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PREFACE E 

Afterr graduating in medicine from the Higher Medical School of Sofia I 
searchedd for the possibility to join a clinical research team interested in the visual 
system.. I applied for a working visit at the department of Prof. Henk Spekreijse who 
II  met earlier to discuss this possibility. From numerous publications I knew that his 
researchh group is one of the leading ones in vision research, a field that had 
fascinatedd me for a long time. 

Inn November 1995 I came to Amsterdam and started working at the 
departmentt of Visual System Analysis of the Netherlands Ophthalmic Research 
InstituteInstitute (NORI). I was accepted to join the Visual System Analysis group, for which 
II  am particularly grateful to Prof. Henk Spekreijse. Funding was made available 
fromfrom the NORI and the Rotary Club of Rijswijk for which I am thankful to Mr. 
Cornellss Van Lent. 

Att the NORI I met for the first time Dr. Frans Riemslag who was my direct 
supervisorr and taught me the principles of electrophysiology of vision. Dr. Dikk Reits 
helpedd us with his expertise to solve numerous technical problems. The first few 
monthss in Amsterdam past very quickly. I had to get familiar with my new work and 
too catch up with the literature. My project was exciting and developed rapidly, and I 
gott the opportunity to continue my work as a graduate student. 

Inn a close collaboration between the NORI and the gastro-enterology 
departmentt of the Academic Medical Center (AMC) in Amsterdam we recruited the 
patientt subjects who took part in the experimental sessions of my thesis. Dr. Toni 
Joness made this possible. Recordings of the magnetic fields from human brain with a 
magnetoencephalographh (MEG) were carried out at the Free University of 
Amsterdam.Amsterdam. Ilonka Manshanden, Jeroen Verbunt and Jan-Peter Pijn provided skillful 
technicall  assistance at the MEG center that is headed by Dr. Bob Van Dijk. The 
MEGG part of the study was financially supported by the AMC Medical Research B.V. 
off  the University of Amsterdam and I am thankful for that to Dr. Nico Schellart and 
Prof.. Jos Spaan, the head of the department of Medical Physics of the AMC. 

Myy time as a graduate student was a quite hectic but certainly productive 
one,, and I really enjoyed working together with Drs. Frans Riemslag and Dik Reits. 
Fromm Frans I learned how to record electroencephalogram (EEG), visual evoked 
potentiall  (VEP), and electroretinogram (ERG) from healthy subjects and patients, 
andd he also taught me how to analyze and interpret the recorded data. Frans is a 
reallyy great teacher and scientist I still remember the many scientific discussions we 
hadd on numerous exciting observations we made. His insight and interest in my work 
weree always highly appreciated - it was very pleasant to work with him and I'm 
thankfull  for his important contribution to my thesis. Many of the technical problems 
inn computer soft- and hardware could not be overcome without the continuous 
supportt of Dik Reits. His expertise and creativity were instrumental for our progress 
inn data acquisition and analysis - thank you very much Dik! 

II  am particularly grateful to Prof. Egbert de Boer for his advice and support 
duringg my time as a graduate student in Holland. I also highly appreciate his 
translationn of the summary of my thesis into the Dutch "samenvatting?' - hartelijk 



bedanktt Egbert! Here I also would like to thank Riet and Piet Bibo, two very 
dearfriendss who contributed so much to make my time in Holland an enjoyable one. 

Furthermore,, I am also very grateful to Peter Brassinga for his instantaneous 
assistancee with the technical equipment, to Marina, Nico, and Ton for helping me 
withh the preparation of many figures, posters and slides. Certainly, I should not miss 
too acknowledge Els Borghols and Jetty Stam who were always kind and cooperative 
regardingg many of the administrative questions and hurdles during work. 

Thee last part of my thesis, the writing work, was accomplished in Baltimore, 
Maryland.. I joined my husband who got a post-doctoral position in neuroscience at 
thee Johns Hopkins University. At the Lions Vision Center of the Johns Hopkins 
UniversityUniversity I worked together with Dr. Gislin Dagnelie to whom I would like to 
thankk for reading my thesis manuscript and giving his helpful comments. 

Mostt importantly, I thank my husband Roman for his patience and constant 
encouragementt during all the ups and downs of my thesis. His care and advice were 
off  invaluable help. 

Thankk you, all of you and all my colleagues from the departments of Visual System 
AnalysisAnalysis and Medical Physics, who are not mentioned here, but I certainly did not 
forget. . 

Vessela a 



CHAPTERR I 

GENERALL INTRODUCTION 

1.1.. Introductio n 

Thee mature human brain harbors trillions of neurons, assembled to a 
powerfull  and highly complex network that controls all vital body functions, as well 
ass sensory and motor processes, and most impressively, higher brain functions -
suchh as attention, recognition, learning, memory, and language. One important, albeit 
somewhatt daunting, goal of cognitive neuroscientists is to understand how 
informationn is processed by the brain to ultimately elucidate the underlying 
principless of brain function. To understand how the nervous system works requires 
knowledgee at several levels: For example, how is light that enters the eye converted 
intoo electrical signals by the retina and subsequently propagated by the optic nerve to 
thee lateral geniculate nucleus (LGN) in the thalamus? How is visual information 
processedd in the LGN before reaching the primary visual cortex, and how does 
shape,, color, and motion of an object evoke the creation of a three dimensional 
perception?? Does the visual stimulus (object) have a meaning- what is its name or 
label?? Finding the correct answers to such questions often goes along with the 
inventionn of new technical approaches. In the past two decades, new anatomical, 
molecular,, and biophysical methods have been instrumental for the enormous 
progresss made in different fields of brain research. 
Onn a cellular level, neurons (nerve cells) and glia cells are the principal building 
blockss of the nervous system. Neurons have diverse forms and are highly specialized 
cellss that are the signalling units of the nervous system and communicate with each 
otherr at specialized contacts or synapses. Communication is accomplished by a 
combinationn of electrical and chemical messengers mat are secreted in the 
extracellularr environment at the synaptic terminals to reach an adjacent, post-
synapticc cell. A single neuron may form as many as 10.000 synapses on its surface. 
Too receive these many connections, neurons form complex networks of dendrites, 
highlyy branched processes that are specialized to detect chemical signals from 
synapticc partner cells and convert mem into electrical signals, which are then 
transmittedd towards the cell body (Fig. 1). 
Ann important feature of neurons is their polarization (i.e., the polar separation of 
positivee and negative electric charges). Information received on dendrites by many 
synapsess is integrated by the cell and upon reaching a critical threshold the neuron 
"fires""  an electric impulse, a so-called action potential. Action potentials propagate 
unidirectionallyy along the axon, the neuron's "output fiber", to the presynaptic 
terminall  where communication with other cells occurs. Fig. 1C depicts the flow of 
currentt in a single (active) neuron. At a given time, the current resulting from an 
excitatoryy postsynaptic potential (EPSP; read below for details) is the same 
throughoutt the circuit and flows across the membrane resistance (Rm) and the 
extracellularr resistance (Rex). The membrane resistance is much greater than the 
intra-- and extracellular resistance. Therefore, the intracellular potentials are large 
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(millivolts;; mV), since they are measured over the membrane resistance, whereas 
extracellularr potentials are small (microvolts; uV). The extracellular current spreads 
overr a much larger area and only part of it is picked-up by an extracellular (scalp) 
electrode,electrode, which is referenced to a far away, also extracellular reference electrode. 
Iff  groups of neurons are arranged in parallel, i.e., their polarization is oriented in the 
samee direction, the flow of synaptic current through the extracellular space is 
summedd and can be measured. Large arrays of parallel neurons are found in the 
cerebrall  cortex. For example, the apical dendrites of cortical pyramidal cells have a 
nearlyy parallel orientation (Fig. IA, B). Simultaneous activity of many thousands of 
suchh pyramidal neurons generates an extracellular ionic current, which can be 
recordedd as a voltage across the resistance of the extracellular space. Summed ionic 
currentss are weak but can be detected on the surface of the scalp with different 
recordingg techniques, one of which is the electroencephalogram (EEG, for details see 
further). . 
Inn 1924 the German psychiatrist Hans Berger pioneered a study investigating 
spontaneouss brain activity in human. Berger was focusing on 
electroencephalographicc (EEG) recordings and observed that sensory stimulation 
appearss to reduce rather than increase the spontaneous electric activity of the brain, 
inn particular the alpha rhythm (Berger, 1929; 1930). In 1934 Adrian in Cambridge 
discoveredd that "blocking" of alpha rhythm was associated particularly with visual 
stimulationn (Adrian and Matthews, 1934). 
Withh a photographic superimposition technique, Dawson demonstrated in 1947 the 
existencee of small somatosensory evoked responses. These responses were not 
detectablee with previously applied EEG techniques. The real breakthrough came in 

Fig,Fig, I The human neocortex is composed of six layers (from I to VI), which are schematically 
depicteddepicted on the right hand side in panel A. Layer I is most superficial, closest to the skull, 
whereaswhereas layer VI is the deepest cortical layer. There are two types of neurons in the cortex: 
pyramidalpyramidal cells and interneurons (inhibitory neurons). The pyramidal cells are most abundant 
inin layer Will and V; groups of cells with parallel orientation are referred to as "palisades " 
andand their activity can be recorded by different non-invasive recording techniques, including 
EEGEEG and MEG. 
B.B. Cell morphology of a layer V pyramidal cell (on the left) and a layer HI pyramidal cell (on 
thethe right). Pyramidal cells receive synaptic input via their dendrites (and cell body). Apical 
dendritesdendrites extend vertically over several cortical layers, whereas basal dendrites have a more 
hortontalhortontal extension. The axon is the neuron output fiber, which extends over long distances 
andand projects to other cortical or subcortical structures. 
C.C. Blow-up of a cortical pyramidal cell with an "active" synapse. The flow of the current of 
anan excitatory postsynaptic potential (ESPS) is indicated with a dashed line. The resistance of 
thethe cell membrane (Rm) is high, whereas the resistance in the intra- and extracellular space 
(Rex)(Rex) is relatively tow. Thus, intracellular recorded voltage is high (in millivolts, mV), since it 
isis measured across the resistance of the membrane, and extracellular recorded voltage is low 
(in(in microvolts, pV), since the current spreads over a much wider area. 
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19611 with the introduction by Clynes of the first commercial averager, i.e., 
"Computerr of Averaged Transients" (CAT; Clynes and Kohn, 1961). The invention 
off  averaging technique had a huge impact on the study of evoked potentials. More 
advancedd recording techniques of evoked potentials and the availability of powerful 
computerss allow nowadays a very accurate extraction of specific brain responses. 

Electrophysiologicall  assessment of the visual system has provided better 
understandingg of the numerous processes underlying the anatomical connectivity and 
functionall  development of vision. In parallel, much progress has been made with 
otherr sensory systems, in particular auditory and somatosensory. Different sensory 
stimulii  are initially processed in their corresponding primary brain areas, and 
subsequentlyy may converge and undergo "higher level processing" in associative 
brainn areas. 
Thiss thesis presents aspects of modern, non-invasive recording techniques for 
sensoryy evoked brain activity and interpretation, and clinical application of event-
relatedd electric and magnetic signals from the human brain, with special focus on the 
visuallyy evoked signals. The sensitivity of these higher-order processing visual 
event-relatedd responses is discussed and compared with the primary (cortical) visual 
responsess and routinely used psychometric tests. 

1.22 The origin of electrical brain activity 

Electricall  brain activity is usually divided in three categories. These are (1) 
spontaneouss activities such as alpha and sleep rhythms, (2) sensory evoked 
potentials,, which are either primary ("early") or event-related ("late"), and (3) 
potentials,, generated by single neurons (recorded by microelectrodes). The 
oscillatingg potentials of the first two categories can be measured on the surface of the 
scalpp and are called the electroencephalogram or EEG. As a convenience, 
spontaneouss activities are usually referred to as the raw or background EEG, whereas 
inn the case of evoked potentials one refers to the type of stimulus that evoked it, for 
examplee auditory evoked potentials, somatosensory evoked potentials or visual 
evokedd potentials. 
Onn a neuronal level, electric fields in the brain are assumed to be generated by ionic 
currentss associated with postsynaptic sources (Lopes da Silva, 1996). Both 
spontaneouss and evoked potentials are predominantly the result of the sum of 
changess in electrical activity of cortical neurons, caused either by synaptic excitation 
(excitatoryy postsynaptic potential, EPSP) or inhibition (inhibitory postsynaptic 
potential,, IPSP; Creutzfeldt and Kuhnt, 1973). The measured waves represent the 
contributionss of summed synaptic potentials in the apical dendrites of the cortical 
pyramidall  cells (Shepherd, 1988), and are measurable only if the underlying 
neuronall  currents are synchronized in time. As a result of synaptic activity, currents 
flowflow through the cell's membrane and intra- and extracellular space. Since the 
directionn of the current is defined by thee direction along which positive charges are 
transported,, there will be a positive inward current in the case of an EPSP and a 
negativee outward current in the case of an IPSP. This means that extracellularly at 
thee level of the synapse, an active "current sink" is caused by an EPSP and an active 
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"currentt source" by an IPSP (Nunez, 1981). The main axes of the dendritic trees of 
pyramidall  cells in the human cortex are perpendicular to the cortical surface and thus 
parallell  to each other, forming so-called "palisades" (Fig. 1 A). When cortical 
neuronss in such a spatially organized patch (palisade) are activated simultaneously, 
thee longitudinal components will sum, while the transversal components will tend to 
cancell  each other. Such a spatial distribution of current sinks and sources can be 
describedd with a dipole sheet model (Ossenblok et al., 1992; Lopes da Silva, 1996). 
Thiss model is commonly used to solve the so-called "inverse problem", in particular 
too calculate the locations of the generators based on the observed visual evoked 
potentiall  (VEP) scalp distribution when the number of sources and their exact 
locationn are not known a priori (see also chapter 6). 

