safe for you to have the scan. If you 
are a woman the scan will not be done if there is any possibility that you may be 
pregnant, even though MRI scanning has been shown to be safe even in early 
pregnancy. People with cardiac pacemakers, defibrillators or other non-MRI 
compatible implanted devices cannot have an MRI. MRI is also unsafe if there 
are metalhc foreign bodies in the eyes/orbits, tattoos or permanent eye make­
up or recently inserted ferromagnetic surgical implants. As no MRI contrast 
agents (dyes) will be used for this study, patients with previous allergies, 
asthma or diabetes will be identified but not excluded from participation.

The MRI scan will require you to lie still in a relatively enclosed space, which 
some people may find uncomfortable. For this reason the scan will not be done 
if you have a history of claustrophobia.

Rarely, the scan might show an unexpected change in the brain. All the scans 
will be checked for any abnormalities by a consultant radiologist. One of the 
neurology doctors will speak to you about the scan after it is performed.



WHAT HAPPENS IF I DO NOT AGREE TO PARTICIPATE?
If you decide not to participate in this study your treatment will not be affected 
in any way.

CONFIDENTIALITY

Every effort will be made to protect the names of the participants in this study. 
Specifically, each participant is given a unique study number that is used to 
identify their data in place of their name. Test data are stored with this number 
code only. Names of participants and their study numbers are kept in a locked 
filing cabinet in a locked office, as well as in a database that only the 
researchers can access. This information is stored separately from all test data.

For the purpose of this research, your name will never be used in any 
publication that may result from this study. However, there is no absolute 
guarantee that the information you provide will not be obtained by legal 
process or court order. Research data may be shared, as required Ijy law, with 
St. Vincent's University Hospital authorities. Furthermore, if you give us 
information about the abuse or neglect of a minor or incapacitated adult, or 
make threat of harm to yourself or others, we are obliged to report this 
information to the relevant statutory authorities.

The data collected in this study will be used for the purpose described in this 
information leaflet. Unless otherwise specified, test data gathered from this 
study will be maintained indefinitely.

Anonymous data may also be shared with other researchers to conduct 
additional related studies. This information will not identify you. Information 
that could identify you will not be released beyond that required for the 
purposes of conducting this research study, or as may be required by law (see 
above).

If you choose to withdraw from the study, you are entitled to take back your 
approval for the use of your data. To do this, you should contact the researcher 
in writing. Data that has already been collected will then be destroyed (unless 
we are obliged under law to disclose it to the relevant statutory authorities, or 
unless you agree to allow us use the data already collected).

These tests are being conducted for research purposes only. Therefore, it is not 
possible for participants to obtain any of the data collected. Participants may 
obtain information about their test results, if required.

COMPENSATION

Your doctors are adequately insured by virtue of their participation in the 
clinical indemnity scheme.



WHO IS ORGANISING AND FUNDING THIS RESEARCH?

This study is organised by the Neurology research programme at St. Vincent’s 
University Hospital and University College Dublin, Ireland. There will be 
collaboration with the School of Psychology in University College Dublin and 
the Schools of Engineering and Medicine in Trinity College Dublin. This study 
is partly funded by an Enterprise Ireland project grant titled eHealthCare 
based on Biomedical Signal Processing and ICTfor Integrated Diagnosis and 
Treatment o f Disease and IRCSET.

You will not receive any financial reward for taking part in this study but we 
will cover expenses you incur as a result of your participation.

IS THIS STUDY SAFE AND BENEFICIAL?

The St. Vincent’s Healthcare Group, Ethics and Medical Research Committee 
have reviewed and approved this study.

CONTACT DETAILS

Any further information can be obtained by contacting Dr.Siobhan Kelly

Phone: 01 2213674

Address:
Department of Neurology,
Carew House,
St. Vincent’s University Hospital,
Elm Park,
Dubhn 4.



