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AUDITORY AND VISUAL P300 POTENTIAL AS BIOMARKERS IN PATIENTS WITH ALZHEIMER’S 
TYPE DEMENTIA 

Abstract 

The most common cause of progressive neurodegenerative disorder among the elderly individuals 

is Alzheimer’s disease. Due to the rapidly aging population, this disease is becoming a growing 

social and economic burden. Unfortunately, molecular underpinnings are not fully explained and no 

cure has been discovered yet, thus early diagnosis in the nascent stages of the disease is of crucial 

importance to enable patients and their family to prepare for the future in time, and to start with the 

disease modifying therapy. Various promising biomarkers in preclinical stages of AD have been 

suggested, and among them EEG proves as an appealing potential method for understanding AD.  

This noninvasive, cost-effective tool has been used for several decades, however, there is a need for 

its reappraisal or critical validation as a proposed method.  

This thesis presents a cross-sectional pilot study on the use of one of the event-related potentials, 

P3, in differentiating healthy elderly people from people with the probable Alzheimer’s type 

dementia. The study aimed to answer the following research question: which combination or 

individual parameter of P3 (latency or amplitude), what type of stimuli (frequent, target, distractor), 

and which modality (auditory or visual) of the oddball task is best for significant differentiation 

between a patient with probable AD and a healthy individual. Results showed that the variables that 

statistically significantly contributed (p < 0.05) to the clarification of the model were the visual 

amplitude of targets, the auditory latency of targets, and the visual amplitude of frequent stimuli. 

This model correctly classified 87.7 % participants in total. 

Key words 

neurodegenerative disorders, biological markers of dementia, electroencephalography, event-related 

potentials, auditory modality, visual modality 
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SLUŠNI IN VIDNI P300 POTENCIAL KOT BIOMARKER PRI BOLNIKIH Z DEMENCO 
ALZHEMIERJEVEGA TIPA 

Povzetek 

Najpogostejši vzrok nevrodegenerativnih bolezni pri starejših je Alzheimerjeva bolezen. Zaradi 

hitro starajočega prebivalstva ta bolezen predstavlja rastočo socialno in gospodarsko grožnjo. 

Molekularni temelji še niso povsem pojasnjeni in do sedaj še ni bilo uveljavljenega učinkovitega 

zdravila, zato je zgodnje odkrivanje te bolezni ključnega pomena pri opolnomočevanju bolnikov in 

njihovih družinskih članov za pripravo na prihodnje življenje ter ključno tudi za začetek lajšanja 

simptomov. V raziskavah predkliničnih stopenj Alzheimerjeve bolezni so predlagali različne 

obetavne biomarkerje in med njimi se elektroencefalografija dokazuje kot odlično neinvazivno in 

cenovno dostopno orodje, a jo je treba kot biomarker še potrebno validirati.  

Sledeča magistrska teza predstavlja presečno pilotno raziskavo z raziskovalnim vprašanjem: katera 

kombinacija ali posamezni parameter vala P300 (latenca, amplituda), kakšna vrsta dražljaja (pogosti 

dražljaj, tarčni dražljej, distraktor) in katera modalnost (slušna, vidna) oddball naloge je najboljša 

pri razlikovanju med bolniki s sumom na demenco Alzheimerjevega tipa in zdravimi ljudmi. 

Rezultati so pokazali, da so k modelu razlikovanja najbolj pomembno (p < 0.05) prispevali 

naslednji parametri: vidna amplituda tarčnih dražljajev, slušna latenca tarčnih dražljajev in vidna 

amplituda pogostih dražljajev. Ta model je pravilno razvrstil 87,7% vseh udeležencev. 

Ključne besede 

nevrodegenerativne bolezni, biološki označevalci demence, elektroencefalografija, z dogodkom  

povezani potenciali, slušna modaliteta, vidna modaliteta  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Structure of the thesis

The following thesis has three main disciplines addressing the topic of Alzheimer’s disease: the 

psychological-philosophical, clinical and electrophysiological. Multidisciplinary approach 

highlights different means to recognising AD symptoms at the nascent stage of the disease.   

The introduction briefly presents the topic and the research question. The meaning and purpose of 

the thesis are given here. In the second chapter, we present a literature overview of the oddball task 

in EEG research between 2010 and 2016. Based on article review, we highlight the three following 

questions: which sensory modality was used, the number of stimuli used, and type of the response. 

The third chapter presents psychological and philosophical historical and theoretical overview of 

attention. Major findings and ideas emerging through the history are mentioned here. The fourth 

chapter introduces dementia: estimations of demented individuals, causes and symptoms, and a 

detailed description Alzheimer’s Disease is given: early signs, pathological findings, prevailing 

hypotheses and etiopathogenesis, core clinical criteria. 

The fifth chapter provides information on electroencephalography, potential EEG biomarkers of 

AD, and event-related potentials (ERP). We focus on the oddball paradigm and the ERP component 

P300 in greater detail. In the sixth chapter, we present the cross-sectional pilot study and the results 

in the following seventh chapter. Finally, discussion and conclusion are given in the eighth chapter. 

Additional information on the paradigm, instructions, and results are to be found in the appendix.  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1. Introduction
                    
                          All the world’s a stage, 
And all the men and women merely players; 
They have their exits and their entrances, 
And one man in his time plays many parts, 
His acts being seven ages. At first, the infant, 
Mewling and puking in the nurse’s arms. 
Then the whining schoolboy, with his satchel 
And shining morning face, creeping like snail 
Unwillingly to school. And then the lover, 
Sighing like furnace, with a woeful ballad 
Made to his mistress’ eyebrow. Then a soldier, 
Full of strange oaths and bearded like the pard, 
Jealous in honor, sudden and quick in quarrel, 
Seeking the bubble reputation 
Even in the cannon’s mouth. And then the justice, 
In fair round belly with good capon lined, 
With eyes severe and beard of formal cut, 
Full of wise saws and modern instances; 
And so he plays his part. The sixth age shifts 
Into the lean and slippered pantaloon, 
With spectacles on nose and pouch on side; 
His youthful hose, well saved, a world too wide 
For his shrunk shank, and his big manly voice, 
Turning again toward childish treble, pipes 
And whistles in his sound. Last scene of all, 
That ends this strange eventful history, 
Is second childishness and mere oblivion, 
Sans teeth, sans eyes, sans taste, sans everything. 
(William Shakespeare)  1

Our life can be perceived as a flow of activities including feelings, images, beliefs, memories and 

perceptions. As our experience of reading a line in a poem, recognising its author Shakespeare, 

makes us experience feelings or makes us contemplate on the meaning of his words. Many 

activities can fill our mental experience simultaneously but often only one of the activities seems to 

be in the focus of our mind for at least short moment until another takes its place. Attention is the 

tool enabling our mind to enhance or magnify a certain object of our interest. 

According to the famous poet, life ends with the second childishness, “mere oblivion … sans 

everything”. The described situation is similar to that of people with dementia, whose memory, 

thinking, and judgement gradually decline and deteriorate, especially in advanced stage. A gradual 

decline in cognitive abilities is more often associated with Alzheimer’s disease (AD), where 

memory problems are among the first symptoms to occur.  

 William Shakespeare, 1564 - 1616, Jaques to Duke Senior, As You Like It, Act II, Scene VII in All 1

the world’s a stage.
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With the ageing population, the number of otherwise healthy people that tend to fail mentally rises 

(Ropper et al., 2009). Ageing is associated with cognitive decline and reported as the biggest risk 

factor for developing Alzheimer’s disease (Keller, 2006). Alzheimer’s disease is a chronic 

progressive neurodegenerative disease which accounts for 50-60 % of all dementias. Diagnosis is 

only possible after excluding all other possible causes of dementia (American Psychiatric 

Association, 1994; Emeršič & Pirtošek, 2013).  

Dementia affects from 1% - 5.4 % of people at the age of 60-65 years and the prevalence increases 

further with age reaching 24 % of the population at the age of 85 years (Ferri, 2009; Sorbi et al., 

2012; Prince et al., 2015). Estimations show there are 6.8 million patients with dementia in the 

European Union, 23 000 cases in Slovenia (Bon et al., 2013). The disease represents a severe 

psychological, social and economic burden for the patient, for the patient’s family, and the 

community (Prince et al., 2015; Winblad, 2016).  

Alzheimer’s disease, the most common cause of dementia, is classified as one of the top most 

expensive diseases and thus early diagnosis in the ageing population is essential (Brookmeyer et al., 

2007). Diagnosis at an early stage allows patients to begin treatment of the symptoms as soon as 

possible and enables family members to prepare for the course of the disease (Emeršič & Pirtošek, 

2013). 

We can observe a gradual loss in fluid reasoning, mental speed, spatial ability and memory that can 

together forecast a dementing illness. At first, patients usually lose their ability to function 

effectively at work and then in the home environment. Neurologists are consulted about symptoms 

and signs that might among other possible diseases indicate a neurodegenerative brain disease. In 

the case of neurodegenerative disorder, early diagnosis is essential to ensure early intervention and 

more efficient treatment of the patient’s disease at a nascent stage (Chapman et al., 2009). 

Electroencephalography (EEG) is a common method of investigation in neurology and psychiatry. 

Alzheimer’s disease affects EEG signals and subtle perturbations can be seen using any of the 

variety of sophisticated computational approaches developed through time. Affects of Alzheimer’s 

disease on EEG signals have been observed in several studies and major effects can be summed up 

�12



in the following points: slowing of the EEG signals, reduced complexity of the EEG signals, 

perturbations in EEG synchrony (Jeong, 2004; Dauwels et al., 2010). 

Attention and its correlates can be studied with electrophysiological methods, e.g. by eliciting a 

series of event-related potentials - ERP (Herrmann and Knight, 2001). The ERP are produced by 

“higher” processes such as memory, expectation, attention, changes in the mental state. Event-

related potential P300 was shown to be particularly sensitive to cognitive and attentional 

processing.  

The P300 is elicited by an Oddball task, where subjects respond to infrequently and irregularly 

occurring target stimuli (Dauwels et al., 2010). Considerable research demonstrated systematic 

differences between healthy individuals and patients with Alzheimer’s disease (Polich & Corey-

Bloom, 2005). In the study of cognitive impairment, the use of the event-related potential P300 

proved successful but somewhat limited. Due to the variety of different tasks, acquisition methods, 

populations researched, the utility of P300 has not yet been established. 

Polich and Corey-Bloom (2005) conducted a study to determine how task difficulty and stimulus 

modality affect the sensitivity of the P300 for differentiating patients with probable Alzheimer’s 

disease from healthy normal controls. In the study, visual and auditory stimulus paradigms were 

employed in 4 paradigms: single-stimulus, easy-oddball, medium, hard. Component amplitude was 

smaller for the AD patients, and component latency was overall marginally longer for the AD 

patients. As the difficulty of the task increased, the amplitude decreased (smaller for auditory 

stimulus condition) and the peak latency increased (shorter for auditory stimulus condition). In 

concordance with previous studies, component amplitude was generally smaller and peak latency 

generally longer for the AD group. Amplitudes were smaller and latencies were shorter for auditory 

stimulus condition in comparison to visual stimulus condition. Studies, in general, compare 

latencies and amplitudes of the P300 in different paradigms and often find significant differences.  

To our knowledge, no study has yet compared the which combination of components or individual 

component (latency, amplitude) of what type of stimulus (target stimulus, frequent stimulus, 

distractor stimulus) in what modality (visual, auditory) differentiates best between a group of AD 

patients and healthy individuals. The research question of this thesis thus focuses on the search for 

the parameter of the P300 component that distinguishes best between AD group and healthy 
�13



controls. We believe the EEG protocol with so many advantages (non-invasive, low cost, time 

efficient) with a well-defined paradigm could be used as a reliable additional tool in defining 

probable AD patients in early stages. The following thesis presents a cross-sectional pilot 

electroencephalography study with an Oddball task comparing auditory and visual P300 potential in 

patients with probable Alzheimer’s disease and age-matched healthy individuals. 

Alzheimer’s disease is a devastating disease that affects not only patients and their family but the 

whole society. With this in mind, we hope this thesis and all the work behind has contributed at 

least a little drop in the sea of work needed on the way of finding better help for all the affected. We 

believe the last stage of life should not end in “mere oblivion … sans everything” but with 

individuals as actors full of great memories and dignity. 
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2. Literature overview on Oddball task in EEG research 

For the purpose of better understanding of the use of Oddball task in research we performed a 

detailed literature overview. We were not interested in the specific use of the oddball task in the 

field of Alzheimer’s disease per se, since the goal of the overview was to demonstrate how P300 

was used in research in general.  