1.2.1.. Electroencephalography (EEG) 
Thee electroencephalogram (EEG) represents the spontaneous fluctuations of the 
electricall  activity of large numbers of neurons in the brain, primarily of the cortical 
pyramidall  cells, recorded through electrodes attached on the scalp. Unlike 
intracellularlyy recorded responses of individual neurons, the EEG reflects the 
extracellularr current flow associated with the summed activity of many individual 
neuronss (i.e., of the apical dendrites of pyramidal cells) and is based on me theory of 
volumee conduction. EEGs are analyzed in the temporal, frequency and spatial 
domains.. Analysis of the frequency content of the EEG is based on principles 
developedd (in 1822) by the French mathematician Jean Baptiste Fourier, who found 
thatt any time-varying signal could be described as a linear sum of elementary sine 
wavee terms, also called Fourier components. The frequency at which a signal repeats 
itselff  is equal to the frequency of the fundamental component (or first harmonic). All 
otherr Fourier components have frequencies, which are greater than the frequency of 
thee fundamental component, and are multiples of it (see Regan, 1989). The 
amplitudee of the EEG ranges from 20-100 uV. It is attenuated by the meninges and 
cerebrospinall  fluid, as well as by the skull and scalp, and may vary considerably. The 
EEGG is divided into frequency bands, which are called alpha (8-13 Hz), beta (13-30 
Hz),, delta (0.5-4 Hz), theta (4-7 Hz), and gamma (30-70 Hz). In some of these bands 
rhythmicc activity can be observed. For example, the mu rhythm is known to have a 
centro-frontall  distribution over the scalp and a frequency close to alpha; it disappears 
byy clenching the fist, but not by opening the eyes. The alpha rhythm (also called 
"Bergerr rhythm") is recorded best over the parietal and occipital lobes and is 
associatedd with a state of wakefulness of human subjects; it is enhanced when eyes 
aree closed. Beta activity is normally seen over the frontal regions during intense 
mentall  activity. Delta and theta activities are associated with sleep and have the 
largestt amplitudes of EEG activity. Gamma activity receives presently much 
attentionn since is thought to link activity between different cortical regions (Gray et 
al.,, 1989; Singer, 1993). Notably, the EEG is most commonly used clinically to 
diagnosee neurological diseases, especially epilepsy. 
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1.2.2.. Sensory Evoked EEG, Visual evoked potentials 
Underr sensory stimulation, for example visual, auditory or somatosensory, the EEG 
containss responses from modality specific brain regions. These extracellular 
responsess (signals) are small, in die order of 0.1-20 uV, and smaller than the 
backgroundd EEG, because less neurons contribute to them. The incoherent 
backgroundd EEG is also picked-up by the electrodes and is defined as "noise" (in the 
orderr of 20-100 uV). Thus, the signal-to-noise ratio of these responses is small. To 
improvee this ratio and to measure the sensory specific signals, repetitive stimulation 
iss needed. In this way many responses are evoked from the brain, which are summed 
andd extracted from the background EEG by a process called signal averaging. Thus, 
thee function of signal averaging is to extract signal from incoherent ("noisy") 
backgroundd EEG by defining the signal (i.e., response) as those components, which 
aree time-locked to (time-coherent with) the stimulus. 
Thee development of the techniques of signal-to-noise enhancement improved rapidly 
duringg the time of the Second World War, when the demands of clear radar signaling 
becamee of high strategical importance. Dawson was the first to apply the averaging 
techniquee in EEG recording to detect small evoked responses (Dawson, 1954). 
Inn the 1960 sensory evoked brain activity recordings were initially restricted to 
studiess on primary (cortical, "early") responses. The method of visual evoked 
potentialss (VEP)- electrical brain responses induced by visual stimuli- has been used 
too investigate signal processing at the level of the visual cortex. At that time an 
unstructuredd flash stimulus, delivered from a Xenon flash tube, was generally used in 
VEPP studies (Ciganek, 1961). Other investigators used sine wave modulated light 
generatedd by means of fluorescent tubes or glow modulator tubes (Kamp et al., 1960; 
Vann der Tweel and Verduyn Lunel, 1965; Spekreijse, 1966). 
Thee first to elicit and record VEPs to flashed patterns were Spehlman (1965), Van 
derr Tweel and Spekreijse (1966), Spekreijse (1966), Rietveld et al. (1967), and 
Harterr and White (1968). This form of presentation evokes potentials composed of 
responsess both to flash (i.e., luminance change) and to pattern presentation, which 
makess the results difficult to interpret. Van der Tweel and Spekreijse (1966) were the 
firstt to record VEPs evoked by stimuli, which are generated in the absence of 
luminancee changes, such as checkerboard pattern-reversal and pattern onset/offset 
stimulii  (Van der Tweel and Spekreijse, 1966; Spekreijse, 1966; Van der Tweel et al., 
1970;; Spekreijse et at, 1971). In the pattern-reversal stimulation, each section of 
black-and-whitee pattern (checkerboard) is alternated between black and white in 
suchh a way that two reversed images of the same pattern are presented. Originally 
thesee stimuli were generated by movement of a patterned mirror mus avoiding 
changess of mean luminance. In the pattern onset/offset (i.e., appearance / 
disappearance)) stimuli, a pattern is presented for a specified period of time and then 
replacedd by a uniform field with identical mean luminance (Van der Tweel et al., 
1970;; Spekreijse et al., 1971; Harter, 1971; MacKay and Jeffreys, 1971). 
Eachh of the mentioned stimuli leads to a different visual evoked response. According 
too Jeffreys and Axford (1972) VEP to checkerboard onset/oflset stimuli consists of 
positivee (CI)-negative (CII)-positive (CIII) deflections, designated as peaks (Jeffreys 
andd Axford, 1972 a, b). 
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Fig.Fig. 2 Cortical (primary) visual evoked potential (VEP) to onset/offset 12' visual angle 
checkerboardscheckerboards at 80% contrast in a healthy subject. Black-and-white 12' checkerboard stimuli 
areare shown as a function of time: with 40 ms onset (appearance) and 600 ms offset 
(disappearance).(disappearance). The recording electrode for EEG is located at Oz (occipital), the reference 
electrodeelectrode (R) is attached on the right earlobe, and the ground (G) is arbitrarily placed on the 
scalp.scalp. On the right side the corresponding VEP is presented, which consists of three distinct 
componentscomponents CI, CII and CHI. The amplitude of the CII component is large due to the high 
contrastcontrast and the small pattern elements (12') of the stimulus. 

Thee peak-latency of CI is at around 80-110 ms, of the (negative) CII at around 100-
1400 ms, and of the (positive) CIII at around 150-190 ms (Fig. 2). It was assumed that 
thee activity of each peak was attributed to a single dipole source, and thus every peak 
wass defined as a component, which varies in characteristics with physical qualities of 
thee stimulus like modulation depth (contrast) and check size (Spekreijse et al., 1973; 
Jeffreys,, 1977; Spekreijse, 1980). For example, the CII depends strongly on 
accommodationn and the sharpness of the pattern edges, and is favored by binocular 
stimulationn (Spekreijse et al., 1973). Its amplitude increases with increasing contrast 
ass well as with decreasing check size of the stimulus until near the detection 
thresholdd (Ossenblok et al., 1992). The CI can be evoked best by relatively coarse 
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(greaterr than 50' visual angle) checkerboards. The amplitude of CI still grows when 
contrastt is increased beyond the level at which the contours can be clearly seen, 
whereass CIII is enhanced by binocular presentation (Spekreijse et aL, 1973; 1980; 
Jeffreys,, 1977). 
Inn 1979, Lesèvre and Joseph were the first to realize that a peak may contain mixed 
activityy from several visual areas, thus, there was no a priory reason to assume that 
onee source only can be active at a time instant of a peak. This idea was further 
confirmedd by Maier et al. (Principle Component Analysis, 1987), who showed that in 
CIII  there are two simultaneously active dipole sources, each with a corresponding 
timee function (wave shape) and differing in strength (Maier et al., 1987). The 
variationn in strength of the dipoles (which are assumed as stationary, i.e., with fixed 
positionn and direction) is reflected in the checkerboard onset/offset VEP. Thus, the 
negativee CII peak contains identifiable contributions from both the striate (the region 
off  fissure calcarine, i.e., Brodman's area 17) and the extra-striate cortices 
(Brodman'ss areas 18 and 19), of which the striate component (labelled as C2) 
dominatess (Maier et al., 1987). Furthermore, Maier et al. (1987) have shown that CI 
iss dominated by the extrastriate i.e., CI component, originating from area 18, 
whereass activity from area 19 (i.e., C3 component) contributes to CIII (Ossenblok et 
al.,, 1992). 
Spekreijsee (1978) showed that in children the onset/offset VEP can be recorded from 
thee second month after birth on and reflects activity from the striate cortex (i.e., area 
17,, cortex map Brodman). The activities generated in the extrastriate areas of the 
visuall  cortex (underlying CI, some of the CII, and CIII) develop later in life: at the 
agee of 16 area 18 still develops, whereas the contribution from area 19 is not yet 
apparentt at that age (Spekreijse, 1978; De Vries-Khoe, and Spekreijse, 1982; 
Ossenblokk and Spekreijse, 1991; Ossenblok et al., 1992). 
Sincee the CII component of the (standard) onset/offset VEP depends strongly on the 
patternn details, in clinical practice it is used for objective estimation of visual acuity. 
Thee distribution of CI across the two hemispheres of the brain provides evidence for 
normall  (symmetrical) or abnormal (asymmetrical, like in albinos) chiasmal 
decussationn and propagation of the optic nerve fibers (Creel et al., 1981). 
Thee PI00 component (the positive component with a latency of about 100 ms after 
stimuluss onset) of the pattern-reversal VEP is used to estimate the conduction 
velocityy of the optic nerve in Multiple Sclerosis and other optic nerve diseases 
(Halliday,, 1972; Halliday et al., 1973; Asselman et al., 1975; Carroll and Mastaglia, 
1979;; Troncoso et al., 1979; Happel et al., 1980). 

1.2.3.. Event-related potentials (ERP), Visual event-related potentials 
Thee detection of event-related brain potentials (ERP) or "late" components is an 
importantt step to obtain insight in higher order mental functions. Grey Walter and 
colleaguess first reported that in a stimulus situation where a warning signal is 
followedd by a second stimulus, which requires a motor response, a "slow" negative 
wavee (at around the vertex) builds up before the occurrence of the second stimulus 
(Walterr et al., 1964). This activity can be recorded both from scalp electrodes and 
fromfrom intracerebral electrodes and has been called the contingent negative variation 
(CNV)) or the expectancy wave (E). In contrast to the E-wave, the P300 wave (a 
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positivee deflection with a peak latency of about 300 ms), described by Sutton and 
colleagues,, depends on the probability of occurrence of a rare stimulus to which 
attentionn has to be paid (Sutton et al., 1965). The late positive complex (LPC) 
containss several positive components including the P3a, P300 (or P3b, see below) 
andd the long-lasting positive slow wave (SW; Squires KC et al., 1975, Squires NK et 
al.,, 1975). The P300 is often observed together with a preceding negative 
component,, the so-called N200 (or N2; or N250; Naatanen et al., 1986). These 
components,, have been extensively studied both in basic and clinical investigations. 

Thee stimulus-related theta activity (i.e., of the 4-7 Hz frequency band) has been 
shownn to correlate with higher cognitive brain processing and associative brain 
functionn (Mizuki et al., 1980, 1983; Lang et al., 1989; Inouye et al., 1994; 
Yordanovaa and Kolev, 1997). Analysis of ERPs in time and frequency domains has 
shownn that in particular sub-delta, delta, and theta activities may contribute to the 
P3000 event-related component (Duncan-Johnson and Donchin, 1979; Schürmann et 
al,, 1995; Yordanova and Kolev, 1997,1998). 
Too elicit event-related potentials (ERP) two types of stimuli are presented in a 
randomm series with one of the two occurring relatively "infrequently", i.e., the event 
(alsoo termed as "target", "oddball"). Stimuli can be given in visual, auditory, or 
somatosensoryy modality (Taghavy and Kügler, 1988; Giger-Mateeva et al., 1999a; 
Suggg and Polich, 1995; Ito et al., 1992). ERPs can also be recorded in response to an 
eventt that is "infrequently" absent ("omitting" event; Simson et al., 1976; Alho et al., 
1994).. The subject is requested to distinguish between two stimuli ("frequent" and 
"event")) by responding to the event (mentally counting, pressing a button). Any ERP 
includess "early" (primary) sensory evoked components due to the presentation of the 
stimuluss itself and "later" event-related components, which are dependent on the 
meaningg of the stimulus to the subject, rather than on its physical qualities. 

Fig.. 3 illustrates an example of a recording, electrode montage and employed in this 
thesis.. On the right the responses to the 200* events are shown, whereas on the left 
thee responses to the "frequent" (12') checks are plotted. 
Thee response to "frequent" 200* checks is also shown with the thin line (at Oz, right; 
377 averages) to compare with the response to "infrequent" 200' checks at the same 
derivationn (37 averages). Two kinds of visual black-and-white-checkerboard patterns 
aree presented as a function of time. The "frequent" stimulus consists of small checks 
(12'' visual angle size), which appear for 40 ms and disappear for 600 ms. This 
stimuluss is randomly interleaved by large checks (200' visual angle size), i.e., events, 
withh a probability of occurrence every 3.84 s. The electrodes are attached along the 
midlinee of the head from Oz to Fz. The subject is asked to keep a mental count of the 
eventss (more details in chapter 2). 
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Frequentt  12' checks (10%) Infrequent 200' checks 

N200 0 
countedd events 

Fig.Fig. 3 Event-related potentials to visual stimuli at 10% contrast in a normal (healthy) 50 
yearsyears old subject. Stimuli are presented in time with 40 ms onset and 600 ms offset. Two kinds 
ofof black-and-white checkerboard stimuli are displayed to the subject: frequently presented 12' 
checkschecks and "infrequent" 200' checks, i.e., events. The subject is asked to keep a mental count 
ofof the events, while the recording is made from four midline scalp electrodes located near 
frontalfrontal (Fz), central (Cz), parietal (Pz) and occipital (Oz) positions. The responses evoked by 
countingcounting the 200' events are shown on the right. The indicators point to the long-latency 
components:components: N200 at Oz (latency of 180 ms), P3a at Fz, Cz (latency of 232 ms) and the 
cognitivecognitive P3b with a maximum at Pz (latency of 352 ms). The "frequent" 12' checks (10% 
contrast;contrast; on the left) evoke a fronto-central P3a at Fz, Cz (latency of 308 ms). The cortical 
VEPsVEPs to both "frequent" 12' (at Oz, left) and "frequent" 200' (at Oz, right; thin line) checks 
areare small as a result of the low contrast of the stimulation. 
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13.. Components of the ERP 

Fig.. 3 shows that by counting "infrequent" visual stimuli (events) three long-latency 
componentss can be elicited around the time of "P300": N200, P3a, and P3b (Giger-
Mateevaa et al., 1999a, chapter 2 of this thesis). The N200 (or N2, or N250) 
componentt can be generated by "infrequent" visual and auditory stimuli, or 
"infrequent""  omission of these stimuli, and appears to be linked to sensory 
discriminationn processes (Simson et al., 1976; Ritter et al., 1979; Taghavy and 
Kügler,, 1988; Knight, 1997). It reflects modality specific sensory qualities and is 
relatedd to the irregularity and unexpectedness of the stimulus (Giger-Mateeva et al., 
1999a).. According to Renault and colleagues it comprises two subcomponents, an 
earlierr N2a with a parietooccipital maximum and an overlapping N2b that is largest 
overr the vertex (Renault et a., 1978). N200 is associated with the "mismatch 
negativity""  (MMN; Halgren et al., 1995a; Knight, 1997). The MMN is evoked by a 
stimuluss that does not match preceding stimuli by simple sensory characteristics, 
evenn if that stimulus is neither attended nor detected (Naatanen et al, 1982; NSatanen 
andd Gaillard, 1983; Giger-Mateeva et al., 1999a). 
Thee "P300" consists of an "early" fronto-central P3a component and a "later" 
parieto-occipitall  P3b component (Squires et al., 1975; Halgren et al., 1995a; Knight, 
1997;; Giger-Mateeva et al., 1999a). P3a is suggested to reflect an alerting process to 
novell  stimuli that originates in the frontal cortex, so-called "orienting response 
(Sokolov,, 1963; Squires et al., 1975; Courchesne et al., 1975, 1978; Knight, 1984; 
Yamaguchii  and Knight, 1991a; Knight, 1997). Recent studies, however, indicate that 
thee P3a amplitude depends on the difficulty to discriminate between the event and 
thee ""frequent" stimuli, but not on novel stimulus characteristics (Comerchero and 
Polich,, 1998; Katayama and Polich, 1997). We have shown that P3a is evoked by 
"frequent""  and "infrequent" (events) sensory stimuli (Fig. 3) independent of their 
modality,, and increases in amplitude with the length of the interstimulus time. 
Thesee findings suggest that P3a is related to attention processes such as the degree of 
subject'ss awareness associated with stimulus probability, but does not reflect 
mechanismss of adaptation to the stimulus. The enhancement of a peak amplitude 
associatedd with adaptation (for example, the PI component of the motion VEP) has 
beenn shown not to be influenced by the length of interstimulus time interval, but by 
thee stimulus velocity, in particular the onset duration and the frequency of 
presentationn of a stimulus (Bach and Ullrich, 1994). 
Whenn attention and memory processes are involved to store the incoming stimulus 
information,, the P3b component is generated (Rogers et al, 1991; Knight, 1997). For 
example,, P3b is only evoked in response to (non-) events, randomly distributed in 
betweenn "frequent" stimuli, to which the subject has to perform an event-related task 
(Squiress at al., 1975; Knight, 1997; Giger-Mateeva et al., 1999a). When the same 
stimulii  are "task irrelevant" (ignoring the events), the P3b is small or absent 
(Hillyardd et al., 1971; Duncan-Johnson and Donchin, 1977; Giger-Mateeva et al., 
1999a).. On the basis of these findings, among others, P3b has been described as a 
cognitivee event-related component. P3b is relatively unaffected by changes in 
stimuluss parameters, but is sensitive to the information-processing demands of the 

21 1 



taskk (Donchin et al., 1978; Picton and Hillyard, 1988; Rogers et al., 1991; Squires et 
al.,, 1975; 1977). Thus, P3b was thought to originate in higher order structures of the 
brainn that receive inputs from many sensory modalities. 