PLEASE TICK YOUR RESPONSE IN THE APPROPRIATE BOX

I have read and understood the Participant
Information YES □ NO □

I have had the opportunity to ask questions and discuss
the study YES □ NOD

I have received satisfactory answers to all my questions
YES □ NOD

I have received enough information about this study YES □ NO □

I understand that I am free to withdraw from the study
at any time without giving a reason and without this
affecting my future medical care YES □ NO □

I agree to take part in the study YES □ NO □

Participant’s Signature: ______________________ Date: ______

Participant’s Name in print:

Witness Signature; ______________________ Date;

Witness Name in print: _____________________________

Investigator’s Signature:  Date;

Investigator’s Name in print: _______________________

A member of St. Vincent's H ea lthcare
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Appendix 2. Information and con sen t  form of healthy volunteers.

W St. Vincent's Healthcare S
G R O U P  LIMITED

INFORMATION FOR HEALTHY VOLUNTEERS ABOUT 
PARTICIPATING IN RESEARCH-MEASURING BRAIN ACTIVITY

Study Title: Cognitive Functioning in Multiple Sclerosis: A 
Longitudinal ERP Analysis

NAME OF PRINCIPAL INVESTIGATOR: Professor Niall Tubridy, 
Consultant Neurologist, St. Vincent’s University Hospital, Dublin.

We are asking you to participate in a research study. Your participation is 
entirely voluntary. You are being asked to participate in this study because you 
are a healthy volunteer (a ‘control’).

WHAT IS THE PURPOSE OF THIS STUDY?

The aim of the study is to examine brain activity and see how people with a 
diagnosis of Multiple Sclerosis (MS) complete a range of mental tasks, when 
compared to healthy control volunteers.

HOW LONG DOES THE STUDY TAKE?

Your involvement in this study will take approximately 3.5 hours for the full 
assessment. However, because this is a follow-up study of people with MS, we 
are also asking control volunteers to return for a second assessment 
approximately one year after their initial assessment.

W hat does your involvem ent in  the study entail?

For the assessment, you will be asked to attend St. Vincent’s Hospital on one 
occasion for 3.5 hours or twice in one week for shorter periods of time, if that 
suits you better.

Your involvement in the study involves the following four components:

(1) When you attend St Vincents Hospital, you will be asked to complete 
some mental tasks, for example addition of a series of numbers called 
out on CD.

(2) We will also record the electrical activity of your brain from the scalp 
surface. The method of recording electrical brain activity is called 
Electroencephalography (EEG), and it is a safe, non-invasive method.
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During a recording of brain activity, the subject listens to, and/or 
watches, some stimuli. These stimuli are called events, and the electrical 
activity associated with these events are called Event Related Potentials 
(ERPs).

The ERF test involves placing a cap with 128 electrodes on your head. 
Four electrodes will also be placed under and to the side of your eyes 
using sticky paper. Each electrode makes contact with the scalp via 
conductive water-based gel, which will have to be washed out afterwards. 
The picture below shows what the procedure will be like.

You will be asked to:

(a) Listen to a series of tones (beeps) through a pair of earphones, and press a 
button when you hear a high-pitched tone.

(b) Watch a series of letters on a computer screen, and press a button when you 
see the letter X.

(c) Watch a checkerboard pattern (no response needed)

(d) Listen to random noises (no response needed)

(e) Remember a series of numbers

(3) When you attend St Vincent’s Hospital, you will also be asked some 
questions about your mood and other aspects of mental health.

Some participants may find these questions somewhat disturbing or 
intrusive. If you experience any anxiety you will be offered a referral to 
counselling services provided by the Dept of Psychiatry at SVUH and 
UCD. The contact number is 012774228.

(4) Additionally, when you attend St Vincent’s Hospital you will be asked 
to undertake a neuropsychological assessment. This assessment will 
require you to complete a number of tests that will assess different 
aspects of your cognitive functioning (e.g. attention, concentration, 
memory).



DATA COLLECTION

The data co llected  as a resu lt o f  your involvem ent in  th is  study  
includes:

Demographic information such as age, gender, and date of birth 

Information about your mood and mental health 

Neuropsychological tests data

The data collected from the brain activity measure (ERP) described above

Medical history data such as current medications and current and past medical 
conditions.

ARE THERE ANY BENEFITS FROM MY PARTICIPATION?