A total of 213 articles were found on PubMed published between 2010 and 2016 employing the 

following search terms: (Oddball) AND ((P300) or (P3) AND ((EEG) or (electroencephalography) 

OR (evoked potentials) OR (event-related potentials)). Note, that Alzheimer’s disease was not 

included as a search term. For each article data were collected about the sensory modality of the 

Oddball task (visual, auditory, somatosensory, other, auditory and visual, and visual and 

somatosensory), the number of different stimuli (1 - a single stimulus, 2 - targets and frequent 

stimuli, 3 - targets, frequents stimuli, distractors, and other - different ranges), type of the response 

to a certain type of stimuli (passive, active - motor, active - mental, and other). 

The overview showed that more (52 %) studies used the auditory sensory modality than the visual 

one (41 %) (Figure 1). For the purpose of the cross-sectional study we decided both most used 

modalities will be included in the task. 

Figure 1: Comparison of the frequency of the P300 modalities reported in 210 studies between 
2010-2016 
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To continue, 68 % and 26 % of the research articles report on using a 2-stimulus and a 3-stimulus 

oddball task, respectively (Figure 2). Despite the large percentage of the research using 2 stimuli, 

we decided for the following study 3 stimuli would be used since we wanted to see the affect on the 

distractor stimuli.  

Figure 2: Comparison of the number of stimuli used in P300 studies as reported in 210 articles 
between 2010-2016. 

Lastly, 63 % of the reported studies used a motor response type, 21 % used mental counting. While 

the first two are regarded as active, passive responses were used in 13 % of the reported studies 

(Figure 3). In the cross-sectional study described further in the thesis, we used mental counting as 

the more challenging variant. 

Figure 3: Comparison of the response type in P300 studies as reported in 210 articles between 
2010-2016. 
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A large percentage of research used 3-stimuli oddball task and mental counting as a response type 

in comparison to the more frequently used 2-stimuli oddball task and motor response. It has been 

suggested (Emeršič et al., 2014), that in oddball tasks requiring motor responses the P300 event-

related potential increases in comparison to P300 requiring a mental response. However, we do not 

know the exact background of cognitive processes reflecting the P300 properties in motor response 

and the list of underlying processes might need to be extended to include other than categorisation, 

memory, and attention. 

A vast body of research is reporting P300 changes in different groups (age, gender, handedness, 

alcohol use, nicotine use, personality traits, exercise, fitness, fatigue, drugs etc.) (Polich & Kok, 

1995; Anokhin et al., 2000; Polich & Herbst, 2000; Polich & Criado, 2006; Pontifex et al., 2009; 

Pfabigan et al., 2014). In the field of Alzheimer’s disease, P300 has been often investigated for its 

use in differentiation between patients and healthy controls (Frodl et al, 2002; Polich, 2005; Lai et 

al., 2010; Bonanni et al. 2010; Dinteren et al., 2014). Polich and Corey-Bloom’s study, on how task 

difficulty and stimulus modality contribute to the sensitivity of the P300 for differentiating AD 

patients in early stages from elderly normal controls, compared auditory and visual targets and 

standard stimuli in four paradigms (single-stimulus, easy oddball, medium, and hard) (Polich and 

Corey-Bloom, 2005). As in the mentioned case, researchers keep finding significant differences in 

P3 recordings between healthy individuals and patients with probable AD. 

The majority of research reports some differences between the AD and the control group of healthy 

individuals. However, across studies, it can be observed that stimuli, methods, recording conditions, 

sample populations, and parameters observed vary significantly. There has not yet been any 

agreement on the best way to use oddball task in differentiating patients with AD and healthy 

controls. 

In this master thesis, we took the results of the literature review into account. In the cross-sectional 

pilot study described later in the thesis, we included both most commonly used modalities, auditory 

and visual in an oddball task in order to differentiate between a group of healthy older adults and a 

group of patients with probable Alzheimer’s disease. Since our target group of patients were 

individuals with probable AD diagnosed within the last year but not earlier than 3 months before the 

EEG recording, we decided the task can be somewhat more challenging - therefore we used 3 

stimuli (distractor included) and for the response type we chose mental counting.  
�17



3. Psychological and philosophical historical and theoretical 
overview of attention 

Voi siete demente! 
Victims of dementia: Agamemnon, Nero, Jonathan Swift, Maurice Ravel, Rita Hayworth, Ronald 
Reagan, Paul Deschanel… 
(Boller and Forbes, 1998) 

Victims of AD demonstrate deficits in attention. Through history different theories of attention 

developed and several models emerged. In the following chapter psychological and philosophical 

overview of attention is presented.  

While perceiving incoming sensory information it is attention that enables us to focus on a 

particular subset of interest since not all input can be consciously processed. For better efficiency 

and limited processing power, selection is the key element as was pointed out by William James 

(James, 1980). At first sight, the concept of attention seems very simple. 

“Every one knows what attention is. It is the taking possession by the mind, in clear and vivid form, 

of one out of what seem several simultaneously possible objects or trains [p. 404] of thought. 

Focalization, concentration, of consciousness are of its essence. It implies withdrawal from some 

things in order to deal effectively with others, and is a condition which has a real opposite in the 

confused, dazed, scatterbrained state which in French is called distraction, and Zerstreutheit in 

German.” (James, 1890) 

However, through history psychologists and philosophers explained the phenomenon of attention by 

subtracting it into separate phenomena such as concentration, focalization, limitation, 

intensification. Explanations differ in what they explain and how (Heijden & Bem, 1997). In the 

following chapter, historical overview of attention is described briefly from the point of view of 

psychology and philosophy with a focus on visual and auditory attention. 

French philosopher, mathematician and scientist René Descartes in his Meditations on First 

Philosophy first published in 1641 introduced a claim that attention can resolve a conflict between 

the world that we ought to doubt in and the distinct ideas beyond doubt. According to the great 

philosopher, doubt is excluded when we attend to something and perceive it clearly and distinctly. 
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English philosopher and physician John Locke briefly defined attention among other mental 

phenomena in chapter 19. in Of the Modes of thinking: “/…/ when the mind with great earnestness, 

and of choice, fixes its view on any idea, considers it on all sides, and will not be called off by the 

ordinary solicitation of other ideas /…/“ (Locke, 1841, pp. 140). For Locke, attention was a sort of 

registration of ideas that were received into memory in the past. He did not consider these 

phenomena as independent, existing in their own right, but rather as ‘modes of thinking’. 

In 18th and 19th century, theories of attention were approaching the idea that attention plays a role in 

the reception of ideas and moving away from the idea that attention can only act on ideas already 

received at a certain point of time before. The role of attention was further widened and it was 

assigned a role in the production of behaviour. Scottish philosopher and mathematician Dugald 

Stewart (1753-1828) agreed with Locke’s view of the attentions role in the determination of which 

memories will get stored and in his Elements of the philosophy of the Human Mind he wrote: “Some 

attention necessary for any act of memory whatever.” He thus claimed that for any memory 

attention is necessary and that it also plays a part in determination what will get stored in memory 

and which particular memories will be recalled later on (Stewart, 1821).  

Attention was slowly recognised as a phenomenon in need of its own theory, its own explanation. 

With the work of scientific psychologists such as Edward Bradford Titchener, Alexander Bain, and 

George Frederick Stout attention gradually widened the range of phenomena it helped to explain by 

the end of the 19th century. The psychological spectrum of these phenomena included perception, 

thought, action etc. and was no longer regarded just as a mode of idea-handling as it was by Locke 

and Stewart. Further on, lack of an established methodology lead to a wide variety of concepts of 

attention and its explanatory role, however, we can distinguish three currents. Attention was 

recognised as a feature in perception, action, and reflective thought.  

British psychologist E. B. Titchener in Lectures on the elementary psychology of feeling and 

attention presented attention as an essential feature in “sensory clearness” and perception and wrote 

that “the doctrine of attention is the nerve of the whole psychological system” (Titchener, 1908). On 

the other side, the role of attention in action and emotions was emphasised by Scottish philosopher 

and educationalist A. Bain in The Emotions and the Will.  His approach to attention is somewhat an 

early motor-based version while on the other side the role of attention in reflective thought was 

highlighted by English philosopher and psychologist G. F. Stout in his article Apperception and the 
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Movement of Attention (Bain, 1859; Stout, 1891). There the attention and apperception here are 

reciprocally determined: “It is through the apperception that a presentation acquires the 

significance and interest which enables it to attract attention”. 

“My experience is what I agree to attend to. Only those items which I notice shape my mind - 

without selective interest, experience is an utter chaos” (James, 1890). With American philosopher 

and psychologist William James and his contemporaries theorising about attention became less 

mysterious and complex. His early work is focused on subjective aspects of attention while he also 

addressed the question of limited capacity among the other themes of whether selective attention is 

passive/reflective or active/voluntary.  

James claimed memories cannot be formed without the attention that also allow us to distinguish 

objects in our environment. His deflationary theory played down the role of attention that it was 

previously assigned in complex perceptual phenomena. James highlighted an essential explanatory 

role that attention had in the production of behaviour (James, 1890). According to James: “Volition 

is nothing but attention.” Two simple processes were identified by James as coexisting and being 

part of the intimate nature of attention process. First, the adjustment of the sensory organs and 

second, the imagination of the things and actions one looks at or attends to.  

Contrary to James, British philosopher Francis Herbert Bradley, does not recognise particular 

attention-processes but rather claims that attention is a mode in which things happen. In his work Is 

There a Special Activity of Attention he defines attention as “a state which implies domination or 

chief tenancy of consciousness” (as cited in de Brigard and Prinz, 2010). French psychologist 

Theodule Ribot took a behaviour-centred approach to explaining attention in his La Psychologie de 

l’Attention. Ribot explained attention in a form of behaviourism by claiming that movements of the 

face, body, limbs, respiratory modifications are imperative aspects of attention, its constituent 

elements, and conditions (Ribot, 1889). The 20th century was a century of establishing cognitive 

psychology introducing a tactic of behaviourism. 

3.1 Models of attention 

Metaphors to describe attention: filter, gatekeeper, spotlight, zoom lens, resources, object file, glue, 

and bottleneck. (Strayer and Drews, 2007) 
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American psychologist Michael I. Posner’s work led him to remark that this cognitive phenomenon 

can be analysed at several levels (Posner, 1982). He pointed out three main levels namely task 

performance, subjective experience, and neural systems. Further, points addressed later on mainly 

tackled the question of locus of selection in the stream of information-processing.  

Filter model of early selection 

Probably the first major modern theory of attention was published in Perception and 

Communication written by British experimental psychologist Donald Eric Broadbent (Broadbent, 

1958). His filter theory claims that only one input can be processed at the time. Sensory 

characteristics such as location, intensity, frequency present the information based on which the 

filter of the limited capacity identifies the object of perception and determines whether this input 

will be stored permanently, others are lost from the temporary buffers or stores. On the other side, 

alternative models emerged, namely Treisman and Deutsch and Deutsch.  

Attenuation model, late selection theory 

American psychologist Anne M. Treisman suggested a modified theory in which signals that are 

unattended are not completely blocked out by the early selective filter but rather attenuated 

(Treisman, 1960). J. Anthony Deutsch and British-American perceptual and cognitive psychologist 

Diana Deutsch favoured an alternative theory and they proposed the first late selection theory, 

where only after stimulus identification there is a limitation in processing (Deutsch and Deutsch, 

1963). After all information was processed for meaning and identified the selection arose at the 

level of response - it depends on the level of arousal as well as discriminatory processes. These 

processes assess the importance based on past experience and set a weighting to the information.  

Broadbent, Treisman, Deutsch and Deutsch and others shaped the early-late debate in psychology 

for many years. Their models assumed there was a “bottleneck” in the processing - a single limited 

capacity, general purpose processing channel (Styles, 2006). Researchers argued for several years 

on the location of the filter (“early” vs. “late”). The question was solved with the demonstration 

from Johnston and Heinz who revealed that the attentional bottleneck was flexible. The load theory 

of selective attention by American psychologist and cognitive scientist Nilli Lavie and colleagues 

showed that function of task influences whether the selection is early or late and distinguished the 

perceptual load from cognitive (Lavie, 2004). For high perceptual loads, selection occurs at an early 
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level, and only allows relevant input to be processed to a deep level. In the contrary, when the 

perceptual load is low, selection occurs after stimulus identification.  