1.3.11 Age dependence 
Ann important prerequisite for the diagnostic application of the ERPs is the 
knowledgee of their alterations with age. N200, P3a, and P3b change rapidly during 
thee first 15-20 years of life, which is likely to be linked to the processes of brain 
maturation.. The successive changes from adulthood to senescence are slower, 
althoughh it is not clear to what extent they are reflecting the gradual process of aging 
off  mental functions (Courchesne, 1977; Goodin et al, 1978; Mullis et al., 1985). 
AA small number of studies report on the N200 component during normal aging. The 
latencyy of N200 rapidly shortens during the first 20 years of life. From that age on it 
graduallyy prolongs at a rate between 0.7 and 0.9 ms/year (Squires NK et al., 1979; 
Pictonn et al., 1984; Coyle et al., 1991). 
Thee P300 latency rapidly shortens and the amplitude significantly increases from 
childhoodd to early adulthood (from 5 to 20 years of age; Courchesne, 1977; Polich et 
al.,, 1990). During the rest of the life the P300 latency slowly increases and the P300 
amplitudee slightly decreases. Average age-related latency prolongation for P3a was 
foundd to be between 0.1 and 1.1 ms/year (Pfefferbaum et al., 1984; Knight, 1987), 
andd for P3b between 0.9 and 1.3 ms/year (Goodin et al., 1978; Pfefferbaum et al., 
1984;; Hegerl et al., 1985). Aging may lead to an increased variability of both P3a 
andd P3b (Kraiuhin et al., 1986), although this conclusion is not generally accepted 
(Pfefferbaumm et al., 1984; Patterson et al., 1988). 

1.3.22 Topography 
Sourcee analysis on scalp recorded N200 evoked by visual stimuli, reveals a localized 
occipitall  topography, which varies in its exact location across subjects (Giger-
Mateevaa et al., 1999a, chapter 2 of this thesis). The N200, evoked by auditory 
stimuli,, was found to be generated in the infero-temporal cortex (Halgren et al., 
19955 a). These findings are in agreement with studies suggesting that N200 originates 
inn the visual or auditory associative cortices, depending on the modality (Simson et 
al.,, 1977; Alhoetal., 1994). 
Thee scalp topography of the mismatch negativity (MMN) suggests that its generator 
mayy be in sensory-specific cortical areas (reviewed by NSStanen and Picton, 1986). 
Thee main electrical MMN generators upon "infrequent" auditory stimuli have been 
locatedd in the temporal lobes of the left and right auditory cortices and in the frontal 
brainn areas (Giard et al., 1990; Hari, 1990; Tiitinen et al., 1993; LevSnen et al., 
1996). . 
Too locate P300 sources, EEG scalp topographical studies in normal (healthy) 
subjectss (Bruyant et al., 1993; Courchesne et al., 1975; Knight, 1997; Ruchkin et al, 
1990;; Squires et al., 1975; Yamaguchi and Knight, 1991a), mapping of evoked 
magneticc fields (Kouijzer et al., 1985; Maclin et al., 1983; Okada et al., 1983; Rogers 
ett al., 1991; 1993), intracranial recording in epileptic patients (Baudena et al., 1995; 
Halgrenn et al., 1995a, b; Knight, 1997; McCarthy et al., 1989; Palier et al., 1992; 
Pucee et al., 1991), and lesion studies in neurological patients have been performed 
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(Knight,, 1984, 1996, 1997; Knight et al., 1989; Scabini, 1992; Yamaguchi and 
Knight,, 1991b). These studies, suggest the region of the amygdala, the thalamus, the 
prefrontall  cortex, or the hippocampus as sources (Desmedt and Debecker, 1979; 
Halgrenn et al., 1980; Yingling and Hosobuchi, 1984; McCarthy et al., 1989; 
Stapletonn and Halgren, 1987; Velasco et al., 1986; Rogers et al., 1991). However, it 
iss important to note that in contrast to studies, which considered P300 as a single 
component,, there is evidence that P3a and P3b are generated in distinct cerebral 
regionss (Halgren et al., 1995a, b). 
Topographicall  analyses addressing the origin of the scalp recorded P3a suggest that 
itss generator is located in deep brain structures (Halgren et al., 1980; Rogers et al., 
1991;; Knight et al., 1996; Giger-Mateeva et al., 1999a, chapter 2). From lesion 
studiess it was concluded that the hippocampal region of the limbic system might be 
responsiblee for the scalp P3a (Knight and Graboweckey, 1994; Knight, 1996; 1997). 
Intracraniall  recordings have shown that widespread brain areas including the frontal 
andd posterior association cortex, cingulate, and mesial temporal regions are activated 
whenn the P3a component is generated (Halgren et al., 1995a, b; Baudena et al., 1995; 
Knight,, 1997). These findings are in agreement with the theories proposed by 
Courchesnee et al. (1975) and supported by Knight (1984) about the origin of P3a, in 
particularr that P3a reflects neural activity coming from the cortico-limbic system 
(Courchesnee et al., 1975;Kni#it, 1984,1996, 1997). 
Fromm studies employing intracortical electrical recordings there are indications that 
multiplee cortical and limbic regions are activated during the time when the scalp P3b 
iss evoked (Smith et al., 1990; Baudena et al., 1995; Knight, 1997). These regions 
includee the hippocampus, amygdala, ventrolateral prefrontal cortex, superior 
temporall  sulcus, superior parietal lobe, and postero-superior lobe (Palier et al., 1992; 
Halgrenn et al., 1995a, b). It is however unlikely that the P3b recorded at the midline 
andd posterior parts of the scalp is due to volume conducted potentials from 
hippocampall  regions only, since magnetoencephalographic studies (MEG) provide 
additionall  evidence mat modality specific cortices contribute to P3b (Rogers et al., 
1991,, 1993; Knight, 1997). Other lines of evidence, based on intracortical 
recordings,, implicate the thalamus and prefrontal cortex as sources for the P3b 
(Katayamaa et al., 1985; Velasco et al., 1986). Taken together, hippocampal structures 
mayy not be the prime source of scalp-recorded P3b (Halgren et al., 1986; Halgren, 
19955 a, b; Johnson, 1988; Knight and Garaboweckey, 1994; Knight, 1996, 1997; 
McCarthyy et al., 1989; O'Donell et al., 1993; Polich and Squires, 1993; Rugg et al., 
1991;; Stapleton et al., 1987). 
Theree is a topographical difference of P3b as a function of age. It was shown that for 
7-122 years old subjects the P3b is maximal at the parieto-occipital part of the head, 
whereass above that age the P3b is maximal parietally (Van der Stelt et al., 1998; 
Giger-Mateevaa et al., 1999a, chapters 2 and 3 of this thesis). 

1333 Clinical applications 
Theree are data showing that the amplitude of the MMN is attenuated in patients with 
Alzheimer'ss disease (Verleger et al., 1992; Pekkonen et al., 1994) and schizophrenia 
(Shelleyy et al., 1991; Javitt et al., 1995). Furthermore, in studies of patients in coma 
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afterr blunt head trauma, detection of MMN was found to be the earliest available 
indicatorr of awakening from coma (Kane et al., 1993). 
Itt has been demonstrated that the latency of P300 (i.e., P3b) increases systematically 
ass cognitive functions deteriorate. In patients wim dementing illnesses such as 
Alzheimer'ss disease, Parkinson's disease, cerebrovascular disease and metabolic 
disorderss the latency of P3b is delayed and/or its amplitude reduced (St Clair et al., 
1985,, 1988; Hansen et al., 1982; Polich, 1996). Furthermore, P3b is used to study 
psychiatricc disorders such as depression and schizophrenia, and also alcoholism 
(Pritchard,, 1986; Courchesne, 1990; Begleiter and Porjesz, 1995; Bruder et al., 
1995).. For the early onset of metabolic central nervous system (CNS) impairments 
likee subclinical hepatic encephalopathy (SHE), deviations of N200 (N250) and P300 
(Küglerr et al., 1992), or both P3a and P3b have been shown to be indicative (Giger-
Mateevaa et al., chapter 4). 

1.4.. Neuromagnetism and neuroimaging. 

1.4.11 Technical aspects of magnetoencephalography (MEG) 
Movementss of electrically charged particles, namely ions, inside, across and outside 
thee membrane of a neuron produce potential differences across the scalp, which are 
measurablee when multiple cells are synchronously active. Ampere's law postulates 
thatt whenever an electric current flows, a magnetic field is generated in the 
surroundingg space. The direction and orientation of that field are based on the "right-
handd rule", which says that if the current flows along the thumb, the field lines 
followw a circular pattern identifiable by the other fingers (Fig. 4). This rule is valid 
forr any conductor along which a current flows, and holds also true for neural cells 
(neurons),, where the "moving electric charges'*  are primarily Na\ K+ and CI" ions. 

24 4 



++ outgoing field 

-- incoming field 

Directionn of the 
magneticc field 

Directionn of the 
current t 

Fig.Fig. 4 The "right-hand rule" of the magnetic field around a current. If a current flows along 
thethe right hand thumb (black arrow), the field line(s) follows a circular pattern identifiable by 
thethe other fingers (grey arrow). The meaning of the colors is blue for outgoing field (positive, 
"+"+  ") and red for incoming field (negative, "- ) . 

Recordingg of magnetic fields associated with spontaneous (electrical) brain activity 
iss called magnetoencephalography (MEG) , whereas recordings of magnetic fields 
evokedd by sensory stimulation are termed evoked magnetic field (EF) and event-
relatedd magnetic field (ERF). Recording of magnetic fields over  the scalp is 
performedd by means of superconducting quantum interference device (SQUID)-
basedd sensors. 
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Thee SQUID is the most sensitive magnetic flux detector at low frequencies, known 
today.. By definition, a SQUID is a superconducting ring that is interrupted by one or 
twoo Josephson junctions1 (Fig. 5). These junctions limit the flow of the supercurrent 
andd are characterised by the maximum critical current Ic that can be sustained 
withoutt loss of superconductivity. 
Directlyy coupled (dc) SQUID sensors i.e., "dc-SQUIDs" with two of these junctions 
aree preferred, because the noise level in them is lower than in "rf-SQUIDs", with one 
junctionn (rf stands for reduced frequency fluctuations). When an external magnetic 
fieldfield (B) changes the magnetic flux (<D) through a coil, a current (I) is induced in the 
coill  to compensate the flux. Thus, the magnetic flux O threads the superconducting 
loopp of the dc-SQUID, changing the impedance across the loop. This can be detected 
byy feeding a current and measuring the voltage (Hamalainen et al., 1993). To keep 
thee SQUIDs in the conducting state, they are suspended in a vacuum-insulated 
containerr (dewar) filled with liquid helium, the temperature of which is around 4.2 K 

(Fig-- <>). 
AA SQUID sensor consists of a detection coil, a compensation coil, a signal coil, a 
SQUIDD coil and a feedback coil (Fig. 5). The detection and compensation coils are 
connectedd to the signal coil. In the detection coil a current (I) induced by a changing 
magneticc field (B) flows through the signal coil. 
Thee current through the signal coil produces a magnetic field. This magnetic field 
fluxesfluxes the SQUID coil and induces a current in it. Since the SQUID should not reach 
thee fluxed state, the feedback coil provides an opposite flux. The current needed to 
producee the opposite flux is proportional to the external magnetic flux through the 
detectionn coil. 
Thee compensation coil is in principle also a kind of a detection coil, and it can be 
usedd to form different configurations. For example, when the compensation coil is 
nott employed, the measured signal is the magnetic flux through the detection coil. 
Thiss configuration is called magnetometer. When both the detection and the 
compensationn coils are used and they are situated at a distance from each other, they 
detectt the difference in fluxes through the coils. Distant sources create equal amounts 
off  flux in both coils, whereas sources near the detection coil produce a larger flux in 
thee detection coil than in the compensation coil. In mis configuration, called first-
orderorder gradiometer, the signal from the compensation coil is subtracted from the 
signall  from the detection coil to obtain the flux generated by the nearby source. 
Thee component of the magnetic field perpendicular to the scalp (B) is measured by a 

11 superconductivity is a quality of certain electrical conductors to show no resistance to the 
flowflow of an electric current when the temperature approaches absolute zero (i.e., -273 °C); a 
Josephsonn junction is based on the so-called Josephson Effect: the flow of electric current, in 
thee form of electron pairs, between two superconducting materials that are separated by an 
extremelyy thin insulator. The current flow is termed Josephson current, and the penetration of 
thee insulator by the electron pairs is known as Josephson tunneling. Rapidly alternating 
currentss occur within the insulator when a steady voltage, as from a battery, is applied across 
thee superconductors. A steady flow of current through the insulator can be induced by a steady 
magneticc field. The Josephson effect has found application in the detection of extremely weak 
magneticc fields. 
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Fig.Fig. 5 Schematic drawing of a dc-SQUID, which consists of a detection coil, compensation 
coil,coil, signal coil, SQUID coil and a feedback coil. The dc-SQUID senses the external magnetic 
fieldfield of interest (B) by means of the detection coil, in which the external magnetic field induces 
aa current, i.e., induced current (I). The SQUID coil contains two Josephson junctions. 

first-orderfirst-order or second-order (i.e., comprising one detecting coil and two 
compensatingg coils) axial gradiometer, whereas the transverse derivative of B is 
measuredd by a first-order planar gradiometer. In the present study first-order axial 
gradiometerss (CTF Systems Inc., Vancouver, Canada) were used. 