You will not benefit directly from taking part in this study. The current study is 
part of a body of research that aims to examine the effects of MS on cognitive 
functioning. In time, it is hoped that the results of the current study, and of the 
studies that follow it, will contribute to the development of interventions that 
impact on MS. If you take part in the study, you will contribute to this body of 
research. Without people like you, the research would not be possible.

ARE THERE ANY RISKS INVOLVED IN PARTICIPATING?

We are using a very safe, non invasive way of measuring brain activity, with no 
known adverse effects. Very occasionally, participants feel uncomfortable 
wearing the hat.

You should report any problems to the director of this study: Siobhan Kelly (oi- 
2 2 1 3 6 7 4 )

WHO IS ORGANISING AND FUNDING THIS RESEARCH?

This study is organised by the Neurology research programme at St. Vincent’s 
University Hospital and University College Dublin, Ireland. There will be 
collaboration with colleagues at the School of Psychology in University College 
DubUn and the Schools of Engineering and Medicine in Trinity College DubUn. 
This study is partly funded by an Enterprise Ireland project grant titled 
eHealthCare based on Biomedical Signal Processing and ICTfor Integrated  
Diagnosis and Treatment o f Disease.



CONFIDENTIALITY

Every effort wdll be made to protect the names of the participants in this study. 
Specifically, each participant is given a unique study number that is used to 
identify their data in place of their name. Test data are stored with this number 
code only. Names of participants and their study numbers are kept in a locked 
filing cabinet in a locked office, as well as in a database that only the 
researchers can access. This information is stored separately from all test data.

For the purpose of this research, your name will never be used in any 
publication that may result from this study. However, there is no absolute 
guarantee that the information you provide will not be obtained by legal 
process or court order. Research data may be shared, as required by law, with 
St. Vincent's University Hospital authorities. Furthermore, if you give us 
information about the abuse or neglect of a minor or incapacitated adult, or 
make threat of harm to yourself or others, we are obhged to report this 
information to the relevant statutory authorities.

The data collected in this study will be used for the purpose described in this 
information leaflet. Unless otherwise specified, test data gathered from this 
study will be maintained indefinitely.

Anonymous data may also be shared with other researchers to conduct 
additional related studies. This information will not identify you. Information 
that could identify you will not be released beyond that required for the 
purposes of conducting this research study, or as may be required by law (see 
above).

If you choose to withdraw from the study, you are entitled to take back your 
approval for the use of your data. To do this, you should contact the researcher 
in writing. Data that has already been collected will then be destroyed (unless 
we are obliged under law to disclose it to the relevant statutory authorities, or 
unless you agree to allow us use the data already collected).

These tests are being conducted for research purposes only. Therefore, it is not 
possible for participants to obtain any of the data collected.

WHO SHOULD YOU CALL WITH QUESTIONS ABOUT THIS 
STUDY?

Questions about this study may be directed to the researchers in charge of this 
study during normal business hours:

Katie Kinsella, Neurology Research Nurse, St. Vincent’s University Hospital, 
Elm Park Dublin 4 (01-2214821)

or

Sean O Donnachadha (Psychologist in Chnical Training, HSE/UCD 087 
2713429)
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WHAT ABOUT THE COSTS OF THE STUDY?

There will not be a charge to you for any aspect of this study. 

Will you be paid to participate in this study? No.

WHAT HAPPENS IF YOU GET SICK OR HURT FROM 
PARTICIPATING IN THIS STUDY?

All appropriate emergency care will be provided in this instance.

A m em ber of St. Vincent's Healthcare
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A ppendix S.Journal paper exam ining  baseline P3b ERPs in m u ltip le  sclerosis.