Unitary-resource theories 

In the 1970s, the focus was on viewing attention as a limited-capacity unitary resource. This 

resource can be oriented to a variety of tasks and processes. Still, nowadays popular view on the 

capacity was described by American psychologist Michael I. Posner and Stephen J. Boies who 

divided attention into three components: alertness/sensitivity to external stimuli, selection, and 

limited processing capacity (Boies, 1971). American cognitive scientists Donald Arthur Norman 

and Daniel Gureasko Bobrow studied concepts of central-processing limitations and discussed 

sharing a common resource pool (Norman and Bobrow, 1975). Their view was that limited amount 

of central-processing resources available and the quality of input can limit the performance.  

Multiple resource theories 

An opposite to unitary-resource theories of attention are multiple resource theories. First, 

psychologist Christopher D. Wickens’ model differentiated resources as a function of the modality 

of the input, modality of the output, stage of processing, and code of central processing (Wickens, 

1980). Psychologist and scientist Walter Schneider and colleagues published a two-process model 

of visual information processing that separates controlled and automatic processing (Schneider et 

al., 1984). They showed that performance depends on the extent to which processing is automatic or 

controlled. American psychologist Gordon D. Logan argued for instance theory of automaticity 

which assumes that accumulation of memory episodes with experience give rise to the automaticity 

(Logan, 1988).  

In Attentional Processing, David LaBerge described how the input of extraneous and confusing 

information is restricted and how we take effective action by preparing to process a future stimulus 

(LaBerge, 1985). According to LaBerge, accurate perceptual judgement and action are the main 

goals of attention. To be more precise, correctly identifying an object, categorising its properties 

and accurate planning and performing of an action. The three main manifestations of attention 

according to LaBerge are the following: the selective manifestation, the preparatory manifestation, 

and the maintenance manifestation of attention. The selective operation inhibits information from 

distracting objects, the preparatory attention is driven by an image or action held in the working 

memory, and the last, the sustained attention’s goal is the continuation of an activity. 
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In conclusion, a wide variety of different theories describe attention from psychological and 

philosophical point of view. New theories are still being defined and researched. Thus, our thesis 

did not focus on defining a specific model of attention, this would be a great topic for another 

research. One of major deficits of AD patients are also problems with attention (Sweatt, 2010). In 

the thesis, we decided to use an established marker (Katayama and Polich, 1999, Hruby and 

Marsalek, 2003) that can measure visual and auditory attention in order to investigate its use in 

determining a group of AD patients and healthy controls. The goal of the thesis was to define 

possibilities of comparison of attention between two groups, healthy individuals and individuals 

with probable AD. The oddball task with the P3 as a measure of attention was used in a cross-

sectional study presented in the following chapters. 
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4. Dementia and Alzheimer’s Disease
“Alienation, Amentia, Anoea (extinction of the imagination and judgement), Dotage or ‘second 
childhood', Fatuitas (silliness), Foolishness, Idiocy, Imbecility, Insanity, Lethargy, Morosis, Organic 
brain syndrome, Phrenesis, Senile dementia, Senile psychosis, Senility, Simplicity, Stupidity”  
(Donnet et al., 1991, as cited in Boller and Forbes, 1998). 

In a lecture in 1906, Alois Alzheimer was the first to connect the behavioural and psychological 

decline of his patient Auguste D. with plaques, neurofibrillary tangles and arteriosclerotic changes 

that were found post-mortem at necropsy (Maurer et al., 1997). A 51-year-old woman showed 

progressive cognitive impairment with focal symptoms, hallucinations, delusions, and psychosocial 

incompetence. Until nowadays, these neuropathological signs mark the presence of AD but the 

definitive diagnosis can only be confirmed post mortem (Fejll and Walhovd, 2012). 

4.1 Dementia in general 

The term dementia denotes an abnormal state of mind, a state of “deterioration of intellectual or 

cognitive function with little or no disturbance of consciousness or perception,” or a brain syndrome 

of “failing memory and impairment of other intellectual functions as a result of chronic progressive 

degenerative disease” (Ropper et al., 2009, pp. 410). Due to many states of dementia and several 

different causes and mechanisms underlying it, the term dementias in the plural is used as well.  

4.2 Estimations of demented individuals 

Estimations from Alzheimer Europe, a non-governmental organisation aimed at raising awareness 

of all forms of dementia, show that the number of demented individuals in Slovenia overreached 

32.000 in 2012 (Alzheimer Europe, 2013) in comparison to other estimations which indicated 

approximately 23.000 individuals with dementia in Slovenia (Bon et al., 2013). The percentage 1.57 

% of the total population is slightly higher than EU average (1.55 %) (Alzheimer Europe, 2013). 

What is more, the Slovenian Alzheimer Association estimates that 50% of the entire population with 

dementia hasn’t even been diagnosed yet, therefore the number might prove to be much higher in 

reality. Early diagnosis is, therefore, essential to start symptomatic treatment and preparations for 

the future needs of the patient. Diagnostic procedures and criteria try to incorporate all spectra of 

this disease and new biomarkers are suggested to distinguish different stages of the disease 

(McKhann et al., 2011).  
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4.3 Causes and symptoms of dementia 

Causes of dementia are numerous; Mild Cognitive Impairment (MCI), stroke, vascular problems, 

psychiatric disorders, Parkinson’s disease, Alzheimer’s disease (AD). 

Among the symptoms of dementia are the following (Sweatt, 2010):  

• loss of learning and memory capacity, 

• the decline in reasoning ability, 

• attention problems, 

• language difficulties, 

• problems with perception, 

• other. 

4.4 Alzheimer’s disease as the most common cause of dementia 

The most common form of dementia is Alzheimer’s disease that accounts for approximately 

60-80% of all cases and the number of patients worldwide in 2006 was estimated to 26.6 million 

(Brookmeyer et al., 2007). The number is estimated to quadruple by the year of 2050 (Karantzoulis 

and Galvin, 2011). Following the progression of this incurable disease, the sufferers become 

dependent on constant care and supervision in later stages. This growing social and economic 

burden will constitute a primary challenge for health systems in the future (Bon et al., 2013; 

Pirtošek, 2013). 

4.5 Early signs of Alzheimer’s disease 

Alzheimer’s disease (AD), a neurodegenerative disorder that gradually progresses to decline in 

memory functions, behavioural disturbances and personality changes, is a chronic disease that 

normally starts later in life and leads to progressive dementia. Alzheimer’s disease begins with 

minor behavioural and activity changes that may normally be part of healthy ageing (Alzheimer’s 

Society, 2016). Early signs include forgetfulness, reduced comprehension and slow perception, 

restlessness, interference in decision making, depressive dysphoria, reduced interest in socialising 

and social withdrawal. Memory impairments and learning difficulties become increasingly more 

evident. Patients tend to preserve memories connected to events before the disease and are likely to 
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have problems with remembering recent events (episodic memory) and generally known facts 

(semantic memory). Normally problems with memorising new information are most pronounced 

(amnestic picture).  

After Alois Alzheimer discovered plaques and tangles in the brains of his demented patient, these 

became the key sign of AD. Despite all further progress in discovering the underlying pathogenesis, 

the biological origins of the AD are not fully known. 

4.6 Risk factors, prevailing hypotheses, and etiopathogenesis 

There is no consensus on the exact cause of AD but suggestions exist it is a combination of genetic 

factors, ageing and environmental factors. Patients, however, can be split into two groups; sporadic 

and familial. About 5 % of all AD cases are in the familial group where mutations are found in 

amyloid precursor protein (APP) and it afflicts younger patients after the age of 40 (Pimplikar, 

2009). Sporadic AD accounts for the vast majority of cases (90 - 95 %) and is specific for its late 

onset, after the age of 65. Risk increases with age, affecting 1 % - 5.4 % of people between the age 

of 60 and 65 and around 24 % of all people older than 85 years (Ferri, 2009; Sorbi et al., 2012).  

Risk factors for AD are diverse and there is no single mode of inheritance that accounts for its 

heritability. First, age is the most influential risk factor (Kawas et al., 2000). Individuals with a first-

degree relative with AD are more likely to develop AD than those who do not have a family history 

of AD (Loy et al., 2013). In the case of mild cognitive impairment (MCI), it is more likely for an 

individual to develop AD after they have already been diagnosed with MCI (Albert et al., 2011; 

McKhann et al., 2011). Risk factors related to cardiovascular disease have been also associated with 

the risk for AD, namely: smoking, obesity in midlife, and diabetes (Anstey et al., 2007; Anstey et 

al., 2011; Vagelatos and Eslick, 2013). Years of education are negatively correlated with higher risk 

for AD, thus people with fewer years of education are more likely to develop AD (Stern, 2012). 

Another possible risk is social and mental activity through life which might support brain health 

(Wang et al., 2002; Marco et al., 2014). Traumatic brain injury increases the risk for AD (Lye and 

Shores, 2000). Many studies suggested the apolipoprotein E-ɛ4 gene (APOE-ɛ4) as a risk factor in 

both, late-onset familial and sporadic AD (Saunders et al., 1993). Individuals with the ɛ2 form may 

have a decreased risk for AD in comparison with those having ɛ4 form (Corder et al., 1994; Shu et 

al., 2016). 
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4.7 The extracellular plaques and intracellular neurofibrillary tangles 

The prevailing hypothesis of the origin of AD is the amyloid cascade hypothesis that continues to 

evolve but the core principle, that the root cause of AD is the amyloid-β peptides derived from the 

amyloid precursor protein (APP) remains unaltered (Pimplikar, 2009). The major pathological 

findings are extracellular plaques (amyloid-β peptide) and intracellular neurofibrillary tangles 

(NFT) containing hyperphosphorylated tau (Ubhi and Masliah, 2013; Wood et al., 1986; Kosik et 

al., 1986). Amyloid plaques and neurofibrillary tangles have been associated with dementia from 

the publication of Alois Alzheimer’s famous treatise On an Unusual Illness of the Cerebral Cortex 

in 1907 (Stelzmann et al., 1995).  

Beta-amyloid plaques are insoluble deposits in the brain of AD patients that are formed by a protein 

amyloid-ß peptide (Aß) (Puzzo and Arancio, 2013). Synaptic dysfunction and impaired memory are 

believed to be the consequence of Aß toxic effects when it is accumulated in the brain. Another 

pathological finding in the brain of AD are the neurofibrillary tangles. Tau is a cytoplasmatic 

protein that participates in stabilisation of microtubules (Reitz, 2012). Tau normally binds to tubulin 

during its polymerisation but in the case when it is abnormally phosphorylated this leads to the 

generation of aggregates, known as neurofibrillary tangles that are toxic to neurons. Neurofibrillary 

tangles develop from abnormally phosphorylated tau that no longer binds to microtubules and lies 

freely in the cytosol and these tangles eventually lead neurons to cellular death (Braak & Tredici, 

2013). Besides the amyloid cascade hypothesis and the alternative hypothesis of tau 

hyperphosphorylation there are other possible explanations such as ageing process, ApoE-ɛ4, 

diabetes, neuroinflammation, oxidative stress, infections, altered ATP production in the CNS 

(Mullane and Williams, 2013). 

All these pathological changes lead to severe neuronal and synaptic dysfunction. The brain of AD 

patients slowly atrophy, starting with the entorhinal cortex and hippocampus and further spreading 

out to association areas in medial parietal, lateral temporal and frontal regions until most areas of 

the cortex are affected while primary sensory areas remain preserved (Fjell et al., 2014). In 

comparison to the healthy age-matched individual, the brain of an average AD patient weighs one-

third less.  
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Due to loss of pyramidal cells and cholinergic neurons in the brain of AD patients, certain 

biochemical changes occur (Emeršič and Pirtošek, 2013). The reduced concentration of glutamate 

receptors (due to the loss of the pyramidal cells) and reduced activity of choline acetyltransferase 

and thus consequently low levels of acetylcholine in the hippocampus lead to loss of specific 

neurons. 