1.4.22 Noise reduction 
AA major difficulty in measuring "clean" MEG is that the brain magnetic fields are 
muchh weaker (in the range of femtoTesla, fT) compared to the magnetic fields of the 
systemm (background) "noise". The system "noise" is generated both by sources 
locatedd within the recording apparatus and by "ambient noise" sources like the 
earth'ss magnetic field and nearby electrical equipment. These sources often generate 
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variouss frequencies and may be spatially uncorrelated. Neuromagnetic fields are 
typicallyy 2 x 1013 T (Tesla) in strength, i.e., much smaller than the Earth's 
geomagneticc field of 10"6 T (Hamaiainen et al., 1993; Lounasmaa et al., 1996), and 
thereforee difficult to extract from the background magnetic fields. 

NoiseNoise reduction from an external field The most straightforward and reliable way of 
reducingg the effect of external magnetic disturbances is to perform the measurements 
inn a magnetically shielded room (H&naiainen et al., 1993). 
Thee sensitivity of the SQUID measuring system to external magnetic noise can be 
greatlyy reduced by a proper design of the flux transformer, a device normally used 
forr bringing the magnetic signal to the SQUID. An example of a proper design is the 
first-orderfirst-order axial gradiometer, which is insensitive to changes in the spatially uniform 
backgroundd field, but responds to changes in the inhomogeneous near field 
Therefore,, if the signal of interest arises near the lower coil, it will cause a greater 
changee of field in the pick-up loop than in the more remote compensation coil, thus 
producingg a net change in the output (HSmaiainen et al, 1993). 
Anotherr way of achieving noise cancellation is the use of reference sensors. These 
sensorss are positioned so far away from the head, that they cannot detect brain 
signals,, but they can detect distant noise sources. This form of software noise 
cancellationn is called "second-order noise cancellation" (Hamaiainen et al., 1993). 

NoiseNoise reduction from the human body In many experiments, spontaneous brain 
activities,, such as the alpha rhythm, or incoherent background events are sources of 
noise.. The heart and the skeletal muscles generate electrical signals as well. When 
signalss resulting from the many successive stimuli are averaged over many trials, 
evokedd responses emerge from the background noise (Hamaiainen et al., 1993). 
Anotherr way to remove spontaneous brain rhythms is to filter them out. However, 
thiss is possible only if the response and background signals differ in frequency 
content,, which is rarely the case (care is required to avoid filtering out the response 
off  interest). 

1.4.33 MEG device and recording conditions 
Thee acquisition MEG device is placed in a magnetically shielded room as a way to 
isolatee it from external magnetic fields. The wall of the room consists of three layers 
off  mu-metal and aluminum. The SQUID sensors are mounted in a dewar filled with 
liquidd helium (Fig. 6). The subject is sitting in the chair with the head positioned 

Fig.Fig. 6 A picture of the MEG recording system (on the left). During a measurement the subject 
isis sitting in the chair with the head positioned under the helmet of the MEG dewar. A cross-
sectionsection of the MEG dewar (on the right). 
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underr the helmet (i.e., the bottom part of the dewar is helmet-shaped, on the inner 
surfacee of which the detection coils are distributed, surrounding the head of the 
testedd subject). Three head position coils are placed on the subject's head, one on the 
nasionn and two on the left and right pre-auricular depressions. Before and after each 
recordingg a current is sent through the coils with a frequency, which is different for 
everyy coil. The coil then produces a magnetic field, which is measured by the 
referencee sensors located a few cm above the helmet in the liquid helium. This 
allowss to calculate the exact 1 mm) position of the coil, and therefore to determine 
thee position of the head under the MEG helmet during a measurement. Usually the 
"head-localization""  procedure takes place before and after a measurement. 

1.444 Spontaneous magnetoencephalography (MEG) 
MEGG measurements with superconducting sensors were initiated more than 25 years 
agoo with investigations of human magnetic alpha rhythm (Cohen, 1972). Sensory 
evokedd brain activity and cognitive functions, as well as clinical studies, have 
becomee feasible only during the last few years as multichannel sensor arrays have 
becomee available (Lounasmaa et al., 1996). 
MEGG studies have provided evidence that the sources of the alpha rhythm are located 
inn the occipital part of the brain, whereas the mu rhythm is likely to originate from 
thee central part of the brain near the central sulcus (Chapman et al., 1984; Narici and 
Romani,, 1989). 

1.4.55 Sensory evoked fields (EF); visual evoked fields 
Majorr investigations have been done on auditory evoked fields. The auditory 
stimulationn is easy to provide without additional "magnetic" noise that would 
interferee with the recording of magnetic fields from the brain (for example, through 
twoo plastic tubes connected to the ears). The magnetic equivalent of Nl (the first 
negativee component of the primary auditory evoked potentials), namely the Nlm, 
hass been found to reflect the tangential part of the electrical Nl component. Most of 
thee studies suggest a single generator, although some suggest multiple sources (Sams 
ett al., 1993; Loveless et al., 1996). Similar source modeling results have been shown 
forr the P50 component of the auditory evoked fields (AEF) and auditory evoked 
potentialss (AEP; Huotilainen et al., 1998). 
Visuall  evoked magnetic fields (VEF) have been investigated in response to pattern-
reversall  checkerboard stimuli and flicker light stimuli. In the pattern-reversal VEF 
threee distinct peaks N75, P100 and N145 were detected and the neural origin for all 
off  them was found in me striate visual cortex (Hatanaka et al., 1997; Shigeto et al., 
1998).. These peaks coincided in latency with the three major components 
N(egative>P(ositive)-N(egative)) of the corresponding pattern-reversal VEP. In a 
similarr study Nakamura et al. (1997) have estimated that the magnetic N75 and PI00 
originatee near the calcarine fissure (i.e., in the striate cortex), whereas the source of 
thee magnetic N145 component is in the extrastriate cortex. This is contradictory with 
thee findings of Hatanaka and also in disagreement with the single photon emission 
computerizedd tomography (SPECT) findings of Spekreijse and Van Royen (1996, 
unpublishedd observations). 
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Mullerr et al. (1997) found that the dipoles for the VEFs to 6 and 11.9 Hz flickering 
lightt are localized in the posterior occipital cortex, whereas higher frequencies (15.2 
Hz)) VEFs originate in the anterior and ventro-medial occipital cortex (Muller et al., 
1997). . 

1.466 Event-related fields (ERF); visual event-related fields 
Basedd on the distribution of the positive and negative magnetic polarities across the 
scalp,, Okada et al. (1983) suggested that the sources for both visual N2 and P3 could 
bee located in the hippocampal formation (Okada et al., 1983). This however seems 
unlikelyy for the N2 (N200), since source modeling of scalp recorded (electric) and 
magneticc N200 (Giger-Mateeva et al, chapter 3) strongly indicates a superficial 
source. . 
Magnetoencephalographicc (MEG) recordings of auditory MMN in humans have 
revealedd a source coming from the auditory cortex (Hari et al., 1984), which 
confirmss previous findings from intracranial MMN recordings in humans (Kropotov 
ett al., 1995), cats (Csépe et al., 1987), and monkeys (Javitt et al., 1992). 
Theree is no general agreement among MEG or between EEG and MEG studies 
regardingg the sources) of P300. Mapping of evoked magnetic fields correlated with 
thee scalp P300 suggest that its generator is located in either the medial temporal lobe 
(MTL),, in the association cortex specific to the modality of stimulation, or in specific 
sensoryy association cortex and the thalamus (Halgren et al., 1995a, b; Lewine et al., 
1989;; Okada et al., 1983; Richer et al, 1983; Knight, 1997). Okada et al. (1983) 
proposee a common generator for the scalp recorded and the magnetic event-related 
responses,, whereas others find different sources. The MEG/MRI findings of Rogers 
ett al. (1991) provide the evidence that modality specific cortex (in particular auditory 
cortex)) is involved in the generation of the auditory magnetic P300, and it is unlikely 
thatt medial temporal lobe (MTL) is the primary generator of P300. Furthermore, this 
iss in agreement with results shown on P300 in monkeys with bilateral lesions of the 
mediall  temporal lobe (Palier et al., 1992) and also with reports on patients with 
surgicallyy removed hippocampus and amygdala, in whom the scalp recorded P300 
wass comparable to the P300 of the control subjects (Johnson, 1988). Further MEG 
findingsfindings suggest simultaneous, but spatially distinct sources for the visual (as well as 
forr the auditory) P300, one of which located deep in the vicinity of the hippocampus 
andd the other coming from the region of the primary visual cortex (and the auditory 
cortexx respectively; Rogers et al., 1993; Tarkka et al., 1995). 

1.5.. EEG and MEG -comparison, advantages and disadvantages 

EEGG and MEG signals are produced in large parts by synaptic current flow, which is 
approximatelyy bipolar because of the palisade arrangement of the cortical pyramidal 
cellss (Fig. 1). In addition to extracellular postsynaptic potential current flow, MEG 
signalss are also produced by intracellular electrical current that is flowing from the 
dendritess to the somas of cortical pyramidal cells (Eulitz et al., 1997; HSmalainen et 
al.,, 1993). 
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Timee resolutions of MEG and EEG are similar and better than 1 ms. The spatial 
discriminationn of MEG is 2-3 mm under favourable circumstances such as 
superficiall  and tangential sources (HamSlainen et al., 1993), and better than the EEG 
forr such sources. Moreover, magnetic fields are not affected by "dispersing and 
smearing""  caused by intervening tissues as it is the case for the electric fields: The 
high-impedancee skull sandwiches between well-conducting intracranial liquid, dura 
mater,, and scalp. These tissues all have magnetic permeabilities very similar to brain 
tissue. . 
Becausee of internal compensation of inward and outward electric currents (Fig. 1), 
thee MEG reflects primarily source currents tangential to the cortical surface (in a 
sphericall  conductor only), whereas the EEG is sensitive to radial sources too (Eulitz 
ett al., 1997; Harding et al., 1994; Halgren et al., 1995b; Hari and Lounasmaa, 1989). 
Thiss simplifies the interpretation of the data, because, as a consequence of this 
property,, MEG measures mainly activity from the fissures of the cortex: Fortunately, 
alll  primary sensory brain areas auditory, somatosensory, and visual, with the 
exceptionn of the foveal projection (Ossenblok et al., 1992), are located within 
fissuresfissures (HSmSlainen et al., 1993). However, when higher processing is investigated, 
thee relevant sources may be more distributed, and currents flowing simultaneously in 
opposingg walls of a sulcus may even cancel each other. The remaining equivalent 
dipolee may have a stronger radial than tangential orientation, and, mus, may appear 
withh a relatively greater weight in EEG than MEG (Eulitz et al., 1997). Moreover, it 
shouldd be noted that, in contrast to the EEG, MEG does not obtain appreciable 
contributionss from deep sources as such sources induce much smaller flux levels in a 
gradiometerr (Lounasmaa et al., 1996). 

1.5.11 The "inverse problem"  in the EEG and MEG 
Too calculate the sources which generate EEG and MEG the "inverse problem" must 
bee addressed (Hamalainen et al., 1993). Helmholtz showed, over 140 years ago, that 
suchh calculations are not possible without making assumptions about the source. The 
"inversee problem" is important in EEG and MEG because the goal is to estimate the 
cerebrall  current sources underlying a measured electric and magnetic field 
(Hamalainenn et al., 1993). Usually the signal generators in the brain are described as 
currentt dipoles, which are physiologically reasonable models for relatively small 
activee cortical areas (Lounasmaa et al., 1996). The "inverse problem" in EEG and 
MEGG is that an equivalent dipole must be derived from noisy and spatially limited 
measurementss (Hamalainen et al., 1993). In addition, any given magnetic field or 
electricc current could theoretically have been generated by an infinite number of 
differentt brain dipole sets (Nunez, 1981; Halgren et al., 1995b). 
Thee source localization from MEG has some advantages over EEG, because the 
electricall  conductivity of the skull is low compared with that of brain tissue, and the 
currents,, which give rise to MEG signals, are mainly confined to the intracranial 
space.. Furthermore, since the magnetic permeability of the skull is very close to that 
off  vacuum, the head hardly influences the field distribution. In the EEG, the electric 
potentiall  is recorded on the scalp, and it is necessary to use in the source analysis the 
geometryy of the head and the conductivity values of all different tissues. Therefore, 
solutionss of the "inverse problem" are more reliable and accurate in MEG than in 
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EEG.. However, combined analysis of EEG and MEG data for purposes of source 
localizationn is necessary to generate more realistic conclusions about the ongoing 
signall  processing (Eulitz et al., 1997). 

1.5.22 Clinical applications of MEG. 
MEGG has been extensively applied in the assessment of localized intracranial 
processess in neurological patients. Promising results have been obtained in 
presurgicall  mapping and localization of epileptogenic areas (Barth et al., 1984; 
Gallenn et al., 1997). For example, in patients with epilepsy whose disease is resistant 
too drug treatment, surgery may be used to remove the epileptogenic area. It is 
importantt to determine the exact location of the area, so that a minimum amount of 
brainn tissue can be removed. Even if there is a visible lesion in the magnetic 
resonancee imaging (MRI), it is known that the true generating area may not be the 
samee as the actual lesion area. It has been demonstrated that MEG can localize an 
epileptogenicc area with much greater confidence than MRI (Volkmann et al., 1998; 
Koo DY et al., 1998). 
MEGG has been applied also in the evaluation of the auditory function in patients with 
temporall  lobe tumors (Nakasato et al., 1997), in patients with cochlear implants 
(Hari,, 1997), and with tinnitus (i.e., ringing in the ear associated with hearing deficit; 
Hokee etal., 1989). 
MEGG may also be useful for the prognosis, prevention or early diagnosis of cerebral 
vascularr occlusion (e.g. stroke). For example, in stroke, a typical low frequency (0-4 
Hz)) activity has been detected to appear shortly after the blood vessel occlusion, 
whereass at the same time no evidence of any structural damage is found on an MRI 
(Viethh et al., 1997). Thus, source modeling of this low frequency activity has been 
usedd in the early diagnosis of stroke. 
Inn the neuropsychatric research MEG has been applied in studies on schizophrenia 
(Reitee et al., 1997). 