Clinical Neurophysiology 121 (2010) 1420-1426

^  Contents lists available at ScienceOirect

Clinical Neurophysiology

\ |  \  ] { jo u rn a l h o m e p a g e : w w w .e ls e v ie r .c o n D / lo c a te /c lin p h

A high-density ERP study reveals latency, amplitude, and topographical 
differences in multiple sclerosis patients versus controls*

R. W h e l a n R .  Lonergan^, H. K iiski^ H. Nolan*’, K. Kinsella^, J. Bramham'^, M. O’Brien‘S, R.B. Reilly^  
M. Hutchinson^, N. Tubridy^
^D fpartm ent o f Neurology. St. Vincent's University Hospttal/University Coltege Dublin. Ireland 
*’ Trin ity Center fo r  Bioengineehng. Trin ity College Oub/tn. Ireland 
' School of Psychology. University College Dublin. Ireland

A R T I C L E  I N F O  A B S T R A C T

Objective: To quantify latency, amplitude and (opographical differences in event-related potential (ERP) 
components between multiple sclerosis (M S) patients and controls and to compare ERP findmgs with  
results from the paced auditory serial addition (est (PASAT).
Methods. Fifty-four subjects (17 relapsing remitting (RRMS) patients. 16 secondary progressive (SPMS) 
patients, and 21 controls) completed visual and auditory oddball tasks while data were recorded from 
134 EEC channels. Latency and amplitude differences, calculated using composite mean amplitude mea­
sures. were tested using an ANOVA. Topographical differences were tested using statistical parametric 
mapping (SPM).
Results: In the visual modality. P2. P3 amplitudes and N2 latency were significantly different across 
groups. In the auditory modality. P2. N2. and P3 latencies and N1 amplitude were significantly different 
across groups. There were no significant differences between RRMS and SPMS patients on any ERP com­
ponent. There were topographical differences between MS patients and controls for both early and late 
components for the visual modality, but only m the early components for the auditory modality, PASAT 
score correlated significantly w ith auditory P3 latency for MS patients.
Conc/usions. There were significant ERP differences between MS patients and controls.
Si^i^cance.- The present study indicated that both early sensory and later cognitive ERP components are 
impaired in MS patients relative to controls.
C 2010 International Federation of Clinical Neurophysiology, Published by Elsevier Ireland Ltd. All rights

reserved.
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A ppendix 4. Journal paper exam ining baseline P3a ERPs in m u ltip le  sclerosis.

journa l o f the Neurological Sciences 293 (2010) 45-50  
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Impaired information processing speed and attention allocation in multiple sclerosis 
patients versus controls: A high-density EEC study

R. W h e l a n R .  Lonergan'", H. Kiiski'’ , H. Nolan^ K. Kinsella"', M. H u tc h in s o n N . Tubridy^, R.B, Reilly'’
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Keywords
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F.vent-related potentials, visual
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Attention

Background The no-go P3d is a variant o f the P300 event-related potential (ERP) that indexes speed of 
in form ation processing and auention allocation. The aim o f th is study was to  compare ERP findings w ith  
results from  the paced auditory serial addition test (PASAT) and to  quantify latency, amplitude and 
topographical differences in P3a ERP components between m u ltip le  sclerosis (MS) patients and controls. 
/Vinenrs and methods: Seventy-four subjeas (20 relapsing rem itting  (RRMS) patients. 20 secondary 
progressive (SPMS) patients and 34 contro ls) completed a three-stim ulus oddball paradigm (target, 
standard, and non-target). Subjects participated in separate visual and auditory tasks w hile  data were 
recorded from  134 EEC channels. Latency differences were tested using an ANCOVA. Topographical 
differences were tested using statistical parametnc mapping.
Results. Visual P3a am plitude correlated w ith  PASAT score in all MS patients over frontal and parietal areas. 
There were significant differetKes in latency, amplitude, and topography between MS patients and controls 
in the visual condition. RRMS and SPMS patients differed in visual P3a latency and am plitude at frontal and 
parietal scalp regions. In the auditory condition, there were latency differences between MS patients and 
controls only over the panetal region.
Conclusion. The present results demonstrate that in form ation processing speed and attention allocation are 
im paired in MS

C 2 0 \0  t ls c v ie t  B.V. A il n g h ls  r e ^ w e d .
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A ppendix 5. Journal paper exam ining baseline P3 ERPs in progressive m ultip le  sclerosis 

patien ts .
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S H O R T  C O M M U N I C A T I O N