4.8 Acetylcholine 

Neurotransmitter acetylcholine (ACh) is used by cholinergic neurons which are widely distributed 

in the central nervous system (Woolf et al., 2011). Cholinergic neurotransmission is involved in 

processes as attention, memory, learning, sensory information etc. (Ferreira-Vieira et al., 2016). The 

cholinergic deficit, reduced concentration of acetylcholine, is thought to be a promising candidate 

for the pathophysiological mechanism of the EEG slowing in patients with AD (Jeong, 2004). 

Researchers have demonstrated a correlation of cholinergic neurons and attention, injuries of basal 

forebrain cholinergic neurons innervating the cortex in rodents resulted in attention deficit while 

facilitating the cholinergic transmission improved attention in humans (Voytko et al., 1994; Bracco 

et al., 2014). 

Drugs acting on the cholinergic system are thus believed to be the most promising option for the 

patients with AD. They can increase ACh levels in the synaptic cleft and lead to partially improved 

cognitive symptoms, however, for only a short period of time. So far, four drugs have been 

approved for treatment of AD: three cholinesterase inhibitors: donepezil, galantamine, and 

rivastigmine and memantine which acts via glutametergic mechanism (Sun et al., 2008; Howard et 

al., 2012; Birks et al., 2015).  

4.9 Core clinical criteria for probable AD 

Dementia is assessed using neurological, physical examination and cognitive assessment. 

Unfortunately, there is no single test to confirm the AD diagnosis, therefore, the protocol is based 

on the exclusion of other possible reasons for the cognitive decline. Diagnostic and Statistical 

Manual of Mental Disorders (DSM) and National Institute of Neurological and Communicative 

Disorders and Stroke - Alzheimer’s disease and Related Disorders Association (NINCDS-ADRDA) 

classification are most often used in diagnosis (American Psychiatric Association, 1994). The latter 
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divides individuals with dementia due to AD in the following manner: Probable AD dementia (in a 

clinical setting), Possible AD dementia (in a clinical setting), and Probable or Possible AD dementia 

with confirmed AD pathophysiological process (for research purpose) (McKhann et al., 2011). The 

National Institute on Aging - Alzheimer’s Association workgroup revised the 1984 criteria for AD, 

formalized different stages of the disease and included validated biomarkers of different features of 

the disease (Clifford et al., 2011). 

Patient is diagnosed with probable AD dementia when his cognitive impairment or behavioural 

disturbances:  

1.) interfere with his usual activities,  

2.) show a marked decline in comparison with earlier functioning,  

3.) cannot be justified by delirium, psychiatric disorders,  

4.) are confirmed by routine history and “bedside” mental status examination,  

5.) involve at least two of the following domains: impaired acquiring new information, reasoning, 

visuospatial abilities, language functions, changes in comportment, behaviour and personality 

(McKhann et al., 2011). 

In addition to the above-mentioned criteria the condition is characterized by: 

1.) gradual onset of the symptoms, 

2.) reported or observed explicit history of cognitive decline, 

3.) deficits learned from the history and/or found on examination in one of the categories: amnestic 

presentation (learning impairment, impairment in recall of recently learned information etc.) and 

non-amnestic presentation (language, visuospatial presentation, executive dysfunction), 

4.) no evidence of substantial concomitant cerebrovascular disease, no core feature of dementia 

with Lewy bodies, no features of behavioural variant frontotemporal dementia or semantic variant 

primary progressive aphasia or non-fluent/agrammatic variant primary progressive aphasia or 

presence of any other concurrent, neurological or non-neurological medical comorbidity or use of 

medication with influence on cognition (McKhann et al., 2011). 

The European Federation of the Neurological Societies (EFNS) recognised other co-morbid medical 

conditions such as depression, incontinence, cardiovascular and pulmonary diseases, infections, 

arthritis, sleep disturbances, drug-related adverse effects, and other neurological disorders that AD 

is often followed by (Hort et al., 2010).  
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Assessment of cognitive functions, behavioural and psychological symptoms, activities of daily 

living and of comorbidity in AD is performed using screening tests such as neuropsychological 

instruments (Mini Mental State Examination (MMSE), Addenbrooke’s Cognitive Examination 

(ACE), Montreal Cognitive Assessment (MOCA), clock drawing etc.), tests for assessment of 

specific cognitive domain such as episodic memory, semantic memory, visuospatial abilities, 

executive functions. 

Structural imaging such as CT and MRI are advised in order to exclude other possible and curable 

causes of dementia, MRI can reveal a typical atrophy of mesial temporal regions in AD. Other tests 

for further diagnostic confidence are assessed by investigating family history (with pathologically 

confirmed diagnosis), cerebrospinal fluid tests (CSF; Aβ42, total-tau), functional imaging 

(fluorodeoxy-glucose positron emission tomography FDG-PET), amyloid-Tau, single photon 

emission computed tomography (SPECT), genetic testing. Electroencephalography recording 

(visual inspection of the resting state EEG) is used with the aim of ruling out Creutzfeldt-Jakob 

disease or epileptic amnesia in atypical AD (Adamis et al., 2005, Sorbi et al., 2012). 

The molecular underpinnings of AD are not yet fully explained although the growing body of 

research has resulted in better understanding of this irremediable disease. Although many drug 

candidates currently in clinical trials may show disease-modifying effects, none has yet successfully 

proven to be effective in curing AD (Blennow, 2010).  However, there is a mounting consensus that 

disease-modifying treatments and interventions are most effectively delivered to the patient in the 

earliest stages of the cascade of pathogenic processes before the clinical expression of the disease. 

Therefore, biological indicators of pathophysiological mechanisms are needed in order to detect AD 

in the preclinical (early molecular) and further in the prodromal and early clinical stages (Hampel et 

al., 2013). Using rigid research criteria, the correct clinical diagnosis reaches 80% accuracy, 

however, only post-mortem examination can confirm AD (Popper et al., 2009). Around 20% of 

patients with clinical diagnosis of AD are misclassified and do not exhibit AD-type pathology when 

followed to post mortem. What is more, the likelihood of correct diagnosis ante-mortem rises as the 

population grows older since the frequency of AD is much higher among elderly individuals (Fejll 

and Walhovd, 2012). Thus, efficient diagnostic procedures enable application of novel therapeutic 

procedures potentially beneficial in early stages and allow improving the patient’s quality of life by 

ameliorating the societal impact of the disease (Jackson and Snyder, 2008).  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5. ”Window on the mind” or Electroencephalography 
(EEG)2

Causes of dementia: 
Roger Bacon: “Senility is a consequence of the original sin.” 
Jean Etienne Esquirol: “Menstrual disorders, Sequlae of delivery, Head injuries, Progression of 
age, Ataxic fever, Hemorrhoids surgery, Mania and monomania, Paralysis, Apoplexy, Syphilis, 
Mercury abuse, Diatary excesses, Wine abuse, Masturbation, Unhappy love, Fears, Political 
upheavals, Unfulfilled ambitions, Poverty, Domestic problems.” 
(Boller and Forbes, 1998) 

Brain structure and function are investigated with the use of newer functional imaging techniques 

that unravel the course of the disease. In-vivo detectable biological markers of neurodegenerative 

diseases are of central importance when it comes to their use in clinical practice.  

Neuroimaging provides biomarkers for the detection of early and preclinical AD. A vast body of 

literature over the past 40 years reports EEG changes in the brain electrical activity related to aging 

and shows correlations between specific EEG changes and the degree of clinical deterioration 

(Letemendia and Pampiglione, 1959; Gordon and Myre, 1967; Polich and Kok 1995; Cook and 

Leuchter, 1996; Besthorn et al., 1997; Kilmesch, 1997; Jelic et al., 2000; Bennys et al., 2001; 

Moretti et al., 2004; van der Hiele et al., 2007; Jackson and Snyder, 2008; Dauwels et al., 2011; 

Garn et al., 2015, ). 

According to EFNS-ENS guidelines, electroencephalography may be useful for differential 

diagnosis of degenerative dementias (Sorbi et al., 2012). Thus, EEG recording with diffuse 

abnormalities indicates the presence of Alzheimer disease (AD) while recordings containing diffuse 

and focal changes point out to DLB (Dementia with Lewy Bodies), VaD (Vascular Dementia), or 

AD. Nonetheless, EFNS-ENS recommendations state that resting EEG does not provide enough 

evidence for the initial assessment of all dementia patients. However, qEEG, a promising non-

invasive and cost-effective tool for early diagnosis can assess cortical and some subcortical changes 

related to neuronal decline and can even predict further decline (Prichep, 2007). 

 For this chapter, Nunez and Srinivasan (2006) was mainly used as a reference.2
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The following chapter aims to briefly present EEG technique measuring how brains produce 

electric potential or dynamic patterns on the scalp. We focus on a technique of the event-related 

potentials (ERPs) which was used in the pilot study presented later on in this thesis. 

5.1 Understanding EEG 

“The electroencephalogram (EEG) is a record of the oscillations of brain electric potential 

recorded from electrodes on the human scalp.” (Nunez and Srinivasan, 2006; p.3). 

Extra-cranial recordings provide information of averaged synaptic action over tissue that contains 

between 100 million and 1 billion neurons. This synaptic action is correlated with cognition and 

behaviour and thus EEG presents a window on the mind. However, this window is clouded, with 

noise whether biological, environmental, technical limitations.  

This brain imaging technique can monitor sleep stage, depth of anaesthesia, seizures, neurological 

disorders, as well as cognitive processes such as mental calculations, working memory, selective 

attention etc. (Nunez and Srinivasan, 2006). 

At macroscopic scales, electrical activity of dynamic behaviour measured by scalp EEG electrodes 

can be divided into two categories: a) spontaneous potentials and b) evoked potentials or event-

related potentials. In contrast to the direct response to external stimuli of the evoked potentials (EP), 

the event-related potentials (ERP) reflect state-dependent brain processing of the stimuli (Regan, 

1989). 

5.2 Potential qEEG biomarkers and advantages of AD 

Biomarkers are objectively measured and evaluated characteristics that indicate biological 

processes, pathogenic processes, and pharmacological responses to therapeutic interventions 

(Atkinson et al., 2001). In-vivo detectable biological markers that reflect AD are of central 

importance and should be incorporated into clinical practice. Electroencephalography (EEG) as a 

neuroimaging/brain function technique is increasingly used due to recent advances in signal 

analysis and its compatibility with other brain imaging techniques. 

�32



Advantages of EEG in research and thus in clinical practice as well are the following. Not only is 

this method appropriate for large-scale, low-cost and non-invasive evaluation of at-risk populations 

but the technological advances are making it portable, easy to use without requirements of human 

scoring. The EEG is known to have a lower spatial resolution, however, the spatial resolution of 

EEG is considerably improved when recording with 256 electrodes (Kamarajan & Porjesz, 2016). 

In EEG research superior test-retest reliability is achieved within subjects and across different 

laboratories. Third, since EEG does not rely on an assumption about the neurovascular coupling one 

of its advantages is also the validity of measures as a direct neural correlate.  

With the development of the functional magnetic resonance imaging, it seemed that cognitive 

electrophysiology was going obsolete. However, the rise of fMRI rather stimulated the growth in 

ERP/EEG than blocked it. Recent advances have demonstrated the potential of combined use of 

information from neuroimaging methods and electrophysiological measures (Colloby et al., 2016). 

As a result, the number of researchers adopting the EEG measures are ever highest and what is 

more, the technique and tools are under constant development. 

EEG recordings of the brain of AD patients show slowing of the activity, the enhanced complexity 

of the EEG signals, and perturbations in EEG synchrony (Jeong, 2004; Dauwels et al., 2010). Due 

to a large variability among AD patients, none of these phenomena has yet been established as a 

reliable biomarker to diagnose AD at an early stage. Currently, only visual inspection of resting 

state EEG recordings is recommended and not an evaluation of quantitative EEG (qEEG). So far, 

no diagnostic algorithm includes qEEG evaluations despite past research observations of possible 

biomarkers (Jelic et al., 2000; Jackson & Snyder, 2008; Forlenza et al., 2010; Kanda et al., 2014; 

Garn et al., 2015). However, quantitative analysis based EEG studies do show a correlation between 

the degree of EEG abnormalities in AD and cognitive impairment (Jelic et al., 2000; Garn et al., 

2015). Quantitative EEG is a low-cost non-invasive technique causing no or very little discomfort 

and provides information on the timing of the disease evolution (Prichep, 2007). One of the 

characteristic features observed with the progression of the disease in the nascent stages is the 

increased power in slow waves (Jeong, 2004). If proved successful in determining AD patients from 

healthy individuals or patients with other dementing illnesses, quantitative EEG would be a great 

tool to complement the armamentarium of clinicians dealing with patients with the dementing 

illness.  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6. Evoked potentials (EPs) and Event-related potentials 
(ERPs)

Measuring scalp potentials has important clinical applications. By mathematical techniques we can 

observe how repeated stimuli (e.g. auditory) produce a potential variation that can vary between 

individuals and can reveal abnormal delays (due to neurodegenerative diseases as in Alzheimer’s 

disease). Evoked potentials are waveforms without the unrelated brain electrical activity or 

electrical “noise” recorded. The so called noise is mostly caused by eye-movements, muscle 

movements, sweating etc. To record the waveforms of interest one must perform multiple trials that 

are then averaged in order to eliminate the random brain activity. 