1.6.. General outline of the thesis 

Thee objective of the present thesis is to improve the distinction between primary 
(cortical)) and late (event-related) brain responses by optimizing the recording 
conditions.. Furthermore, to compare evoked activity recorded in the EEG and the 
samee activity recorded in me MEG. 
Chapterr one gives a chronological overview of the development and progress in the 
researchh dedicated to the spontaneous and sensory evoked EEG and MEG, with a 
speciall  emphasis on the visual system and visual processing, die characteristics and 
differencess between the Visual Evoked (primary, "early") Potentials (VEPs) and the 
Visuall  Event-Related ("late") Potentials (visual ERPs), and the corresponding Visual 
Evokedd Fields (VEFs) and Visual Event-Related Fields (visual ERFs), and finally 
thee techniques for eliciting these responses from the brain. In chapter two an 
optimizedd methodology for distinguishing between primary and event-related 
componentss is presented, as are the fundamental characteristics of these components. 
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Chapterr three presents a way to analyze simultaneously recorded EEG and MEG 
visuall  event-related responses in children and young adults, and outlines the 
similarities,, advantages and disadvantages of both techniques. Chapter four applies 
thesee techniques to a clinical problem: The sensitivity of the visual event-related 
componentss is marshaled in the detection of initial metabolic brain disorders in 
patientss with cirrhosis and without overt hepatic encephalopathy (HE), in particular 
subclinicall  hepatic encephalopathy (SHE). In chapter five the effect of a drug (i.e., 
flumazenil)) on the visual ERPs of patients with cirrhosis and without overt HE is 
evaluatedd in comparison with results from routine psychometric tests such as 
number-connectionn (NCT) tests and visual and auditory reaction time (VRT and 
ART)) tests. Chapter six discusses the stimulus and recording conditions for isolation 
off  clear visual ERPs in subjects of different age groups. This chapter deals, 
furthermore,, with the clinical importance of the visual ERPs and me advantages and 
disadvantagess of the EEG and MEG techniques compared to other functional brain 
imagingg techniques such as SPECT, PETT and functional MRI. 
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CHAPTERR II 

ISOLATIO NN OF LATE EVENT-RELATE D COMPONENTS TO 
CHECKERBOAR DD STIMULATIO N 

Vesselaa I. Giger-Mateeva, Frans C.C. Riemslag, Dik Reits, Nico A.M. Schellart and 
Henkk Spekreijse. Electroencephalogr Clin Neurophysiol SuppL, in press 

Abstract t 
Inn this study we established the optimal physical parameters of visual stimuli to elicit 
event-relatedd potentials (ERPs) from the brain derived from midline scalp electrodes 
(Fz,, Cz, Pz, Oz). The character of the ERPs was investigated for different states of 
attentionn (conditions). 
Too elicit visual ERPs, two types of black-and-white checkerboard onset stimuli were 
presented.. "Frequent" stimuli (40 ms presentation of 12' checks) were randomly 
interleavedd with "infrequent" stimuli i.e., events (40 ms presentation of 200' checks). 
Similarlyy two types of auditory tone bursts were presented: "frequent" (40 ms 
durationn of 2 kHz) and "infrequent" (40 ms duration of 8 kHz). Recordings were 
takenn in the situation that subjects were instructed to count the "infrequent" visual or 
auditoryy stimuli. Brain mapping (32 electrodes, three subjects) and dipole 
localizationn were performed. 
Sixteenn subjects were tested for both modalities. In four subjects, only visual ERPs 
weree measured. We studied the dependence of the components on check size, 
contrastt and interstimulus time interval. 
Ourr findings are as follows: low contrast (10%) checkerboard stimuli optimize the 
isolationn of the long-latency components. N200 (occipital source) is related to 
temporall  irregularity; P3a (parietal source) is related to the interstimulus time 
interval;; P3b (central) is related to the cognitive processing of "infrequent" sensory 
stimuli. . 

Introductio n n 

Itt has been proposed that several structures in the brain are involved in the 
generationn of the long-latency components in the electrical responses and magnetic 
fieldsfields evoked by "infrequently"- presented or omitted sensory events (Halgren et al., 
1980;; Okada et al., 1983; Rogers et al., 1991, 1992, 1993; Tarkka et al., 1995; 
Knightt et al., 1996). One of these long-latency components, the P300, was described 
forr the first time by Sutton and colleagues (Sutton et al., 1965). Since then several 
long-latencyy components have been reported. The N200 "discrimination potential" 
(Ritterr et al., 1979; Taghavy and Kügler, 1988) seems to be caused by counted and 
ignoredd events (mismatch negativity), and by random absence of visual and auditory 
eventss (omission N2; Klinke et al., 1968; Simson et al., 1976; NaatSnen et al., 1978, 
Alhoo et al., 1994). The topography of N200 seems to be modality-specific. The 
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frontocentralfrontocentral P3a has been reported to be generated by "infrequent**  auditory stimuli 
thatt are ignored by the subject (Squires et al., 1975) and also by novel stimuli 
(Courchesnee et al., 1975). The parietal P3b has been reported to be produced by 
"infrequent""  auditory and visual stimuli that the subject has been instructed to count 
(Squiress et al., 1977; Israel et al., 1980; Wickens et al., 1983; Knight, 1997), and by 
randomm omission of "frequently"-presented visual and auditory stimuli mat the 
subjectt has been instructed to count (Ruchkin et al., 1975; Simons et al., 1976). 
Itt has been proposed that every event-related potential (ERP) contains both early 
sensoryy and late cognitive components which might overlap in time. To allow these 
latee components to be studied it is necessary to isolate them, for instance, by 
minimizingg the amplitude of the sensory part of the response so that it does not 
interferee with the later components. Furthermore, optimal recording positions have to 
bee chosen on the basis of the potential distribution of the components over the head. 
Oncee the sensory and cognitive components have been isolated, a parametric study 
cann be carried out on the two kinds of response. 

Thee first aim of the present study was to optimize the parameters of the 
visuall  events for isolation of the late components. The technique we report here 
allowedd us to clearly separate the various event-related components. These 
componentss were distinguished on the basis of their distribution across the scalp and 
onn the basis of their amplitude- and latency-dependence on the following stimulus 
parameters:: check size, contrast, and interstimulus time interval. Secondly, some 
experimentss with 32 derivations were carried out to allow source locations of 
responsess to be estimated. These topographical studies indicated that four recording 
sitess are sufficient for isolation of the N200, P3a, and P3b components. The visual 
N2000 proved to be an occipital component; the P3a component is a broadly 
distributedd fronto-central complex; and the P3b component can be recorded from all 
derivationss but shows a parietal maximum. 
Havingg visual stimuli optimized for the separation of the various components, we 
thenn studied the effects of the following different states of attention: (1) passively 
ignoringg the visual events; (2) ignoring the visual events distracted by counting 
auditoryy events; (3) ignoring the auditory events distracted by counting visual events; 
(4)) counting the visual events; (5) ignoring and counting random omissions of the 
stimuluss (the event is defined as an absence of a "frequent" visual or auditory 
stimulus)) and (6) observing standard (pattern onset/offset) stimuli. We recorded a 
clearr N200 peak in both the ignoring and counting conditions. On the other hand, 
P3aa and P3b were best isolated in the counting condition. In this way we will 
establishh the normative parameters of N200, P3a, and P3b. We report here how we 
usedd these component-separation techniques to examine patients suspected of 
experiencingg cognitive impairments. 

Methodss and materials 

Twentyy healthy volunteers (14 males and 6 females, age of 40 to 60 years) with 
(corrected)) visual acuity better man 1.0 took part in the study. Sixteen of them had 
neverr participated in similar experiments and the remaining four were co-authors. 

36 6 



Thee subjects were informed about the aim of the study and the general procedures of 
thee experiments. 
Thee electroencephalographic (EEG) activity was recorded from four midline Ag-
AgCll  electrodes near Fz (frontal), Cz (central), Pz (parietal), and Oz (occipital). First 
thee distances between inion and nasion, and between the preauricular depressions 
weree measured, and the central electrode (Cz) was positioned in the centre of those 
twoo lines. The occipital (Oz) electrode was positioned 3 cm above the inion. Pz was 
99 cm above Oz (along the midline of the head), and Fz was positioned on the 
hairline.. The right earlobe electrode was chosen as reference and the common 
groundd electrode (G) was placed arbitrarily. The electrodes were attached with 
collodionn to the scalp, and their impedances were reduced to below 10 kohm. The 
EEGG was sampled every 4 ms. Since the power of the long-latency components is 
knownn to be maximal below 5 Hz (Stampfer et al., 1985; SchOrmann et al., 1995), 
thee signals were filtered on-line between 0.6-4.5 Hz with a first-order lowpass and a 
first-orderfirst-order highpass filter introducing an extra latency of about 20 ms of the peaks of 
thee responses. 
Hiee potential distribution across the four midline electrodes (position along the 
verticall  axis) against time (horizontal axis) was plotted in chronomaps (20 subjects) 
too study the distribution of the isolated activities over the scalp (Rémond, 1969). 
Althoughh these chronomaps do not add extra information to the data presented, we 
foundd mem useful to have them available on-line during the experiments, which was 
experiencedd to be very informative. Maps of the potential distribution based on 32 
recordingg sites were investigated in three subjects. The positions of the electrodes on 
thee scalp were determined with a positionmeter ("Polhemus"-Isotrak II). We carried 
outt a source location based on a four-layer sphere model (De Munk et al., 1988) on 
thee assumption that each of the isolated long-latency responses could be accounted 
forr by a single equivalent dipole. For each component, a time interval of the response 
wass selected in which this component dominated. 
Thee electrophysiological examinations took place in a semi-darkened room (mean 
illuminancee 10-30 lux). Subjects were sitting at a distance of 1.20 m in front of a 
televisionn screen (Tetracon; mean luminance 200 cd/m2). Subjects fixated a central 
pointt (5' x 5' visual angle size). Two types of black-and-white checkerboard patterns 
withh different checks were presented for 40 ms every 640 ms, with one check size 
stimuluss occurring more frequently than the other. This check size was replaced 
randomlyy by the other stimulus (event) every 4th to 8*  appearance of the first 
stimulus;; the mean interval between the events merefore was 3.84 s. Responses were 
averagedd on-line, usually the responses to the "frequent" stimuli about 175 and the 
responsess to the events about 35 times. The latency and amplitude of the isolated 
componentss were measured with respect to the first 40 ms after stimulus onset. 
Thee subject was instructed to keep a mental count of the events (counting condition) 
andd to report the total count after each series. To estimate the alertness of the subject 
wee compared the reported number with the number of events actually presented. 

Followingg previous studies (Taghavy and Kügler, 1988), we recorded 
responsess to pattern onset stimuli with high contrast (80%). Figure 1 shows a typical 
examplee of a recording upon "frequent" 200' checks and "infrequent" 12' checks 
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withh 80% contrast in the counting condition. Since the earlier  sensory components 
overlappedd the event-related peaks (especially obvious in the "calculated"  bipolar 
derivation::  Oz-Fz), a study of different stimulus variables such as contrast (20 
subjects)) and check size (four  subjects) was made to establish the visual stimulus that 
wouldd best isolate the various late components. 

Frequentt 200' checks (80%) 

44 / . VK N 

% $ $ 

5 u v || A 

1000 ms 

Infrequentt 12' checks (80%) 

::  i^ r 
VV i — P300 

100 |JV I \ 

Oz-Fzz ^ Vy 

\\ / counting condition 

Fig.Fig. 1 Event-related responses in a visual counting condition. The responses evoked by the 
eventsevents (12'checks, 80% contrast) are presented on the right. The early visual evoked potential 
(VEP)(VEP) is large in amplitude compared to the VEP on the left side, evoked by the "frequent" 
stimulistimuli (200' checks, 80% contrast). In the response to the events the sensory component is 
followedfollowed by the late P300 component. There are no other late components to be distinguished 
acrossacross all derivations. Due to the time overlap between the large early and the long-latency 
responses,responses, no separate late components can be seen (especially at the bipolar Oz-Fz 
derivation). derivation). 

Inn an attempt to understand the character  of the different components, we studied die 
responsess in a passively ignoring condition: the subject was instructed to fixate a 
blackk dot in the centre of the screen and to pay no attention to the randomly 
occurringg events. We arranged for  each session to be started in this way, since we 
expectedd that it would be difficul t for  the subjects to ignore the events, once they 
kneww that their  next task would be to count these events. 
Too compare the responses in these conditions with sensory evoked responses we also 
recordedd standard pattern onset/offset VEPs to 5%, 10%, 20%, 40%, and 80 % 
contrastt  large checks (200') and to 80% contrast small (12') checks {standard 
condition).condition). The whole experiment took about two and a half hours. 
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Becausee the ignoring condition was not unequivocally defined by the task given, we 
retestedd sixteen of the subjects with visual-auditory stimuli. This procedure involved 
simultaneouss presentation of the auditory and visual stimuli. The "frequent" auditory 
stimuluss was a tone burst of 2 kHz. The "infrequent" auditory stimulus was a tone 
burstt of 8 kHz. The 2 kHz tone had a sound pressure level (SPL) of 64 dB and the 8 
kHzz tone had a SPL of 50 dB. The auditory stimuli were generated by the computer, 
andd were presented for 40 ms every 800 ms. Thus the interstimulus interval was 800 
mss versus 640 ms for the visual stimulation and the mean interval between the 
auditoryy events was 4.8 s. In this way the "frequent" visual and auditory stimuli were 
essentiallyy asynchronous, while the events of both modalities were controlled in such 
aa way that they never coincided in time. The recording program allowed for 
simultaneouss separate recording and averaging of the responses to the four types of 
stimulii  ("frequent" and "infrequent" visual and auditory stimuli). 
Thesee stimuli were presented to the subjects in two experimental conditions: 

a)) Ignoring the visual events while counting the auditory distinctive events (8 kHz 
tones). . 
b)) Ignoring the auditory events while counting the visual distractive events (200' 
checks). . 

Additionallyy the responses to randomly omitted stimuli (omission condition) were 
recordedd (in four subjects). In this condition the event was defined by the random 
absencee of the visual (200*  checks, 10% contrast) or the auditory (8 kHz tones) 
stimulus. . 

Results s 

Stimuluss parameters 
Sincee the "infrequently"-presented small checks evoked large early sensory 
responses,, while the larger checks of the "frequent" stimulus evoked small sensory 
responsess (see Fig. 1), we interchanged the check sizes and recorded the responses in 
200 subjects with the large checks (200') used as the event, and the small checks (12') 
ass the "frequent" stimulus, and varied the contrast Figure 2 illustrates such a series 
off  responses to different contrasts in the counting condition. 
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F(g.. 2 A series of event-related components evoked upon different contrast (5%, 10%, 20%, 
40%,40%, 80%) 200' events, in a visual counting condition. N200 (at Oz), P3a (at Fz) and P3b (at 
CzCz and Pz) are best separated (spatially and in time) when the events are presented at 10% 
contrast.contrast. At 5% contrast the events evoked delayed and smaller amplitude components, 
suggestingsuggesting that the 5% stimulation is near threshold. The N200 amplitude increases from the 
subjectivesubjective threshold up to the maximum at 10% contrast and decreases with higher contrasts. 
TheThe P3a component (Fz) does not change with contrast (except for the lowest contrast of 5%). 
InIn this subject the amplitude of the P3b component (Cz and Pz) diminishes above 10% 
contrast. contrast. 