Preliminary evidence for correlation between PASAT performance 
and P3a and P3b amplitudes in progressive multiple sclerosis
H, Kiiski®. R. Whelan®. R Lonergan'^, H Nolan®, K Kinsella*’ . M Hutchinson'’ . N. Tubridy^ 
and R B Reilly^
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Kack):roiind: Ih c  no-go P.'a event-related po ten tia l (I-R P ) is a measure o l'a tte n tio n a l
engagement and the is a measure o l'co n te x t up tia tm g. The aim  o f  th is  s tu d \ was 
to  com pare I RP topographies: ( i|  to  Paced .\u d ito r>  Serial .A ddition Test (P .ASAT) 
results, ( i i)  o f  visual and au d ito ry  P.^a and P.^b o l patients w ith  p rim ary  progressive 
m u ltip le  sclerosis (P P M S ) versus patients w ith  scxondary-progressive m u ltip le  sclerosis 
(SP M S ) and ( i i i l  o l' bo th  progressive subtypes to  healthy con tro ls .
M ethods: T h irty  subjects (10 PPM S, 10 SPM S and 10 age-matched co n tro ls ) com ­
pleted visual and aud ito ry  no-go P.^a and I’ ^b tasks v^hilst data were recorded I'rom a 
l2S-scalp channel electroencephalography ( I:L C i) a rray. Data from  scalp channels 
were converted in to  con tinuous in te rpo la ted  images (in co rp o ra tin g  the en tire  scalp 
and tim e). Topog raph ica l dilTerences and corre la tions were then tested using sta tis tica l 
param etric  m apping
Results: ( o r the patients w ith  m u ltip le  sclerosis (M S ), P ,\S .\T  score corre la ted sig­
n ifican tly  w ith  parieta l regions m the aud ito ry  P.lb, aud ito ry  P.^a and visual P3b 
cond itions, and w ith  centra l regions m the visual P.^a co n d itio n  Patients w ith  PPM S 
had s ign ilican tly  low er am plitude  than patients w ith  SPM S in the aud ito ry  P^b co n ­
d it io n  over Ihc parieta l area The co n tro l g roup had greater am plitude  than the 
patients w ith  M S m all the P ' tasks, w ith  the exception o f  the aud ito ry  P.^b 
C imelusions: These data suggest that P ,\S .\T  perl'ormance and P.̂  KRPs corre la te  fo r
MS progressive subtypes and that PPMS and SPM S dilVer in  e lectrophysio log ica l 
responses d u rin g  aud ito ry  P^b tasks
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A ppendix  6. Journal paper exam ining P3b task -re la ted  source EEG activations in 

nnultiple sclerosis.
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Only Low Frequency Event-Related EEG Activity Is 
Compromised in Multiple Sclerosis: Insights from an 
Independent Component Clustering Analysis
Hanni Kiiski', Richard B. Reilly', Roisin Lonergan^, Siobhan Kelly^, Marie Claire O'Brien^, Katie Kinsella^ 
Jessica Bramham^ Teresa Burke^ Sean 6  Donnchadha^ Hugh Nolan', Michael Hutchinson^ 
Niall Tubridy^ Robert Whelan’ ’**
1 Trinity Centre for Bioengineerirtg. Trinity College Dublin, Ireland, 2 Departnr>ent of Neurology, St. Vincent's University Hospital. Elm Park. Dublin. Ireland, 3 School of 
Psychology, University College Dublin, Belfield, Dublin, Ireland, 4 Department o f Psychiatry, University of Vermont. Burlington. Vern^nt. United States of Anrterica