Waveforms recorded from the scalp after the subject was presented with repeated auditory or visual 

stimuli is called auditory or visual evoked potentials. Brainstem averaged evoked response (BAER) 

occur in the first few ms and the rest peaks are assigned labels (Picton et al., 1974). Specific events 

perceived by a person are accompanied by EEG waves called event-related potentials - ERPs (Pinel, 

2011). ERP elicited by a presentation of a sensory stimulus is referred to as sensory evoked 

potential. After a momentary presentation of a certain stimulus, the following EEG recording 

includes a component consisting of a stimulus response and background activity or noise. The 

signal can be extracted by signal averaging and the averaged response to the stimuli remains. The 

waves have a specific name according to their direction (P - positive or N - negative) and their 

latency. The P300 or the P3, therefore, is a positive deflection that occurs at about 300 milliseconds 

after the meaningful stimuli were projected. It will be explained in further detail in the following 

chapter. 

6.1 P300 and Oddball paradigm 

The event-related potentials are positive and negative fluctuations that reflect sensory, cognitive, or 

motor processes. The third positive fluctuation or a wave called the P3, the P300, or the late 

positive component was first reported 50 years ago (Sutton et al., 1965; Polich, 2007). 

Cognitive processes such as attention and activation of immediate memory are mirrored in the ERP, 

namely in the P300 (Polich and Kok, 1995). The P3 is produced when a subject is attentive to 

stimuli trying to discriminate them from one another based on some characteristics. When 
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comparing a group of patients with probable AD to a group of healthy individuals this technique 

proves useful in determining both groups according to the parameters of the P300. 

6.2 P300 latency and amplitude 

The component P300 is quantified by measuring its latency (timing in ms) and amplitude (size in 

µV), where the latency is determined as the time from the stimulus onset to the point of the 

maximum positive amplitude and amplitude as the highest peak of the P300 component (Kok, 

1997). Latency depends on the modality of the stimulus but its range is approximately from 300 ms 

to 500 ms. It marks the speed of the cognitive processing and the amplitude demonstrates the 

position of the energy resources. The component P3 amplitude is considered an index of the 

attention resources dedicated to identifying target stimuli. 

6.3 P3a and P3b 

Sometimes the component has two distinguished peaks, or subcomponents referred to as P3a and 

P3b (Comerchero and Polich, 1999). Novel infrequent stimuli or non-significant distractors 

presented during the 3-stimulus oddball paradigm elicit a different P300 component than those 

stimuli that are being evoked by infrequent targets, stimuli that subjects attend to. Distractors, 

therefore, evoke a late positive wave referred to as the P3a and the target stimuli evoke the P3b 

(Squire et al., 1975). When measured baseline-to-peak they differ in the topography with P3a 

having a more frontal-central distribution and P3b distributed maximally over the temporo-parietal 

region. Squire et al. (1975) found topographic differences as well as differences in the length of the 

latency in the P3 signal when subjects paid attention to the stimuli and when they did not attend to 

the stimuli. The latency of the component evoked by non-attended stimuli (between 220 and 280 

ms) was significantly different from the component measured while subjects paid attention to the 

stimuli (between 310 and 380 ms). Although the relationship between the two distinguished peaks is 

not yet completely clear, the P3b is considered to be the appropriate P300 wave. The P3a 

component evoked by alerting and novel stimuli habituates with repetition of the presentations 

while the P3b does not (Polich, 2007). The P3b is associated with attention and memory processing. 
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6.4 Neuropsychology of P300 

The neuropsychology model of production of P3a and P3b shows cognitive events related to their 

production (Polich and Criado, 2006). After the stimulus presentation or sensory input attention 

processing is evoked. Representation is kept in the working memory with the help of these attention 

processes. With the aid of the memory storage engaged by working memory, the P3b is produced. 

On one hand, the P3a is evoked by alerting and non-frequent stimuli which call for focal attention, 

on the other hand, the P3b is evoked when the subject recognises the target. In the traditional 

oddball paradigm, the final P300 evoked consists of P3a and P3b that overlap in time.  

6.5 Neuropsychological origins of the P300 

The source generators are no yet fully understood but they were suggested to be separated from the 

P300 components evoked by stimuli of different sensory modalities (Johnson, 1989). The P300 is 

not independent of the modality of the eliciting stimulus - several generators coexist, namely: 

medial temporal lobe, the temporo-parietal junction, medial and lateral frontal lobe (Halgren et al. 

1980; Hansenne, 1998). Neuropsychological origins of the P3a and P3b therefore differ.  

On one hand, the production of the P3a starts with a stimulus demanding frontal lobe attention (as 

cited in Polich and Criado, 2006). This component seems connected to changes in anterior cingulate 

when the current content of the subject’s working memory is replaced by the new sensory input. 

This change of the representation is communicated to infero-temporal lobe maintenance 

mechanisms.  

On the other side, P3b is evoked with the allocation of the attention resources to the association 

cortex for memory updating. It appears to be a result of memory storage mechanism that starts in 

the hippocampal formation. The updated output is then further transferred to parietal cortex. 

6.6 Neurotransmitter system generating the P300 

Different neurotransmitter systems generate and modulate the P300: cholinergic, noradrenergic, 

dopaminergic, serotoninergic, and GABAergic systems (Hansenne, 1998). The amplitude of P300 is 

increased by noradrenergic agonists, while it is decreased by cholinergic antagonists and 

GABAergic agonists which on the other side prolong the latency. Neurotransmitters involved in the 

P300 generators are not yet fully determined. However, it has been suggested that the P3a - 

associated with frontal focal attention and working memory - is influenced by dopamine, while the 
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P3b - related to temporal-parietal activity - is mediated by locus coeruleus-norepinephrine (Polich 

and Criado, 2006; Polich, 2007). Polich suggested a cognitive model where: ”P3a originates from 

stimulus-driven frontal attention mechanisms during task processing, whereas P3b originates from 

temporal-parietal activity associated with attention and appears related to subsequent memory 

processing.” (Polich, 2007). In his review, Polich highlighted the association of P3a to frontal/

dopaminergic and P3b to parietal/norepinephrine pathways. 

6.7 Oddball paradigm  

Studies of attention and memory use the oddball task to elicit P300 component (Luck, 2012). 

Oddball paradigms vary and can include different kinds of stimuli, different number, the probability 

of stimuli, use different modalities and demand different responses. The task of the oddball 

paradigm is to differentiate between frequent stimuli, infrequent distractors, and infrequent target 

stimuli. The subject is asked to respond to an infrequent target by pressing a button or mental 

counting. 

In the traditional 2-stimulus oddball paradigm the subject is presented with two stimuli occurring in 

a random order. One of the stimuli has a higher frequency of occurrence and is referred to as a 

standard stimulus while the other is the infrequent target stimulus. The subject is requested to 

differentiate between the two by an overt or covert response to the target. Passive oddball 

paradigms do not demand active response and are thus suitable and often used in research with 

demented patients or children (Bennington and Polich, 1999). When an active response is requested 

in an active oddball paradigm, subjects have to respond mentally by counting the targets or 

physically by pressing a button.  

Other variants of oddball tasks exist to elicit the P3 namely single stimulus oddball paradigm and 3-

stimulus oddball paradigm (Polich and Criado, 2006). In the first variant, there is only one stimulus 

or target appearing sporadically in time with no other stimuli. In the second, 3-stimulus oddball 

paradigm, there are an additional infrequently occurring stimuli referred to as a distractor together 

with the frequent standard stimuli and infrequent targets. Sensory modalities used to evoke P300 are 

of different types specifically visual, auditory, somatosensory, olfactory and taste stimulation 

(Katayama and Polich, 1999, Hruby and Marsalek, 2003). 
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6.8 Oddball paradigm and patients with probable AD 

The P300 ERP was used in the study of Polich and Corey-Bloom in 2005 where they compared 

patients in early stage Alzheimer’s disease and matched elderly unaffected controls (N=16). The 

task consisted of four paradigms - single-stimulus, easy oddball task, medium oddball task and hard 

oddball task. Their study was conducted with the aim to determine how the difficulty of the task and 

modality of the stimulus contribute to the sensitivity of the P300 differentiating AD patients from 

elderly healthy controls. Patients in the study were diagnosed with probable AD within the last 3 

years from the beginning of the study and met the criteria for probable AD.  

Among the major findings in their study let us highlight the following two: a.) for AD patients 

component amplitude was smaller and latency was longer across stimulus modalities, b.) 

amplitudes were smaller and latencies were shorter in the case of auditory stimuli compared to 

visual tasks. The largest differentiation between AD and control group was found using simple 

paradigms, with a slightly stronger group effect with the visual stimuli. 

In search of the ideal biomarker that would predict the disorder in its early stages, before overt 

symptoms are evident, we decided to do a pilot study comparing electroencephalography (EEG) 

data of a group of patients in early AD to a group of healthy age-matched controls. The cross-

sectional pilot study is presented in the following chapter.  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7. Cross-sectional pilot study

The cross-sectional pilot study was conducted at the Laboratory for Cognitive Neuroscience, 

Department of Neurology.  

The literature overview from the beginning of the thesis demonstrates the variability of paradigms 

used in P300 studies. Reviews and evaluations of task and modality in Alzheimer’s disease studies 

are not uncommon however, there is no consensus yet on what parameter of P300 would prove to 

differentiate best between a healthy individual and a patient with probable AD (Polich and Corey-

Bloom, 2005). 

7.1 Goal and hypothesis 

In our cross-sectional pilot study, visual and auditory stimuli were used in a 3-stimuli oddball task 

with a mental response. To discover possible sensory/attentional influences on cognition in healthy 

individuals and patients with probable Alzheimer’s disease. 

7.2 Research question 

The research question of this thesis is as follows: which combination or individual P300 parameter 

(latency or amplitude) of what type of stimuli (frequent, target, distractor) and which modality 

(auditory or visual) of the oddball task differentiates best between patients with probable AD and 

healthy individuals. Our goal was to perform a cross-sectional pilot study and find one or a 

combination of parameters that provide most accurate group classification. 

7.3 Participants 

At the Laboratory for Cognitive Neuroscience of Department of Neurology, we performed a pilot 

study with a total of 57 subjects who performed the complete oddball task. Subjects were divided  

to two separate groups, a control group and a group of patients diagnosed with early stage 

Alzheimer’s type dementia.  
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7.4 Control group (CO group) 

The control group consisted of 37 healthy individuals (30 females, 7 males, age 69.5 +/- 4.9 years) 

with no neurological or psychiatric pathology. They were independently living seniors recruited 

from activity centres for seniors in Ljubljana, Slovenia.  

7.5 Experimental group (AD group) 

The experimental group comprised of 20 patients (15 females, 5 males, age 79.1 +/- 5.6 years) 

recruited at the Memory clinic at the Department of Neurology in the University Medical Centre in 

Ljubljana, Slovenia. Before the pilot study patients were followed clinically for at least a year and 

for the last 6 months they were on antidementive treatment regiments. All patients met the 

NINCDS-ADRDA criteria for probable Alzheimer’s disease. They were clinically diagnosed with 

early stage Alzheimer’s type dementia. 

7.6 Other inclusion criteria, MMSE and GDS 

All participants were free of head injuries, surgeries on the scalp, epilepsy, significant heart disease, 

stroke, severe depression, had no other known neurodegenerative disease (e.g. Parkinson’s disease), 

multiple sclerosis or psychiatric disease, and none of the participants in the CO group were taking 

medication affecting the central nervous system.  

All participants underwent a mini mental status examination (MMSE, CO = 28.6 and AD = 23.4) 

and fulfilled a geriatric depression scale (GDS, CO = 3.7 and AD = 8.7) (Jensterle et al., 1996, 

Yesavage et al., 1982). 