StimulusStimulus parameters 
Thee best isolation for the three components was obtained in the 10% contrast 
condition,, which yielded small sensory components in the response to the 
"infrequent""  stimuli, whereas the event-related peaks were clearly identifiable. The 
negativee (N200) component in the response to the events had an occipital maximum 
andd peaked around 200 ms after stimulus onset. At the frontal and central derivations 
aa positive component (P3a) could be identified. The P300 (called P3b) was largest 
parietally.. The amplitudes of N200 and P3b were largest at 10% contrast (in this 
subject),, whereas the amplitude of P3a did not seem to depend much on the contrast 
off  the "infrequent" stimuli. 
Too test whether using 200' checks as event gave the optimal separation of the 
components,, we recorded (in four subjects) a series with 12' checks as "frequent" 
stimulii  and 200', 100', 50', and 25' checks respectively as "infrequent" stimuli at 10% 
contrast.. Figure 3 illustrates an example while the subject was counting the events. 
N2000 was maximal in the occipital lead, P3a was present in the frontal and P3b in 
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presentedpresented on the figure. The latency of the N200 component (Oz) shortens systematically with 
thethe smaller check sizes of the events. The P3a is most outspoken at the frontal derivation (Fz) 
andand seems not to be affected by the check size of the events. The P3b shows maximal amplitude 
forfor the 200' events (Pz). 

thee parietal derivation. As can be seen the condition with 12' for the "frequent" 
stimuluss and 200' checks for the events gave the optimal separation of the P300 
components. . 
Too establish whether the electrode choice of four derivations was appropriate for this 
optimall  stimulus condition, evoked potential data were also collected from 32 
electrodee positions in three subjects. Figure 4 shows maps of the distribution of the 
potentialss across the scalp of one subject at consecutive time instants (every 16 ms, 
startingg at 48 ms until 512 ms after the stimulus onset), recorded during stimulation 
withh 10% contrast 12' "frequent" checks and 200' "infrequent" checks, while 
countingg the "infrequent" stimuli. The "frequent" stimuli evoked weak sensory 
responsess (occipitally, in the area of the visual cortex) as a result of the low contrast 
influencingg the extent of the primary VEPs. There are no late activities to be seen on 
thesee maps, whereas there were three distinct activities caused by the counted events 
(onn the right): an early spatially-restricted occipital negativity at around 200 ms 
(N200),, a broad fronto-central positivity at around 230 ms (P3a) and a broad parieto-
occipitall  positivity at around 330 ms (P3b). 
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Figuree 5 illustrates the averaged time signals and the results from the source 
modelingg (of the same subject as in Fig. 4). The responses to the events (200' checks 
off  10% contrast) are shown on the left. The cursors were located on the main peaks: 
N2000 at 192 ms, P3a at 232 ms and P3b at 328 ms. The distribution of the potential 
fieldss for these latencies are given in the middle of this figure and the equivalent 
dipoless found for the sources of N200, P3a, and P3b are plotted at the right. 
Thee spatio-temporal characteristics of N200, P3a, and P3b suggest that they have 
differentt generators, and that P3a and P3b originate from deeper structures. -
Sourcee modeling (assuming a single dipole source for each of the three components) 
yieldedd for the N200 response in all three subjects an occipital source in the brain, 
closee to the scalp. Its equivalent dipole can be found superficially in the mid-
occipitall  area, or occipitally in the left or right hemisphere, pointing forward. For the 
P3aa component the dipole was found in two subjects deep and parietal ly, with a 
directionn of the current pointing forward or to the central part of the scalp. In the 
thirdd subject, source modeling of P3a failed, because of overlap in time with the 
N2000 and P3b components. The P3b source was for all three subjects located deep 
centrally,, with a dipole pointing towards the parietal part of the scalp. 
Itt can be concluded from the distribution of the late components mat they are best 
recordedd at the four electrode positions as indicated in Figs. 2 and 3. Therefore, in 
thee following mese four midline electrodes were used to record the late ERPs. 

Conditions s 
Figuree 6 presents (at the left) a recording during which the subject was passively 
lookingg at the screen (i.e., ignoring the events). Two prominent long-latency 
responsess can be seen: the occipital N200 and the centro-frontal P3a (the left side of 
thee figure). A small amplitude parietal P3b may be seen sometimes on the trailing 
flankflank of the P3a. To strengthen the ignoring condition, 16 subjects were retested with 
simultaneously-presentedd distractive ("infrequent") auditory stimuli (events). The 
rightright side of Fig. 6 depicts a recording of the same subject when the subject was 
countingg the auditory events and at the same time was observing the checkerboards. 
Inn this "distracted" condition the visual events (which were not counted) evoked 
N2000 and P3a; the P3b was always absent or very small (except for the four co-
authorr subjects). The recordings in Figs. 1,2, 3,6 and 9 were obtained from the same 
subject. . 

Fig.Fig. 4 Maps of the distribution of the potentials across the scalp (32 electrodes; one subject) 
atat every 16 ms after the stimulus onset (starting from 48 ms post stimulus). The stimuli are 
presentedpresented at 10% contrast in the visual counting condition. The meaning of the colors is red 
forfor  positive, blue for negative, yellow for zero (color scale at the bottom). The left side shows 
mapsmaps of the potential distribution upon the "frequent"  (12' checks) stimulus. As a result of the 
lowlow contrast the primary visual activity is very weak so that only a weak positMty at around 
185185 ms can be distinguished (occipital region). The right side shows maps upon the events 
("infrequent"("infrequent"  200' checks). In these it can be seen that there is an early occipital negativity 
(maximal(maximal at around 200 ms, N200), two frontal positive activities (maximal at around 230 ms, 
P3a)P3a) and a parieto-occipital positMty (maximal at around 330 ms, P3b). 
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N200 0 
N2000 was present both when ignoring and counting the visual events. In both the 
passively-ignoringg and the counting condition, the amplitude of N200 was larger 
thann die value found in the ignoring with distraction condition. In the passively-
ignoringg condition the N200 amplitude was 2.9uV  1 (detected in 17 subjects, 18 
tested)) and in the counting condition it was 2.6|iV  1 (detected in 17 subjects, 19 
tested),, whereas in the ignoring with distraction condition it was 2.3uV  1 (detected 
inn all 16 subjects) and 1.9uV  1 upon standard pattern onset/offset 200' stimuli 
(detectedd in 16 subjects, 20 tested). 
Thee latency of N200 was found to be shorter to standard 200' stimuli (180  30 ms) 
comparedd to passively-ignored 200' events (200  20 ms). The difference in latency 
off  N200 to standard versus the ignored (with distraction) irregular condition was 
foundd to be significant (pO.01). They showed a high intrasubject correlation (r=0.7, 
p<0.005),, whereas standard to counting condition did not (r=0.38, p>0.2, for 12 
subjects).. There were no significant differences found in the latency of N200 upon 
irregularr stimuli: counted versus passively ignored (t=0.7, p>0.2, for 15 subjects). 
Thee N200 was studied as a function of contrast. The N200 amplitude increased from 
thee subjective threshold up to a maximum at 5-10% contrast and decreased with 
higherr contrast The latency shortened with higher contrast (Fig. 2). 
Inn the visual omission condition the N200 component was only detected when the 
meann interval between the omissions was made large. In a separate experiment it was 
variedd from 3.84 til l 26.24 s, which proved to increase the amplitude up to 9.6 s. It 
hadd an occipital maximum (at Oz) and a more than 100 ms latency variation in the 
samee subject. 
Whenn the "frequent" 12' stimuli were "infrequently" replaced by events of different 
checkk sizes (25', 50', 100', and 200*), N200 latency shortened as the check size of the 
eventt became smaller (Fig. 3). 

Fig.Fig. 5 The event-related responses to counted 200' events (10% contrast, 32 electrodes) are 
shownshown in the left column. The cursors are placed on the channels, where the evoked 
componentscomponents have maximal amplitude: N200 at 192 ms, channel 28; P3a at 232 ms, channel 5; 
P3bP3b at 328 ms, channel 2. The middle column depicts the potential maps for N200 (top), P3a 
(middle)(middle) and P3b (bottom). The corresponding equivalent dipoles, found for the sources of 
thesethese components are shown at the right side. The outer sphere is the best fitting sphere 
throughthrough the electrode positions. The point corresponds to the position of the source and the 
lineline to the direction of the current. The error of the unexplained variance of the fit  was smaller 
thanthan 6%. The equivalent dipolefor the source ofN200 is located superficially (Le.t close to the 
scalp),scalp), occipitally in the right hemisphere. The dipolefor the P3a is located deep parietally in 
thethe right hemisphere with the direction of the current pointing towards the central part of the 
scalpscalp (Cz). The dipolefor the P3b is found deep centrally, pointing towards the parietal part 
ofof the scalp (Pz). The results in Figures 4 and 5 are obtained from the same subject. 
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Fig.Fig. 6 A comparison between the event-related responses obtained in a passively ignoring (the 
200'200' events, 10% contrast) condition (left panel) and in an ignoring (the 200' events) with 
auditoryauditory distraction condition (right panel). The N200 and P3a components are elicited upon 
bothboth conditions. In the passively ignoring condition P3b component can still be detected, 
whilewhile in the ignoring with a distraction condition this component is no longer obvious. 

P3a a 
Thee P3a component was evoked in both the ignoring and the counting conditions. It 
wass recorded in 17 subjects (19 tested) upon counted visual events, in 18 subjects 
(200 tested) upon standard 200' pattern onset/offset stimuli, in 17 subjects (18 tested) 
uponn passively ignored events, in 15 subjects (16 tested) upon ignored visual events 
withh distraction, in 10 subjects (15 tested) upon counted auditory events and in 13 
subjectss (16 tested) upon ignored auditory events with distraction. 
Thee latency and amplitude of the P3a components to passively ignored visual events 
versuss the components to ignored visual events with distraction are not statistically 
differentt (amplitude: t=2.3; p<0.05; 12 subjects) and show high intrasubject 
correlationn (latency: r=0.81; pO.001, amplitude: r=0.77; pO.01). These components 
differr both in latency and in amplitude from the P3a evoked by counted visual events 
andd standard stimuli. There was no statistical difference between the latencies of P3a 
too counted visual events (262  26 ms, in 17 subjects detected, 19 tested) and 
standardd stimuli (260  26 ms, in 18 subjects detected, 20 tested). The amplitude of 
P3aa to irregular 200' stimuli (ignored or counted) was larger than the amplitude of 
P3aa to standard 200' stimuli. Since P3a was found to be present for all stimulus 
parameterss and in all conditions, and was smaller in the standard pattern onset/offset 
responsess than for the irregular interstimulus intervals, we recorded a series of 
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standardd pattern onset/offset responses with varying interstimulus interval. The 
amplitudess of P3a were fitted with an exponential function: S(l- exp(-I/T)), in which 
SS is the asymptotic value of the amplitude; I is the interstimulus time interval. The 
timee constant T was found to be 0.6 s. 
Thus,, P3a is related to the interstimulus time interval of the presented stimuli *. 
Providedd mat the interstimulus time interval was the same, no difference was found 
inn P3a evoked by irregular and regular stimuli. 
Wee studied the behaviour of P3a as a function of contrast (above 10% contrast) for 
alll  the subjects and did not find any systematic influence on the latency or the 
amplitudee of this component. In the "omission" condition the P3a component was 
clearlyy elicited in two of the four tested subjects. It had a centro-frontal maximum 
withh a large intrasubject latency range (392-584 ms). 
Thee mean latency of P3a upon standard 12' pattern onset/offset checks at 80% 
contrastt was found to be 317  14 ms (in 19 subjects recorded, 20 tested). There was 
noo significant correlation between N200 and P3a (r=0.06, p>0.2, for 16 subjects). 

P3b b 
Inn the visual counting condition (recorded in 18 subjects, 19 tested) and in the visual 
countingg while presenting auditory stimuli condition (recorded in 14 subjects, 16 
tested)) P3b was present in all derivations with maximal amplitude parietally. For the 
onee subject in whom P3b was not identified upon visual counting, P3b was clearly 
detectedd upon visual counting while presenting auditory stimuli and in the auditory 
countingg while presenting visual stimuli condition (for the two subjects in whom P3b 
wass not detected in the visual counting while presenting auditory stimuli, it was 
clearlyy found in the pure visual counting condition). When passively ignoring the 
visuall  stimuli (Fig. 6), in most of the subjects P3b was small or could not be detected 
att all. In six subjects we could identify a small P3b; four of them were the co-
authors,, i.e., the experienced subjects. 
Inn the visual ignoring with auditory distraction condition P3b was not detectable (16 
subjectss tested), except for the four co-authors. The mean latency of P3b component 
wass 380  40 ms (detected in 18 subjects, 19 tested) for the visual counting condition 
andd 390  40 ms (15 subjects) for the visual counting while presenting auditory 
stimuli.. We investigated P3b component with different contrast and check sizes of 
thee presented events (20 subjects), and did not find any systematic influence of those 
parameterss on the P3b component. In counting the omissions condition the P3b 
componentt was distinguished in the responses of all four subjects tested. However, 
itss latency was much longer and more variable, and its waveshape broader than in the 
casee of 200', 10% contrast events. 
Thee correlation between the latencies of P3a and P3b components across the subjects 
(bothh in counting condition) was not significant (r=0.41, p>0.1, 16 subjects), also 

11 The signal-to-noise ratio of the response in such an amplitude relation is proportional to 
(1-- exp(-A))A/A, where A=I/T. The maximal signal-to-noise ratio is reached for A=1.26, 
therefore,, the optimal stimulus interval for P3a would have been 0.74 s. We used an 
interstimuluss interval of 0.64 s which gave a signal-to-noise ratio close to the optimal value. 
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P3bb and N200 (both in counting condition) showed no significant correlation 
(r=0.56,, p>0.2,13 subjects). 

Visual-auditoryy condition 
Thee event-related responses evoked by the auditory events (counted and distracted) 
weree isolated and compared with those evoked by the visual events. 
Thee P3a component in the auditory ERPs was obtained in the distracted condition 
(Fig.. 7), its mean latency was 289  38 ms (in 12 subjects recorded, 16 tested). In 
eightt subjects (15 tested) in the counting condition the mean latency was 285  38 
ms.. In four subjects (16 tested) auditory P3a could not be detected at all, whereas 
P3aa for those subjects was clearly evoked by the visual stimuli. Like in the visual 
ERPss recorded in the distracted condition of the four co-authors, the auditory P3b in 
thee distracted condition was also only distinguished in those subjects. 
Auditoryy P3b components were isolated in all 15 subjects tested in the counting 
condition.. Maximal auditory P3b peaks were registered at the parietal derivation, like 
forr the visual P3b (Fig. 8). The mean auditory P3b latency was 376  26 ms (15 
subjects). . 

Fig.Fig. 7 (up) Event-related components of a subject to simultaneously presented visual and 
auditoryauditory stimuli. The left two panels represent the responses to the visual "frequent" 12' 
stimulistimuli and the 200' events. The right two panels give the responses to the auditory "frequent" 
22 kHz tones and the 8 kHz "infrequent" tones. When the auditory attention is distracted by 
countingcounting the visual events, three distinct components are detected in the visual responses 
(second(second column): N200, P3a, and P3b. The P3a is the only component present in the auditory 
responsesresponses to the "infrequent" tones (fourth column). 

Fig.Fig. 8 (down) When the visual attention is distracted by counting the auditory events (second 
column),column), the N200 (maximum at Oz) ami the P3a (maximum at Fz and Cz) can be recognized. 
InIn the auditory responses (fourth column) a clear P3b can be seen. 
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Statisticallyy there was no significant latency difference between auditory and visual 
P3aa (t=0.53, p>0.2; 11 subjects) and accordingly, no significant latency difference 
wass found between auditory and visual P3b components (t=l .30, p>0.2; 14 subjects). 
Thee correlation between the visual and auditory P3a was low (r=0.2, 7 subjects), as 
forr the P3b components (r=0.1, 14 subjects). 
AA negative component was not detected (one subject tested) when the subject 
countedd the random absence of a tone in a "frequent" presentation of 2 kHz tones 
(omissionn condition, the stimulus was absent on average every 4.8 s). Like in the 
visuall  omission condition, N200 was detected when the time interval between the 
omissionss was longer. N200 in this condition had a fronto-central maximum and a 
latencyy range of 112-200 ms. 
Apartt from N200, the counted omissions evoked a central positive P3a component 
(maximumm at Cz), in the latency range of 296-424 ms, and a parietal positivity P3b 
(maximumm at Pz) in the latency range of 416-664 ms. 