Abstract
Cognitive impairment (Cl), often examined with neuropsychological tests such as the Paced Auditory Serial Addition Test 
(PASAT), affects approximately 65% of multiple sclerosis (MS) patients. The P3b event-related potential (ERP), evoked when 
an infrequent target stimulus is presented, indexes cognitive function and is typically compared across subjects' scalp 
electroencephalography (EEG) data. However, the clustering o f independent components (ICs) is superior to scalp-based 
EEG methods because It can accommodate the spatiotemporal overlap inherent in scalp EEG data. Event-related spectral 
perturbations (ERSPs: event-related mean power spectral changes) and inter-trial coherence (ITCs: event-related consistency 
o f spectral phase) reveal a more comprehensive overview of EEG activity. Ninety-five subjects (56 MS patients, 39 controls) 
completed visual and auditory two-stimulus P3b event-related potential tasks and the PASAT. MS patients were also divided 
into Cl and non< l groups (n= 18 in each) based on PASAT scores. Data were recorded from 128-scalp EEG channels and 4 1C 
clusters in the visual, and 5 1C clusters in the auditory, modality were identified. In general, MS patients had significantly 
reduced ERSP theta power versus controls, and a similar pattern was observed for Cl vs. non-CI MS patients. The ITC 
measures were also significantly different in the theta band for some clusters. The finding that MS patients had reduced P3b 
task-related theta power in both modalities is a reflection of compromised connectivity, likely due to demyelination, that 
may have disrupted early processes essential to P3b generation, such as orientating and signal detection. However, for 
posterior sources, MS patients had a greater decrease in alpha power, normally associated with enhanced cognitive 
function, which may reflect a compensatory mechanism in response to the compromised early cognitive processing.

Citation: Kiiski H, Reilly RB. Lonergan R. Kelly S, O’Bnen MC. et al (2012) Only Low Frequency Event Related EEG Activity Is Compromised m Multiple Sclerosis 
Insights from an Irvdependem Compor>eot Clusterir>g Analysis PLoS ONE 7|9) e45536 doi:?0,1371/journal.por>e.0045536
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Appendix 7. Journal paper examining P3 ERP activations and PASAT performance in 

m ultiple sclerosis over 12-m onth period.
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Change in PASAT performance correlates w ith  change in P3 ERP am plitude over a 
12-m onth  period in m ultip le sclerosis patients
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Objective: To exa m in e  th e  c o rre la t io n  be tw e e n  th e  change in  PASAT and th e  change in  P3 eve n t-re la te d  
p o te n tia ls  (ERPs) o v e r a 12 m o n th  p e riod  in  m u lt ip le  sc lerosis (M S ) pa tien ts , and  to  co m pare  th e  1 2 -m o n th  
change in  th e  P3 HRP be tw e e n  M S p a tie n ts  and  con tro ls .
M ethods F o rty -fo u r s u b je a s  (2 7  M S pa tien ts . 17 co n tro ls ) co m p le ted  v isual and a u d ito ry  tw o -s tim u lu s  oddba ll 
and th re e -sn m u lu s  o d d b a ll tasks a t M o n th  0  and M o n th  12. Data w e re  recorded fro m  a 128-scalp channel 
e lec troencepha lo graphy array. Data fro m  scalp channels w e re  conve rted  m to  c o n tin u o u s  in te rp o la te d  images 
( in co rp o ra tin g  the  e n tire  scalp and tim e ). A m p litu d e , topog raph ica l d iffe rences a rx l co rre la tions  w e re  then  tested 
us ing  sta tis tica l pa ra m e tric  m apping.
Results The change in  v isua l and a u d ito ry  P3a co rre la ted  s ig n ific a n tly  w ith  th e  change in  PASAT score ( r -  0.56, 
p  0.001 and r  =  0.4£. p =  0.003. respec tive ly ). V isual P 3band  P3a show ed g rea te r decTease in  12 m o n th s  in  MS 

pa tien ts  re la tive  to  con tro ls . V isua l P3b. a u d ito ry  P3b and a u d ito ry  P3a a m p litu d e s  had s ig n ifica n tly  decreased in 
MS patien ts  a fte r 1 2 -m o n th  period
Condusions Change in  v isual and a u d ito ry  P3a ERP a m p litu d e s  co rre la te  w ith  change in  PASAT scores in  MS 
patien ts  V isua l m o d a lity  is m ore  sens itive  to  changes in  P3 ERP a m p litu d e s  o ve r 12 -m on th  penod 
S^gni^cance. P3 ERPs m ay have u t i l i t y  in  m o n ito r in g  th e  change in  co g n itive  fu n c tio n in g  in  MS.

C  2011 E lsev ie r B.V. A ll n g h ts  reserved.
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