The experiment was approved by the local ethical committee and subjects were asked to give a 

written informed consent before inclusion in the pilot study.  

7.7 Experimental procedure 

The experimental procedure comprised of two active oddball tasks and two resting-EEG conditions 

(Polich, 2007). Each task lasted for 3-3.7 min and was followed by a 4-5 min of pause. The 
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sequence of these tasks was counterbalanced. In sum, the experiment lasted for 1.5 h depending on 

the subject and individual needs for breaks between tasks. 

7.8 Oddball task and stimuli 

Each participant performed two tasks of the three-stimuli easy oddball task. The first was visual and 

the second auditory oddball task (Katayama and Polich, 1999). To elicit the P300 response stimuli 

used were frequent, distractor, and target type stimuli. Subjects were asked to pay attention and 

mentally count the number of occurrence of targets described further on. 

The task was composed of visual and auditory oddball task with resting EEG recordings (eyes open 

and eyes closed). To wary the sequence of tasks we prepared Sequence A and Sequence B. In the 

sequence A, subjects were first recorded as they kept their eyes open (light purple in the figure 

bellow), without performing any task, just fixing their view on the dot presented on the screen. We 

continued with a resting EEG recording while subjects kept their eyes closed (dark purple) but had 

to stay awake. Subjects were then presented with a short exercise for the visual oddball task (light 

yellow) which was followed by the complete visual oddball task (dark yellow). We continued by 

performing a short exercise for auditory oddball task (light green) again followed by the complete 

auditory oddball task (dark green). 

  

Figure 4: Sequence A for oddball task 

We continued with 5 more visual and 5 auditory oddball tasks interchangeably, all together there 

were 6 visual and 6 auditory oddball tasks. This sequence was interrupted by resting EEG recording 

(eyes open and eyes closed) every time 4 oddball tasks were performed (2 visual and 2 auditory). 

Sequence B comprised of exactly the same blocks where the order of the visual and auditory tasks 
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was reversed: first auditory and then visual (and first eyes closed and then eyes open EEG 

recording). 

In each individual task there were 15 % targets, 70 % frequent and 15 % distractor stimuli.  

In comparison to oddball tasks, exercises were much shorter (6 targets) and only served as 

demonstration in order for the participant to get familiar with the task. In the complete oddball task 

there were more stimuli presented (11 - 13 targets).  

Visual and auditory oddball tasks comprised of stimuli (250 ms visual stimuli or 100 ms auditory 

stimuli) separated with a short pause (2300 ms).  

In the visual oddball task stimuli were the following:  

- large blue circles were presented as targets,  

- small blue circles as frequent stimuli,  

- and distractors were presented (in red, purple, yellow or green colour) by squares, triangles, stars, 

moon-shaped crosses, flower or rectangular shapes. 

In the auditory oddball task stimuli were the following: 

- high pitch tone as targets, 

- low pitch tone as frequent stimuli, 

- and individual letter sounds as distractors. 

7.9 EEG recording and processing 

All participants underwent a 90 min EEG recording starting between the hours of 9:00 and 13:00. 

The 64-channel EEG recordings were performed in a sound-attenuated room where subjects were 

comfortably sitting alone during the experiment.  

The chair was positioned 100 cm from the 21’’ CRT monitor with a refresh rate of 120 Hz.  

For the purpose of delivering stereo auditory stimulation at a sound level of 60 dB during the 

auditory oddball task standard computer-grade speakers were used. 

A 64-channel EEG caps (ActiCap, BrainProducts, GmbH, Germany) with active electrodes 

positioned according to the 10-10 system sized 54 and 58 cm were used for women and men, 
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respectively. For the recording, physical reference FCz was used and for the ground AFz. Raw data 

of each recording was analog filtered between 0.14-250 Hz, sampled at 1024 Hz (NicoletOne 

amplifier, Care fusion) and later down-sampled to 500 Hz for offline analysis (BrainVision 

Analyzer 2.01, BrainProducts, GmbH, Germany).   

First, all recordings were automatically inspected for bad channels (electrodes that were 

disconnected or poorly connected to the scalp and other technical malfunction). The automatic 

inspection included artefactual data portions that comprised of clear non-brain or non-eye-

movement related electrical activity such as muscle noise, sweating, movement, etc. All artefactual 

data portions and all bad channels (2.2 +/- 1.5 per subject) were removed from further EEG data 

analysis.  

Second, a custom devised Independent Component Analysis (ICA) procedure was used for 

correction of ocular artefacts. Examples of eye-movement and blinking in a particular EEG 

recording were predetermined by visual inspection. The temporal and spatial correlations of these 

eye-movement activities were used for further removal of all independent components with ICA 

procedure. On average, there were 1.8 +/- 1.1 components excluded per subject.  

Third, all bad channels deleted before ICA were then interpolated with spherical splines. The spline 

order was 4 and the max. degree of Legendre polynomials was 10 (λ=10-5).  

Fourth, the segmentation of the EEG data divided the recording based on the specific condition or 

type of task: practice for visual oddball task (PVOdd), practice for auditory oddball task (PAOdd), 

visual oddball task (VOdd), auditory oddball task (AOdd), resting EEG with the eyes open (EO), 

and resting EEG with the eyes closed (EC). The PVOdd and PAOdd were excluded from further 

analysis. For the purpose of this thesis VOdd and AOdd data were further analysed. The total of 400 

segments (3000 ms per segment, 0 % overlap between segments) were DC and baseline corrected. 

Sets were segmented according to the stimulus (frequent, target, distractor) into individual sets with 

a range [-500 ms, + 2500 ms] using the first 500 ms for baseline DC correction. 

We rejected from the average all channels within individual segments that contained signal power 

values over +/- 4.5 standard deviations from the subject and channel-specific means across a subset 

of sets in which no channel exceeded +/- 100 µV using a custom written artefact rejection 
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procedure. No matter the response to the stimuli (whether recognised and mentally counted as a 

target or not) all were averaged (frequent stimuli, targets, distractors). Before any segment 

underwent the Fast Fourier Transformation (FFT; 10 % Hanging window with variance correction) 

we calculated the average reference. The final average consisted of 79 +/- 12 % of the total 

recorded data for patients and of 91 +/- 8 % for the control subjects.  
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8. Results

The primary aim was to compare differences in latency and amplitude of P300 component of 2 

different modalities between the group of patients with probable AD and healthy controls.  For each 

stimulus (standard, distractor, target) amplitude and latency measurement were determined. 

Component peak amplitude was identified as the average of the 6 parietal electrodes with the 

highest amplitudes. The maximum voltage was gained as the middle of the search window between 

300 ms and 700 ms with the running average of 50 ms. The component latency was determined as 

the time from the stimulus onset to the time of the peak amplitude. 

Since the sample in the study is small, the data are not normally distributed, and the difference in 

average age between the two groups is large, the statistical analysis was challenging. We are aware 

data could be analysed in another manner, but based on the above mentioned facts we decided to 

perform binomial logistic regression in the statistical analysis. 

8.1 Descriptive statistics of the variables 

There were 57 participants included in the cross-sectional study. We first compared amplitudes and 

latencies of different stimuli and modalities (targets, frequents, and distractors in visual and 

auditory oddball task). 

The six variables (amplitudes of all stimuli in both modalities) were analysed and the highest mean 

amplitude (7.62 µV) was present in visual targets and the lowest mean amplitude (2.96 µV) in 

auditory frequent stimuli. Most scattered amplitudes were found with the visual distractors (2.47 

µV) and least scattered in auditory frequent stimuli (1.17 µV). 
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Table 1: Descriptive statistics of the amplitudes of the three stimuli in both modalities. 

The six latencies (of all stimuli in both modalities) were analysed and it is evident from the table 

that the mean latency was longest for auditory targets (503.58 ms) and shortest for the auditory 

frequent stimuli (329.12 ms). Most scattered latencies were visible in the visual frequent stimuli 

(143.40 ms) and least scattered in the auditory distractors (75.65 ms).  

Table 2: Descriptive statistics of latencies of the three stimuli in both modalities. 

8.2 Descriptive statistics of the variables depending on the group 

The distribution of the variables was checked with the Shapiro-Wilk test of normality due to the 

small sample size. The results of the test of normality showed that with the following variables: 

latency of visual targets, amplitude of visual distractors, visual amplitude and latency of frequent 

stimuli, auditory amplitude and latency of frequent stimuli, we cannot assume that they are 

normally distributed since the Shapiro-Wilk test was statistically significant (p < 0.05) (see Table: 

Test of normality in the appendix). For that reason, we used non-parametric tests in the following 

analysis. The nonparametric Mann-Whitney U test was used to compare differences between two 

 N Mean SD

Amplitude Visual Targets 57 7.62 2.41

Amplitude Auditory Targets 57 5.58 1.94

Amplitude Visual Distractors 57 6.63 2.47

Amplitude Auditory Distractors 57 5.15 1.70

Amplitude Visual Frequents 57 5.36 1.91

Amplitude Auditory Frequents 57 2.96 1.17

 N Mean SD

Latency Visual Targets 57 474.61 79-57

Latency Auditory Targets 57 503.58 76.70

Latency Visual Distractors 57 392.16 109.21

Latency Auditory Distractors 57 358.39 75.65

Latency Visual Frequents 57 435.14 143.40

Latency Auditory Frequents 57 329.12 128.16

�46



independent groups when the dependent variable is either ordinal or continuous, but not normally 

distributed. 

Amplitude 

We compared amplitudes of all stimuli (both modalities) between the control (CO) and 

experimental group (AD). There were 37 participants in the CO group and 20 in the AD group. It is 

shown in the table that the AD group achieved higher mean amplitude in auditory distractors and 

auditory frequent stimuli while the CO group scored higher mean amplitude in all remaining cases. 

The amplitudes in the AD group were less scattered in comparison to CO group only in case of 

visual target stimuli, and auditory target stimuli. The highest mean amplitude in both groups was 

achieved in the case of visual targets (p < 0.05). We used Mann-Whitney U test to check which 

mean value was significantly different. Statistically significant difference between the two groups 

was found in the variable amplitude of visual targets (p < 0.05). 

Table 3: Comparison between the control group (CO group) and experimental group (AD group) in 
terms of amplitudes 

Latency 

We compared latencies of all stimuli (both modalities) between the control (CO) and experimental 

group (AD). There were 37 participants in the CO group and 20 in the AD group. It is shown in the 

table that the AD group achieved higher mean latency in visual targets and visual frequent stimuli 

 CO AD M a n n -

Whitney U

N Mean S t d . 

deviation

N Mean S t d . 

deviation

Asymp. Sig. 

(2-tailed)

Amplitude Visual Targets 37 8.14 2.48 20 6.7 2.0 0.014

Amplitude Auditory Targets 37 5.93 2.08 20 4.9 1.5 0.085

Amplitude Visual Distractors 37 6.70 2.24 20 6.5 2.9 0.542

Amplitude Auditory Distractors 37 5.06 1.71 20 5.3 1.7 0.604

Amplitude Visual Frequents 37 5.37 1.83 20 5.3 2.1 0.776

Amplitude Auditory Frequents 37 2.88 1.17 20 3.1 1.2 0.472
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while the CO group scored higher mean latency in all remaining cases. The latencies in the AD 

group were less scattered in comparison to CO group only in case of visual distractor stimuli, and 

auditory frequent stimuli. The highest mean amplitude in CO group was achieved in the case of 

auditory targets and in AD group in visual targets.  We used Mann-Whitney U test to check which 

mean value was significantly different between the groups. Statistically significant difference 

between the two groups was found in the variable latency of auditory targets (p < 0.05). 

Table 4: Comparison between the control group (CO group) and experimental group (AD group) in 
terms of latencies 

Age 

The control group (CO) is 10 years younger than the experimental group (AD). The two groups are 

significantly different in terms of age (p = 0.000) (see Table: Test statistics in appendix). 

Table 5: Average age 

Spearman’s correlation test showed that the age significantly correlates with two variables 

(amplitude auditory targets and latency auditory distractors), otherwise, there is no effect of age on 

the independent variables (see Table: Spearman correlation with variable age). 

 CO AD M a n n -

Whitney U

N Mean SD N Mean SD A s y m p . 