Chronomaps s 
Chronomapss of the responses to 10% contrast standard pattern onset/offset, ignored 
andd counted 200' checks are presented in Fig. 9. (Chronomaps are potential 
distributionss along the line defined by the four electrodes as a function of time). The 
N2000 activity can be seen in the three stimulus conditions; it was localized at the 
occipitall  part of the scalp (at the level of Oz, blue), which suggests that its generator 
wass superficial, i.e., near the occipital cortex. The P3a potential can be identified 
uponupon standard stimuli and events. It showed similar broad topography for the three 
conditionss (at the level of Cz, red), and might be concluded to be one and the same 
component.. P3b activity only dominates in the counting condition (maximal at the 
levell  of Pz, red). In the chronomap of the counting condition the P3a activity is 
partiallyy visible since it is overlapped by the P3b. Both P3a and P3b components 
showw a widespread scalp topography, which can be seen in the responses from the 
fourr electrodes and the corresponding chronomaps. 

Fig.Fig. 9 The potential distributions (chronomaps) along the four midline electrodes 
(vertical(vertical scale) for a whole sweep time (horizontal scale) in three visual conditions from left to 
right:right:  standard pattern onset/offset 200' checks, passively ignoring 200' events, counting 200' 
eventsevents at 10% contrast. The color scales of the maximal potentials (from left to right) are from 
-3.3-3.3 itVtill  3.3 MKfrom -6.9 pV'till 6.9 fiV, and from -14.5 fiV till  14.5 piV. The chronomaps 
areare based on the evoked responses of one subject. The early occipital negativity (N200, at the 
levellevel ofOz electrode) can be seen in all three chronomaps. A centro-frontal positivity (P3a, at 
thethe level of around Cz) is most clearly seen in the first two conditions and less obvious in the 
thirdthird one due to the dominance ofP3b. 
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Discussion n 

Thiss study provides evidence that clear identification of the three long-latency 
componentss to rare meaningful events can be facilitated by using the onset of low 
contrastt (10%) large checks (200') as the rare visual event in the "frequent" 
presentationn of 12' small checks. 
Too record different late components (N200, P3a, P3b), four midline electrodes seem 
too be sufficient, as was used before (Friedman et al., 1978; Verleger et al., 1991). 
Separatee long-latency components could not be obtained using the technique of 
Taghavyy and KOgler (Taghavy and Kügler, 1988) who used small checks at high 
contrastt as an event, and recorded from a calculated Oz-Fz bipolar lead. Estimated 
fromfrom the maximal activity in the chronomaps of the responses to counted events, the 
averagee position in the midline of the P3a peak was 19  6 cm (away from the inion), 
andd of the P3b peak 13,  6 cm. Therefore, the optimal electrode position for 
recordingg of the P3a would be at Cz. However, at this central electrode often a mixed 
P3a/P3bb response is recorded, whereas the frontal one most often records a single 
isolatedd P3a (see Fig. 2). Therefore, Fz was chosen to estimate the P3a latency for 
thee normative data, Pz for the latency of the P3b peak and Oz for the latency of 
N200. . 
Inn this way the dependence of the individual components on contrast and check size 
couldd be studied. If this parametric behaviour of the N200, P3a, and/or P3b would 
reveall  a strong dependence on pattern parameters, a sensory origin of that component 
wouldd be suggestive since cognitive components are supposed to have a weak 
dependencee on stimulus parameters. 

N2000 component 
Withh increasing contrast, the N200 peak latency shortens, whereas its amplitude 
(absolutee value) increases from the subjective threshold up to a maximum at about 5 
too 10% contrast and men decreases at higher contrasts (see Fig. 2). By being so 
stronglyy related to contrast, N200 seems to reflect sensory qualities. Above the 
subjectivee threshold, different check sizes of the stimulus do not influence the 
amplitudee of N200, whereas its latency increased with check size (see Fig. 3). 
Thee latency and amplitude of N200 is influenced by the regularity of the stimuli, 
regularr versus irregular. The N200 amplitude was smaller in the responses to the 
standardd 200' checks than to the 200' events. This suggests that this component was 
associatedd and influenced by the novelty of a stimulus. There was a statistically 
significantt intersubject latency difference between N200 upon standard stimuli and 
irregularr events and these latencies were significantly correlated. 
N2000 was clearly detected upon the visual stimuli used in our study. In the responses 
uponn the auditory events with the 6 kHz difference between the tones N200 was not 
detected.. Therefore, stimuli with small frequency difference between the regular and 
irregularr tones were tested as well (500 Hz for the "frequenf' and 525 Hz for the 
event,, 1000 Hz for the "frequent" and 1025 Hz for the event, 2000 Hz for the 
"frequent""  and 2025 Hz for the event). A negative component with frontal maximum 
wass detected in the responses upon these events. If the responses to the "frequent" 
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stimulii  were subtracted from the responses to the events then for all frequencies 
presentedd a clear negative component (frontal maximum) could be found. 
Thee amplitudes of the visual negative component (occipital maximum) obtained by 
subtractionn (the responses to standard stimuli of various check sizes were subtracted 
fromfrom the responses to the counted events of the same check sizes) were inversely 
relatedd to the size difference between the stimuli as long as one can discriminate the 
eventt from the regular stimuli. This is in line with the subtraction results obtained for 
auditoryy stimuli, where the negative component had a fronto-central maximum. 
Thesee results suggest mat the N200 component obtained by subtraction is the 
modality-specificc mismatch negativity (MMN), which has been described 
extensivelyy for auditory stimuli (Nsatitaen, 1978,1991; Alho et al., 1994; Tiitinen et 
al.,, 1997). 
Inn the visual and auditory omission conditions the N200 component became more 
outspokenn when the time interval between the omissions was longer. This confirms 
earlierr findings on the "omission N2" component (Simson et al., 1977). 
Thee topography of the visual N200 did not change with stimulus manipulation. Brain 
mapss (three subjects) and chronomaps (20 subjects) reveal a localized occipital 
topographyy of N200. From the source analysis it can be concluded that the source of 
N2000 is indeed superficial and varies in its exact occipital location across the 
subjects.. It suggests N200 to originate from the visual associative cortex (Simson et 
al.,, 1977; Alho etal., 1994). 
Conclusion::  The N200 component (occipital source) reflects modality specific 
sensoryy qualities and is related to the irregularity and unexpectedness of the stimulus. 

P3aa component 
Differentt check sizes of the stimuli (standard and events) did not influence the 
latencyy and the amplitude of P3a. The amplitude of P3a increases with contrast, and 
saturatess at a contrast level of about 10%. The P3a component was not always 
detectedd in all subjects when evoked in a certain condition (ignoring) but was 
detectedd for those subjects in another condition (counting and/or standard). 
Therefore,, performing tests in both ignoring and counting conditions enhances the 
chancee to isolate a P3a response. We find mat P3a activity can be evoked by both 
countedd and ignored events. The "frontal late positivity" (Knight, 1997) evoked by 
"frequent""  (standard) stimuli, coincides in latency and topography with the P3a 
componentt when the same stimulus is presented "infrequently" and being counted. 
P3aa is not influenced by the stimulus condition (standard, ignoring, counting) but its 
amplitudee increases with longer interstimulus time intervals. Its amplitude for the 
standardd condition becomes equal to the event-related P3a when presented with the 
samee time interval. P3a could be clearly distinguished (two subjects) in the omission 
conditionn both when ignoring the absences (by counting the "frequent" stimuli) and 
whenn counting the omissions. Furthermore, it is equally present upon auditory 
stimulation.. This suggests that this component reflects the detection of sensory 
eventss as a function of the interstimulus time interval, irrespective whether visual or 
auditoryy sensory inputs are used. 
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P3aa has a broad potential distribution over the head, therefore its origin is deep or 
originatess in a large part of the cortex. However, this last possibility seems unlikely 
givenn the large intersubject variability of the potential distribution on the scalp (20 
subjects,, chronomaps). 
Sourcee modeling (assuming one dipole source; two subjects) revealed a parietal 
sourcee with a direction of the current pointing centrally (i.e., towards the Cz point) or 
frontallyfrontally (towards the Fz point). These findings also suggest that the generator for 
thee P3a component is located rather deep in the head (Halgren et al., 1980; Rogers et 
al.,, 1991; Knight etal., 1996). 
Conclusion::  P3a most probably originates from a deep source. It reflects sensory 
stimulii  independent of their modality and increases in amplitude with the length of 
thee interstimulus time interval between these sensory stimuli. 

P3bb component 
Fromm the literature it is known that P3b is a cognitive event-related component i.e., 
relatedd to the meaning (to the subjects) of the stimulus. Although the latency and 
amplitudee of P3b show large variation among subjects, P3b sometimes seemed to be 
sensitivee to the contrast of the stimuli (see Fig. 2), although this was not found 
systematically.. High contrast stimuli deteriorate the isolation of P3b as this 
componentt overlaps with the large preceding sensory components. 
P3bb is clearly present when counting the random omissions and has a parietal 
maximum.. Previously it has been reported that two components: N200 and P300 are 
elicitedd after the random absence of the "frequently"-presented stimulus (Simson et. 
al.,, 1976). In our experiments, we identify N200, P3a, and P3b when the time 
intervall  between the omissions was long, and P3a and P3b (or only P3b) for shorter 
timee intervals. The latency of P3b evoked in counting the omissions condition is 
muchh longer and the waveshape broader man when the event is a different 
checkerboard,, probably because of the absence of a trigger for the subject to detect 
thee event which the visual stimulus obviously provides. However, sensory input is 
nott necessary to evoke P3b since counting the random omissions of visual and 
auditoryy events also evokes P3b. 
Whetherr the P3b component is present in the passively ignoring condition could not 
bee unequivocally concluded, since it was not certain whether the subjects indeed 
reallyy ignored the events. That was the reason for introducing distinctive stimuli 
(auditoryy events), and registering the responses to visual events when the auditory 
eventss were counted and vice versa. 
Althoughh we tried to distract the attention to avoid generation of a P3b component, 
inn the subjects who were rather familiar with the experiments a small P3b was still 
detected;; it suggests mat P3b is closely associated with recognition of already 
processedd information in the brain. 
Justt like P3a, P3b shows a broad potential distribution and a large variation in 
positionn of its maximum over the head. On average (20 subjects, chronomaps), P3b 
showss a parietal maximum; besides at the parietal lead, high P3b peaks can be also 
detectedd at other leads (Cz and Fz). Source modeling (three subjects) revealed a 
centrallyy located generator with an equivalent dipole pointing in parietal direction. 
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Thiss suggests a deep subcortical P3b generator, which is in agreement with previous 
studiess (Okada et al., 1983; Rogers et al., 1991; Palier et al., 1992). 
Conclusion::  The P3b component reflects deep source activity which is modality 
independent.. It is evoked only when events are presented on which the subject has to 
performm an event-related task. 

Visuall  versos auditory modality 
Thee visual stimuli allowed clear isolation of N200, whereas the auditory stimuli used 
couldd not evoke an N200. Apparently N200 is not only modality- but also stimulus-
specificc parameter (it is enhanced by the highest similarity between the "frequent" 
stimuluss and the events, which confirms earlier findings related to the "mismatch 
negativity""  (Tiitinen et al., 1997). 
Theree was no significant difference between the latencies of the visual (upon 200' 
events)) and auditory (upon 8 kHz events) P3a component, nor was there a difference 
inn topography, suggesting that this is one and the same component. P3a seems to be 
affectedd by the interstimulus time interval. 
Althoughh it has been demonstrated that the active areas over the scalp after visual 
andd auditory events are different (Rogers et al., 1991), we find that for both visual 
andd auditory modalities, P3b component is maximal at the parietal lead and that the 
latenciess of the P3b components to auditory and visual stimuli are not significantly 
differentt and show a high intrasubject correlation. This suggests that the source of 
P3bb is also modality independent. It is active only when counting the events. 
Thee latencies of visual and auditory P3b evoked while stimuli of the other modality 
aree presented, are not significantly different and show a high correlation, which adds 
too the suggestion mat mis is one and the same component. 

Conclusion n 
Thee choice of 200' checkerboards at 10% contrast as events is optimal since it allows 
isolationn of the N200, P3a, and P3b. This made a better characterization of the 
componentss available: occipital N200 is related to temporal irregularity of visual 
stimuli,, deep central P3a is affected only by the interstimulus time interval of any 
(sensory)) stimulus, while deep parietal P3b is the only component which is purely 
cognitive. . 
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CHAPTERR IA 

EVENT-RELATE DD POTENTIAL S AND EVENT-RELATE D 
MAGNETI CC FIELD S EVOKED BY VISUAL INFREQUENT 

EVENTSS IN CHILDRE N AND YOUNG ADULT S 

Vesselaa I. Giger-Mateeva, Dik Reits, Frans C.C. Riemslag, Marieke Van Leeuwen 
andd Henk Spekreijse 

Abstract t 
Purposee To investigate visual event-related components, recorded simultaneously in 
thee electroencephalogram (EEG) and magnetoencephalogram (MEG). 
Material ss and methods Visual event-related responses were recorded by a whole 
headd 151-channel MEG and multiple scalp electrodes simultaneously in 16 healthy 
subjectss aged between 4 and 22 years (mean age = 10.5 years). "Frequent" 12' black-
and-whitee checkerboard stimuli (20% contrast) were randomly replaced (every 
3.844 s) by "infrequent" 171* checkerboards, i.e., events (15% contrast). Stimuli were 
presentedd on a LCD screen (mean illuminance 20 tux). During the course of the 
visuall  stimuli two kinds of auditory pulses were presented: "frequent" (2 kHz) and 
"infrequent""  (8 kHz). Recordings were taken in two experimental conditions: (1) 
countingg the visual events and (2) ignoring the visual events by counting the 
distractivee auditory events. Standard onset/offset 171' checkerboards were also 
presented.. The detected event-related EEG and MEG components were compared. 
Topographicc brain mapping and source modeling of the event-related electric and 
magneticc fields were carried out. 
Resultss Four distinct event-related activities N200, P3a, P3b, and P3c were detected 
inn the EEG and MEG responses to counted visual events in the subjects from 4 to 12 
yearss of age. In the EEG and MEG responses of the subjects above 12 years N200, 
P3a,, and P3b responses were isolated only. For every EEG event-related component 
aa latency corresponding MEG "equivalent" was found, and both of mem were highly 
correlated.. MEG records additional activities. The latencies of the EEG and MEG 
N200'ss and P3a's gradually shorten with age from 4 to 22 years; P3b latency does 
nott change significantly with age, whereas P3c latency rapidly shortens until the age 
off  12, after which this component is not detectable. The topography of P3a shows a 
centro-parietal,, and of N200, P3b, and P3c occipital maximum. Source modeling of 
thee electric fields revealed deep sources (P3a and P3b), or just a superficial radial 
sourcee (N200), whereas for the corresponding magnetic fields superficial tangential 
sourcess were found. 
Conclusionss Every visual event-related component has an MEG "equivalent" with a 
correspondingg latency. The source of a visual event-related response can be localized 
withh both EEG and MEG techniques. In the EEG the radial (superficial or deep) 
componentt is detected, whereas MEG detects the tangential and superficial 
componentt of mis same source. Thus, both techniques are complementary and ought 
too be applied simultaneously. In children and young adults (4-22 years) the 
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distributionn of the event-related electric and magnetic fields across the scalp shows a 
parieto-occipitall  maximum. 