S i g . ( 2 -

tailed)

Latency Visual Targets 37 470.08 76.34 20 483.0 86.6 0.927

Latency Auditory Targets 37 519.14 66.47 20 474.8 87.3 0.026

Latency Visual Distractors 37 394.35 113.46 20 388.1 103.6 0.783

Latency Auditory Distractors 37 368.51 74.34 20 339.7 76.3 0.336

Latency Visual Frequents 37 428.70 130.24 20 447.1 168.1 0.707

Latency Auditory Frequents 37 341.49 136.98 20 306.3 109.6 0.770

Age N Mean SD

CO 37 69,52 4,91

AD 20 79,06 5,64
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8.3 Logistic regression 

A binomial logistic regression (logistic regression), predicts the probability that an observation falls 

into one of two categories of a dichotomous dependent variable based on one or more independent 

variables. Control and experimental group were used as dependent variables. Amplitude and latency 

were used as independent variables.  

Table 6: Model summary after including independent variable age 

The explained variation in the dependent variable based on our model ranges from 44 % to 61 %, 

depending on whether you reference the Cox & Snell R2 or Nagelkerke R2 methods. 

Binomial logistic regression estimates the probability of an event (in this case, being a probable AD 

patient) occurring. If the estimated probability of the event occurring is greater than or equal to 0.5 

(better than even chance), SPSS Statistics classifies the event as occurring. 

Table 7: Classification table 

a) The cut value is ,500 

The table above shows that the model correctly classified 88 % of the participants in the cross-

sectional study. 

Step -2 Log likelihood Cox & Snell R Square Nagelkerke R Square

1 40,597a ,442 ,609

Observed Predicted

Group Percentage Correct

CO AD

Step 1 Group CO 36 1 97,3

AD 6 14 70,0

Overall Percentage   87,7
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Table 8: Variables in the Equation 

The Wald test is used to determine statistical significance for each of the independent variables. The 

table above shows the prediction of the probability of an event occurring based on one unit in an 

independent variable when all other independent variables are kept constant. Results of the logistic 

regression show the only variables that statistically significantly contribute (p < 0.05) to the 

clarification of the model are: the visual amplitude of targets, auditory latency of targets and visual 

amplitude of frequent stimuli. 

The logistic regression model is statistically significant, χ2(4) = 19.241, p < .0005. The model 

explained 61.0% (Nagelkerke R2) of the variance and correctly classified 88 % of all subjects. 

8.3.1 Logistic regression when controlling for age 

Due to the difference in average age of the two groups (CO group = age 69.5 +/- 4.9 years, AD 

group = age 79.1 +/- 5.6 years), we were interested whether the age is a confounding variable. 

Logistic regression was therefore repeated with the variable age included.  

 B S.E. Wald df Sig. Exp(B)

Amplitude Visual Targets -1,292 ,475 7,409 1 ,006 ,275

Amplitude Auditory Targets -,239 ,412 ,336 1 ,562 ,788

Amplitude Visual Distractors -,304 ,345 ,778 1 ,378 ,738

Amplitude Auditory Distractors ,602 ,369 2,664 1 ,103 1,826

Amplitude Visual Frequents 1,635 ,625 6,842 1 ,009 5,131

Amplitude Auditory Frequents -,094 ,410 ,053 1 ,818 ,910

Latency Visual Targets ,007 ,008 ,685 1 ,408 1,007

Latency Auditory Targets -,015 ,007 4,466 1 ,035 ,985

Latency Visual Distractors -,008 ,006 1,897 1 ,168 ,992

Latency Auditory Distractors -,008 ,007 1,241 1 ,265 ,992

Latency Visual Frequents ,003 ,004 ,553 1 ,457 1,003

Latency Auditory Frequents -,009 ,005 2,635 1 ,105 ,991

Constant 12,551 6,868 3,340 1 ,068 282345,05
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We performed the logistic regression twice: with the two variables (Amplitude Visual Targets and 

Latency Auditory Targets) that proved statistical significance in descriptive statistics, and in the 

second part with the three variables (Amplitude Visual Targets, Latency Auditory Targets, and 

Amplitude Visual Frequents) that were shown to have a statistical significance in the logistic 

regression. Age was calculated as the age of the participants on the day of their individual 

measurement. 

8.3.2 Logistic regression with variables Amplitude Visual Targets and Latency Auditory 
Targets when controlling for age 

When controlling for age, the explained variation in the dependent variable based on our model 

rangeed from 49 % to 78 %, depending on whether you reference the Cox & Snell R2 or Nagelkerke 

R2 methods.  

Table 9: Model summary after including independent variable age 

Nagelkerke R2 coefficient is 0.78, which means that all independent variables explain 78 % of the 

scatterplot of the dependent variable group. In comparison to the results of the first Nagelkerke R2 

logistic regression (0.61) the value is higher, which is acceptable, since we included only two 

variables (amplitude visual targets and latency auditory targets) and added another independent 

variable (age) to the analysis. 

Table 10: Classification table 

The table above shows that the model correctly classified 90 % of the participants in the cross-

sectional study. 

Step -2 Log likelihood Cox & Snell R Square Nagelkerke R Square

1 35.605 .489 .783

Observed

Predicted
Group Percent

age 
CorrectCO AD

Step 1 Group CO 34 3 91.9
AD 3 17 85.0

Overall Percentage 89.5
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Table 11: Variables in the Equation 

Results of the logistic regression show that variables that statistically significantly contribute (p < 

0.05) to the clarification of the model are: age and Amplitude Visual Targets. 

8.3.3 Logistic regression with variables Amplitude Visual Frequents, Amplitude Visual 
Targets, and Latency Auditory Targets when controlling for age 

When controlling for age, the explained variation in the dependent variable based on our model 

ranged from 58 % to 80 %, depending on whether you reference the Cox & Snell R2 or Nagelkerke 

R2 methods.  

Table 12: Model summary after including independent variable age 

Nagelkerke R2 coefficient is 0.80, which means that all independent variables explain 80 % of the 

scatterplot of the dependent variable group. The value is higher compared to the results of the first 

Nagelkerke R2 logistic regression (0.61), which is acceptable, since we included three variables 

(Amplitude Visual Frequents, Amplitude Visual Targets, and Latency Auditory Targets) and an 

additional independent variable (age).


B S.E. Wald df Sig. Exp(B)
Step 
1a

Age .321 .092 12.197 1 .000 1.38
Amplitude Visual 
Targets

-.461 .225 4.200 1 .040 .631

Latency Auditory 
Targets

-.011 .006 3.674 1 .055 .989

Constant -15.529 6.983 4.946 1 .026 .000

Step -2 Log likelihood Cox & Snell R Square Nagelkerke R Square

1 24.661 .578 .796
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Table 13: Classification table 

The table above shows that the model correctly classified 91 % of the participants in the cross-

sectional study. 

Table 14: Variables in the Equation 

Results of the logistic regression show the only variables that statistically significantly contribute (p 

< 0.05) to the clarification of the model are all the variables that were included: age, Amplitude 

Visual Targets, Latency Auditory Targets, and Amplitude Visual Frequents. 

For pragmatic reason we decided to perform logistic regression with only one variable at a time. 

Our primary goal was to find the best parameter or a combination of parameters that best 

differentiate between a healthy individual and an individual with probable AD, but at the same time 

our wish is to make the oddball task as friendly and easy as possible. Using two modalities makes 

oddball task last longer, while using only one it makes it shorter and thus less tiresome. Therefore, 

we decided to further investigate how well a model using only one modality would perform in 

differentiation between the two groups. 

Observed

Predicted
Group Percentage 

CorrectCO AD
Step 1 Group CO 35 2 94.6

AD 3 17 85.0
Overall Percentage 91.2

B S.E. Wald df Sig. Exp(B)
Step 1a Age .418 .130 10.286 1 .001 1.520

Amplitude Visual Targets -1.684 .602 7.835 1 .005 .186

Latency Auditory Targets -.016 .008 4.135 1 .042 .984

Amplitude Visual 
Frequents

1.661 .675 6.060 1 .014 5.265

Constant -20.222 9.055 4.987 1 .026 .000
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8.3.4 Logistic regression with variables Amplitude Visual Targets and age in comparison to 
Latency Auditory Targets 

The tables bellow show that the only variable that statistically significantly contributes (p < 0.05) to 

the clarification of the model when using only one modality or one variable is age in both examples. 

Table 15: Variables in the Equation: age and Amplitude Visual Targets 

Table 16: Variables in the Equation: age and Latency Auditory Targets 

8.4 Conclusion 

To conclude, the variables that are statistically significant and would be useful in differentiating 

between a group of healthy controls and a group of individuals with probable AD are the following: 

amplitude visual targets, latency auditory targets, amplitude visual frequents, and age.  

B S.E. Wald df Sig. Exp(B)
Step 
1a

Age .316 .084 14.190 1 .000 1.372
Amplitude Visual 
Targets

-.335 .190 3.094 1 .079 .715

Constant -21.589 6.268 11.865 1 .001 .000

B S.E. Wald df Sig. Exp(B)
Step 1a Age ,331 ,088 14,267 1 ,000 1,393

Latency Auditory 
Targets

-,008 ,005 2,305 1 ,129 ,992

Constant -21,284 6,579 10,466 1 ,001 ,000
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9. Discussion

Cognitive impairment in AD can be evaluated by simple EEG/ERP procedures. Diagnostic 

procedures for probable Alzheimer disease patients only suggest visual inspection of EEG recording 

despite past studies showing qEEG as a promising tool for early diagnosis. The qEEG is a 

promising method with high potential and could aid in AD evaluation, diagnosis, and even future 

drug development. Given the high health care costs imposed by this neurological disorder, the cost-

effective and non-invasive properties of EEG make it appealing for wide-scale application in 

clinical practice. 

In the field of ERP, P3 latency and P3 amplitude were observed as possible parameters. Our 

literature review showed that 52 % of studies used auditory modality of the stimuli and 41 % used 

visual modality (Graph 1), and 68 % of the research articles reported using a 2-stimulus and 26 % a 

3-stimulus oddball task (Graph 2). Most studies therefore did not use distractors. Our cross-

sectional study was designed to include both modalities and all three stimuli in order to be able to 

compare which parameter of which stimuli in which modality would best differentiate between a 

group of patients with probable AD and a group of healthy controls. 

The main objective of this master thesis was to assess and compare different modalities (visual and 

auditory) of the oddball task proposed as qEEG biomarkers for AD. We studied them in terms of 

their ability to differentiate AD patients from healthy controls in a cross-sectional pilot study.  In 

our cross-sectional pilot study, subjects were asked to memorise a specific image (large circle) or a 

specific sound in order to recognise the targets in the following oddball task and differ them from 

frequent stimuli and distractors. 

In the cross-sectional pilot study, we investigated which individual or what combination of 

parameters of which stimuli and of what modality would be best to differentiate patients with 

probable Alzheimer’s disease from aged-matched healthy individuals. For this purpose, the auditory 

and the visual modality were used in a 3-stimuli (targets, distractor stimuli, frequent stimuli) 

oddball task with the aim of finding the parameter (latency, amplitude) that would best distinguish a 

group of probable AD patients and a group of healthy controls. We analysed the average amplitude 

and latency of the P3 in two groups (AD and control group). Statistically significant difference 

between the two groups was found in the amplitude of visual targets (p < 0.05) and in the latency of 
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auditory targets (p < 0.05). Binomial logistic regression was used since it has no assumptions about 

the normality of the distribution of the variables. Results of the binomial logistic regression showed 

the variables that statistically significantly contribute (p < 0.05) to the clarification of the model are: 

visual amplitude of targets, auditory latency of targets, visual amplitude of frequent stimuli, and 

age. Based on these results an oddball task should thus comprise of both modalities, but distractor 

stimuli could be left out. 

Relatively small differences between the groups might be due to the medication. Patients in this 

research were included in the medication treatment for at least 3 months. Medication functionally 

eradicates some of the physical damages due to the Alzheimer’s disease. Scopolamine is a 

muscarinic receptor antagonist, that was studied as a probable pharmacological model of 

Alzheimer’s disease. Since its administration produces a blocking of the activity of the muscarinic 

acetylcholine receptor, and is followed by electrophysiological changes resembling those observed 

in Alzheimer’s disease, it was suggested to be an adequate approximation to mimic the 

modifications in the brain activity of an AD patient (Ebert & Kirch, 1998, Bajo et al., 2015). We 

suggest future studies should include patients before they start with the medication - differences 

might be even more pronounced. 

In conclusion, the parameters found to be significantly distinguishing both groups, the probable AD 

group and the healthy controls were the following three: the visual amplitude of targets, the 

auditory latency of targets, the visual amplitude of frequent stimuli, and age. The strongest 

differences between experimental (AD) and control (CO) group were obtained with the 

combination of these parameters. The combination presents the best model for determining 

probable Alzheimer’s disease patients in our sample.  

Based on the results, we conclude that the best Oddball test to separate between patients with 

probable AD and healthy individuals could be composed of two modalities - visual and auditory. 

Stimuli in the task should comprise of targets and frequent stimuli without distractors. Besides age, 

components producing the most consistent difference between the two groups in a task designed in 

this manner according to our cross-sectional pilot study would be the following: the amplitude of 

the targets in the visual modality, the latency of the targets in the auditory modality, and the 

amplitude of frequent stimuli in the visual modality. 
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Studies have already implied stable and reliable differences for the P3 tasks and suggested ERP as a 

useful tool for the assessment of AD. Specific parameters have been exposed in this cross-sectional 

pilot study as more significant in differentiation between the AD patients and healthy individuals 

and call for validation. 
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11.2 Results of statistic analysis 

Table 17: Test of normality 

Table 18: Test statistics 

Kolmogorov-Smirnova Shapiro-Wilk
Statistic df Sig. Statistic df Sig.

Amplitude Visual Targets .047 57 .200* .983 57 .624
Latency Visual Targets .153 57 .002 .920 57 .001
Amplitude Auditory Targets .085 57 .200* .972 57 .211
Latency Auditory Targets .067 57 .200* .981 57 .529
Amplitude Visual Distractors .110 57 .083 .916 57 .001
Latency Visual Distractors .066 57 .200* .971 57 .193
Amplitude Auditory Distractors .072 57 .200* .986 57 .738
Latency Auditory Distractors .068 57 .200* .981 57 .491
Amplitude Visual Frequents .111 57 .078 .913 57 .001
Latency Visual Frequents .152 57 .002 .925 57 .002
Amplitude Auditory Frequents .117 57 .052 .958 57 .045
Latency Auditory Frequents .257 57 .000 .779 57 .000
*. This is a lower bound of the true significance.
a. Lilliefors Significance Correction

Age
Mann-Whitney U 78,500
Wilcoxon W 781,500
Z -4,874
Asymp. Sig. (2-tailed) ,000
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Table 19: Spearman correlation with variable age 

Amplitude Latency

Visual Targets Correlation Coefficient .365 .055

Sig. (2-tailed) .005 .687

N 57 57

Auditory Targets Correlation Coefficient -.155 .243

Sig. (2-tailed) .248 .004

N 57 57

Visual Distractors Correlation Coefficient .089 -.106

Sig. (2-tailed) .509 .434

N 57 57

Auditory 
Distractors

Correlation Coefficient .013 -.243

Sig. (2-tailed) .924 .069

N 57 57

 Visual Frequents Correlation Coefficient -.037 .057

Sig. (2-tailed) .061 .675

N 57 57

Auditory Frequents Correlation Coefficient -.183 -.190

Sig. (2-tailed) .173 .158

N 57 57
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12. Master thesis summary in Slovenian language; Povzetek magistrskega dela v slovenskem 
jeziku 

Uvod 

Alzheimerjeva bolezen je najpogostejši vzrok nevrodegenerativnih bolezni in s hitro starajočim 

prebivalstvom predstavlja vedno večjo socialno in gospodarsko grožnjo (American Psychiatric 

Association, 1994; Keller, 2006). Ocene kažejo, da ima demenco 6,8 milijonov posameznikov v 

Evropski uniji in okoli 23 000 v Sloveniji (Bon et al., 2013). Diagnoza v zgodnjih fazah pripomore 

k boljši pripravi na kasnejši potek bolezni (Emeršič & Pirtošek, 2013).  

Pozornost 

Tema pozornosti v tej magistrski tezi je multidisciplinarno obravnavana z vidika psihologije, 

filozofije in elektrofiziologije. Na prvi pogled so koncept pozornosti skozi zgodovino videli kot 

nekaj, kar lahko razume vsak (James, 1890). William James je tako pozornost predstavil, kot nekaj, 

kar um iz mnogih sočasnih objektov zaobjame v jasni in živi podobi. Bistvo pozornosti po njem je 

osredotočenje in koncentracija zavesti. Poleg omenjenega osredotočenja in koncetracije so 

psihologi in filozofi fenomen pozornosti razlagali še z omejevanjem in okrepitvijo ter z metaforami 

kot so filtri, središče pozornosti, objektiv, ozko grlo (Strayer and Drews, 2007). Descartes je trdil, 

da ob jasni in razločni zaznavi dvom izgine (Descartes, 1641). Locke je pozornost videl kot 

zmožnost uma, da se osredotoči na neko idejo (Locke, 1841). V nasprotju z njim je James poudarjal 

pojem selektivne pozornosti.  

Vprašanja točke selekcije v poteku procesiranja informacij se je loteval psiholog Posner (Posner, 

1892), teorijo filtra pa je postavil Broadbent (Broadbent, 1958). Trdil je, da se lahko v danem 

trenutku obdeluje le ena vhodna informacija, trajno pomnjenje v spominu pa je odvisno od njenih 

senzornih lastnosti. Ostale informacije se izgubijo iz začasnega medpomnilnika. Kako se 

nepomembni podatki in nejasne informacije izgubijo, je v svojem delu (In Attentional Processing) 

pojasnil David LaBerge. Glavni cilj pozornosti po njegovi teoriji je pravilna identifikacija objekta, 

kategorizacija njegovih lastnosti ter natančno načrtovanje in izvedba akcije. 
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Pregled člankov 

Za potrebe razumevanja in poznavanja uporabe naloge Oddball, je bil izveden razširjen pregled 

člankov. Skupno 213 člankov objavljenih na PubMed med leti 2010 in 2016 je bilo vključenih v 

pregled. Članki so vsebovali iskalne termine: (Oddball) IN ((P300 ali (P3) in (EEG) ali 

(elektroencefalografija) ali (evocirani potenciali) ali (z dogodkom povezani potenciali)). Za vsak 

članek smo izpisali podatke o senzorni modaliteti Oddball naloge (vidna, slušna, somatosenzorna, 

drugo, slušna in vidna, vidna in somatosenzorna), številu različnih dražljajev (1 - dražljaji ene vrste, 

2 - tarče in pogosti dražljaji, 3 -  tarče, pogosti dražljaji in distraktorji, drugo) in zahtevanem načinu 

odziva na dražljaj (pasiven, aktiven - motorni, aktiven - mentalni, drugo). Pregled je pokazal, da se 

v raziskavah nekoliko pogosteje uporablja slušna (52 %) senzorna modaliteta v primerjavi z vidno 

(41 %). Več kot dve tretini člankov poroča o uporabi 2 dražljajev (68 %) in nekoliko manj kot 

tretina poroča o uporabi 3 dražljajev (27 %). Večina raziskav (63 %) je zahtevala motorični odziv 

udeležencev na dražljaj, 21% pa miselno štetje.   

Elektroencefalografija in P3 

Pozornost je ena od kognitivnih funkcij, na katere Alzheimerjeva bolezen negativno vpliva.  

Pozornost in njene korelate lahko preučujemo s pomočjo elektroencefalografije. 

Elektroencefalografija je pogosta metoda v nevrologiji in psihiatriji. Vplivi Alzheimerjeve bolezni 

skozi čas so vidni kot motnje v EEG signalih. Na kratko lahko vplive opišemo kot upočasnjevanje 

EEG signalov, zmanjšanje kompleksnosti ter motnje v sinhronosti signala (Jeong, 2004; Dauwels et 

al., 2010). 

Pozornost in druge procese kot so spomin, pričakovanje itd. lahko raziskujemo s pomočjo 

elektrofiziloške metode ERP (event-related potentials) oz. z dogodkom povezanimi potenciali 

(Hermann in Knight, 2001). Potencial P3 je posebno občutljiv na kognitivno procesiranje in 

pozornost. 

Potencial P3 izzovemo z nalogo Oddball, pri kateri se udeleženci odzivajo na pogoste in redke 

dražljaje (Dauwels et al., 2010). Raziskave so pokazale razlike pri lastnostih tega potenciala med 

zdravimi posamezniki in bolniki z Alzheimerjevo boleznijo (Polich in Corey-Bloom, 2005). Pri 

zdravih ugotavljajo krajšo latenco in višjo amplitudo v primerjavi s potencialom pri bolnikih.  
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Hipoteza in cilji 

Raziskave Alzhemierjeve bolezni pogosto navajajo rezultate Oddball nalog. Cilj te teze je bil, z 

uporabo Oddball naloge s tremi dražljaji, raziskati, kateri parameter ali katera kombinacija 

parametrov najbolje razlikuje skupino zdravih od skupine bolnikov s sumom na Alzheimerjevo 

boleznijo. Bolj podrobno nas je zanimalo, katera komponenta (latenca, amplituda), katera vrsta 

dražljaja (tarča, pogosti dražljaj, distraktor) in katera modaliteta (vidna, slušna) najbolje razlikuje 

omenjeni skupini. 

Metodologija  

V presečni pilotni raziskavi je sodelovalo 57 udeležencev, 37 (30 žensk, 7 moških, starost 69,5 +/- 

4,9 let) v kontrolni (CO) in 20 (15 žensk, 5 moških, starost 79,1 +/- 5,6 let) v eksperimentalni 

skupini (AD). Vsi udeleženci eksperimentalne skupine so izpolnjevali NINCDS-ADRDA kriterije 

za paciente s sumom na Alzheimerjevo bolezen. Udeleženci obeh skupin so izpolnili vprašalnik 

KPSS (CO= 28,6, AD = 23,4) in GDS (CO = 3,7, AD = 8,7). Raziskavo je potrdila etična komisija. 

Eksperimentalni del je bil sestavljen iz dveh aktivnih Oddball nalog in dveh mirovnih EEG 

posnetkov, ki so skupno trajali 90 min. Prva Oddball naloga je bila vidna in druga slušna. Dražljaji 

so bili treh tipov: pogosti, distraktorji in tarče. Udeležencem smo dali navodilo, da nalogo 

spremljajo in v mislih štejejo tarče. Skupno so bili med aktivnimi deli še štirje mirovni deli, in sicer 

z odprtimi in zaprtimi očmi. 

Pri snemanju smo uporabili 64-kanalno EEG kapo (54 cm za ženske in 58 cm za moške). Kot 

referenčna elektroda je služila FCz in AFz kot ozemljitvena. Iz analize smo izključili vse očitne 

šume (mišični šum, potenje, premikanje itd.) ter kanale s slabim signalom. Očesne artefakte smo 

popravili z ICA postopkom. Sledila je segmentacija posnetka glede na pogoj (vaja za vidno nalogo, 

vaja za slušno nalogo, vidna naloga, slušna naloga, mirovni posnetek z odprtimi očmi, mirovni 

posnetek z zaprtimi očmi). Segmenti z vajo so bili nato izključeni iz nadaljne analize. Vsi dražljaji 

so bili povprečeni. Pred FFT (Fast Fourier Transformation) smo izračunali še povprečno referenco. 
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Rezultati in diskusija 

Rezultati so pokazali, da statistično pomembno k razločevanju med zdravimi in posamezniki s 

sumom na Alzheimerjevo bolezen najbolje prispevajo naslednji parametri: starost, vidna amplituda 

tarč, slušna latenca tarč in vidna amplituda pogostih dražljajev.

Razmeroma majhne razlike med skupinama so lahko posledica zdravil, ki so jih jemali udeleženci 

eksperimentalne skupine. Zaradi razlik med posamezniki predlagamo tudi da se v prihodnjih 

raziskavah vključi tudi topografija EEG signala. 

Na podlagi rezultatov zaključujemo, da bi optimalna Oddball naloga namenjena k razlikovanju 

zdravih in pacientov s sumom na Alzheimerjevo bolezen morala vključevati obe modaliteti: vidno 

in slušno in dražljaje dveh tipov: pogoste dražljaje in tarče. Iz tako sestavljene naloge bi lahko 

pridobili potrebne podatke, ki jih je naš model prikazal, kot statistično najbolj pomembne pri 

ločevanju omenjenih dveh skupin. 
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