Introductio n n 

Developmentall  studies have shown that the frequency content of the spontaneous 
electroencephalogramm (EEG) undergoes significant alterations with increasing age in 
childrenn (Petersen and Eeg-Olofeson, 1971; MatouSek and Petersen, 1973; 
Niedermeyer,, 1993). For example, the mean percentage of higher-frequency activity 
inn the EEG (e.g. alpha) increases, whereas the mean percentage of lower-frequency 
activityy (e.g. delta and theta) decreases with maturation and is relatively small in 
adultss (Matthis et al., 1980; John et al., 1980; Katada et al., 1981; Gasser et al., 
1988).. The efficiency of cognitive functioning improves markedly with increasing 
agee in children (Piaget, 1969; Mussen et al., 1987; Yordanova and Kolev, 1997). 
Thee stimulus-related theta activity, so-called theta frequency component of the 
event-relatedd potentials (ERPs), has been correlated with higher-order signal 
processingg and associative brain processes (Inoye et al., 1994; Yordanova and Kolev, 
1997).. ERP analysis in time and frequency domains has shown that delta and theta 
activitiess contribute to the P300 response (Duncan-Johnson and Donchin, 1979; 
Schürmannn et al., 1995; Yordanova and Kolev, 1997, 1998). The P300 is most 
commonlyy associated with attention and memory processes. The P300 latency is 
longerr in children than in adults and its amplitude decreases significantly from 
childhoodd to adulthood (Goodin et al., 1978; Courchesne, 1983; Kurtzberg et al., 
1984;; Mullis et al., 1985; Ladish and Polich, 1989; Courchesne, 1990; Polich et al., 
1990;; Yordanova and Kolev, 1997). 
Byy counting "infrequent" visual stimuli (events) three long-latency components can 
bee elicited around the time of P300: N200, P3a, and P3b (Giger-Mateeva et al., 
1999a,, chapter 2). The N200 component is generated by "infrequent" sensory stimuli 
(Taghavyy and Kügler, 1988; Knight, 1997). It reflects modality specific sensory 
qualitiess and is related to the irregularity and unexpectedness of the stimulus (Giger-
Mateevaa et al., 1999a). N200 is associated with the "mismatch negativity" (MMN; 
Halgrenn et al., 1995a; Knight, 1997). The MMN is evoked by a stimulus that does 
nott match preceding stimuli by simple sensory characteristics, even if that stimulus is 
neitherr attended nor detected (Naatanen et al., 1982; NSatanen and Gaillard, 1983). 
Thee main electrical and magnetic MMN generators (upon "infrequent" auditory 
stimuli)) are found in the temporal lobes in the left and right auditory cortices and in 
thee frontal brain areas (Giard et al, 1990; Hari, 1990; Tiitinen et al., 1993; LevSnen 
ett al., 1996). The N200, evoked by auditory stimuli, may be generated in the infero-
temporall  cortex (Halgren et al., 1995a). Source analysis on N200 evoked by visual 
stimuli,, revealed a localized occipital topography, which varied in its location across 
thee subjects. These findings, among others, suggest that N200 originates in the visual 
associativee cortex (Simson et al., 1977; Alho et al., 1994; Giger-Mateeva et al., 
1999a).. However, Okada et al. (1983) based on results of event-related evoked 
magneticc fields suggested a deep common generator for both N2 (N200) and P3b 
locatedd in the hippocampus (Okada et al., 1983). 
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Thee "P300" consists of an "early" fronto-central P3a component and a "later" 
parieto-occipitall  P3b component (Squires et al., 1975; Halgren et al., 1995a; Knight, 
1997;; Giger-Mateeva et al., 1999a). P3a is suggested to be a central marker of the so-
calledd cortico-limbic "orienting response" (Sokolov, 1963; Squires et al., 1975; 
Courchesnee et al., 1975; Knight, 1984; Yamaguchi and Knight, 1991a; Knight, 
1997).. It is evoked by sensory stimuli independent of their modality and increases in 
amplitudee with the length of the interstimulus time interval (Giger-Mateeva et al., 
1999a).. Topographical analyses on the origin of P3a suggest that its generator is 
locatedd deep in the head (Halgren et al., 1980; Rogers et al., 1991; Knight et al., 
1996;; Giger-Mateeva et al., 1999a). From lesion studies it was concluded that the 
hippocampall  region of the limbic system might contribute to the scalp-recorded P3a 
(Knightt and Graboweckey, 1994; Knight, 1996; 1997). Intracranial recordings have 
shownn that widespread areas of frontal and posterior association cortex, cingulate 
andd mesial temporal regions are activated when the P3a component is generated 
(Halgrenn et al., 1995a, b; Baudena et al., 1995; Knight, 1997). 
P3bb may reflect cognition and memory, in particular working memory (Knight, 
1997;; Rogers et al., 1991). For example, it is evoked when the events are presented 
randomlyy distributed in between "frequent" stimuli, to which the subject has to 
performm an event-related task (Squires at al., 1975; Knight, 1997; Giger-Mateeva et 
al.,, 1999a). P3b is relatively unaffected by changes in stimulus parameters, but is 
sensitivee to the information-processing demands of the task (Donchin et al., 1978; 
Pictonn and Hillyard, 1988; Rogers et al., 1991; Squires et al., 1975; 1977). For this 
reasonn P3b has been thought to originate in deep subcortical structures of the brain 
thatt receive inputs from many sensory modalities. Source modeling of scalp-
recordedd P3b component supports this view (Okada et al., 1983; Rogers et al., 1991; 
Palierr et al., 1992; Giger-Mateeva et al., 1999a). Intracranial recording of P3b shows 
thatt multiple cortical and limbic regions are activated during the time when the scalp 
P3bb is evoked (Baudena et al., 1995; Halgren et al., 1995a, b; Knight, 1997; Smith et 
al.,, 1990). These regions include the ventrolateral prefrontal cortex, superior 
temporall  sulcus, superior parietal lobe, postero-superior lobe, the hippocampus and 
amygdalaa (Halgren et al., 1995a, b). Magnetoencephalographic (MEG) studies have e 
providedd additional evidence that multiple posterior brain regions, including 
modalityy specific cortices, contribute to the visual P3b component recorded at the 
scalpp (Knight, 1997; Rogers et al., 1991, 1992, 1993). These findings suggest that 
hippocampall  structures may not be the prime source of scalp-recorded P3b (Halgren 
ett aL, 1986; Halgren, 1995a, b; Johnson, 1988; Knight and Garaboweckey, 1994; 
Knight,, 1996; Knight, 1997; McCarthy et al., 1989; O'Donell et al., 1993; Onofrj et 
al.,, 1992; Polich and Squires, 1993; Rugg et al., 1991; Stapleton et al., 1987). 
Thee purpose of the present study is to investigate the correspondence and differences 
betweenn the electric and magnetic visual event-related responses, simultaneously 
recordedd in (he EEG and MEG in healthy subjects aged from 4 to 22 years. The 
rationalee for the study is that currently little is known about the development of these 
componentss in children. Furthermore, by defining the latency, amplitude and 
topographyy of these components in healthy children, it may be possible to devise an 
objectivee diagnostic tool for children and young adults with abnormal brain 
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distributionn of the event-related electric and magnetic fields across the scalp shows a 
parieto-occipitall  maximum. 

Introductio n n 

Developmentall  studies have shown that the frequency content of the spontaneous 
electroencephalogramm (EEG) undergoes significant alterations with increasing age in 
childrenn (Petersen and Eeg-Olofsson, 1971; Matousek and Petersen, 1973; 
Niedermeyer,, 1993). For example, the mean percentage of higher-frequency activity 
inn the EEG (e.g. alpha) increases, whereas the mean percentage of lower-frequency 
activityy (e.g. delta and theta) decreases with maturation and is relatively small in 
adultss (Matthis et al., 1980; John et al., 1980; Katada et al., 1981; Gasser et al., 
1988).. The efficiency of cognitive fimctioning improves markedly with increasing 
agee in children (Piaget, 1969; Mussen et al„  1987; Yordanova and Kolev, 1997). 
Thee stimulus-related theta activity, so-called theta frequency component of the 
event-relatedd potentials (ERPs), has been correlated with higher-order signal 
processingg and associative brain processes (Inoye et al., 1994; Yordanova and Kolev, 
1997).. ERP analysis in time and frequency domains has shown that delta and theta 
activitiess contribute to the P300 response (Duncan-Johnson and Donchin, 1979; 
Schürmannn et al., 1995; Yordanova and Kolev, 1997, 1998). The P300 is most 
commonlyy associated with attention and memory processes. The P300 latency is 
longerr in children than in adults and its amplitude decreases significantly from 
childhoodd to adulthood (Goodin et al., 1978; Courchesne, 1983; Kurtzberg et al., 
1984;; Mullis et al., 1985; Ladish and Polich, 1989; Courchesne, 1990; Polich et al., 
1990;; Yordanova and Kolev, 1997). 
Byy counting "infrequent5' visual stimuli (events) three long-latency components can 
bee elicited around the time of P300: N200, P3a, and P3b (Giger-Mateeva et al., 
1999a,, chapterr 2). The N200 component is generated by "infrequent" sensory stimuli 
(Taghavyy and Kügler, 1988; Knight, 1997). It reflects modality specific sensory 
qualitiess and is related to the irregularity and unexpectedness of the stimulus (Giger-
Mateevaa et al., 1999a). N200 is associated with the "mismatch negativity" (MMN; 
Halgrenn et al., 1995a; Knight, 1997). The MMN is evoked by a stimulus that does 
nott match preceding stimuli by simple sensory characteristics, even if that stimulus is 
neitherr attended nor detected (Naatanen et al., 1982; NMtanen and Gaillard, 1983). 
Thee main electrical and magnetic MMN generators (upon "infrequent" auditory 
stimuli)) are found in the temporal lobes in the left and right auditory cortices and in 
thee frontal brain areas (Giard et al., 1990; Hari, 1990; Tiitinen et al., 1993; LevSnen 
ett al., 1996). The N200, evoked by auditory stimuli, may be generated in (he infero-
temporall  cortex (Halgren et al., 1995a). Source analysis on N200 evoked by visual 
stimuli,, revealed a localized occipital topography, which varied in its location across 
thee subjects. These findings, among others, suggest that N200 originates in the visual 
associativee cortex (Simson et al., 1977; Alho et al., 1994; Giger-Mateeva et al., 
1999a).. However, Okada et al. (1983) based on results of event-related evoked 
magneticc fields suggested a deep common generator for both N2 (N200) and P3b 
locatedd in the hippocampus (Okada et al., 1983). 
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Inn subjects of 12 years and older, an MEG-compatible multichannel Ag-AgCl 
electrodee array (EEG cap; Virtanen et al., 19%) was used, in which 36 or 40 
electrodee positions were utilised. Locally the skin was treated with electrolyte paste. 
Hereafterr the electrodes were filled with "EC2" hardening paste (Astro-Med GmbH, 
Germany).. For all electrode compositions described the common reference electrode 
wass attached to the right earlobe and the ground electrode was placed arbitrarily on 
thee scalp. 

MEG G 
AA 151-channel whole-cortex MEG system (CTF Systems Inc, Vancouver, Canada; 
Fig.. 6, chapter 1) was used to record simultaneously evoked magnetic fields. The 
MEGG channels (sensors, i.e., superconducting quantum interference device, SQUID 
sensors)) are uniformly distributed on the helmet surface of the MEG dewar with a 
meann spacing of 3.1 cm. The SQUID sensors are first-order axial hardware 
gradiometerss with 2 cm coil diameter andd 5 cm distance between the coils. In 
addition,, there is an array of 29 reference sensors (magnetometers and gradiometers) 
thatt can be used to reduce the noise in the MEG signals: These reference sensors are 
usedd to calculate higher-order gradients. In our experiments we mostly used the 
second-orderr gradient. 
Threee head coils were attached to the head: one on the nasion and the remaining two 
onn each preauricular depression. The coils were needed to define the exact position 
off  the head under the helmet. This was done before each recording and took 
approximatelyy one minute. 

Stimulii  and procedures 
Recordingss took place in a semi-darkened, three layer magnetically shielded room 
(Vacuumschmelzee GmbH, Hanau, Germany; mean illuminance 20-25 lux). Prior to 
testing,, subjects were provided sufficient time to become acquainted with the 
surroundings.. During testing subjects were monitored by a closed loop TV (camera) 
andd an interphone system. Subjects younger than eight years were accompanied 
eitherr by a parent or an experimenter. During measurements subjects were requested 
too keep their heads as far as possible back-and-upwards under the helmet of the 
MEGG dewar and to refrain from moving. To fix the position of the head under the 
helmet,, foam pieces were stuffed between the subject's head and the helmet. 

Subjectss were sitting at a distance of 1.6 m in front of a LCD screen (Sharp 
QDlOlmm,, 640 x 480 dots; mean luminance 20 cd/m2) on which the visual stimuli 
appeared.. A local software program generated these stimuli. Subjects were instructed 
too fixate a central point that subtended 5' x 5' visual angle. 

61 1 



Twoo types of black-and-white checkerboard stimuli with different sizes of the 
elementss were presented for 40 ms every 640 ms. The "frequent" 12' check stimuli 
(20%% contrast1) were interleaved randomly by "infrequent" 171' check stimuli 
(events;; 15% contrast) after every 4th to 8th appearance of the 12' checks. Therefore, 
thee mean interval between the events was 3.84 s (Giger-Mateeva et al., 1999a). 
Duringg the course of the visual stimuli, auditory tone pulses were also presented. 
Thesee stimuli were generated by a CTF software program (sequence player) and 
amplifiedd by a Sony TA-F361R amplifier. 
Thee auditory stimuli were delivered to both ears using EARTone 3A Insert 
Earphoness (Cabot Safety Corporation, Indianapolis, USA). To minimise artefacts, 
thee earphones were kept at a distance from the MEG sensors. Sound was delivered 
throughh 110 cm long plastic tubes ending with a plastic eartip. 
Thee auditory stimuli were also of two types: "frequent" stimuli (2 kHz tone pulse) 
andd events (8 kHz tone pulse). Both "frequent" and "infrequent" stimuli were 
presentedd for 40 ms every 740 ms (mean interval between the events was 4.44 s; 
everyy 4th to 8*  "frequent" 2 kHz tone pulse was replaced by an 8 kHz event). 

Dataa processing 
Bothh electric and magnetic signals were filtered on-line between 0.5 and 40 Hz and 
sampledd at a rate of 125 Hz. Each trial consisted of 50 epochs, each epoch lasting for 
55 s. 
Thee recorded signals were filtered off-line between 0.5 and 8 Hz with a phase-shift 
freefree filter. To exclude eye blinks, muscle, or other artefacts, segments containing 
activityy above 200 uV or 1600 fT were removed from further analysis. The averaged 
artefact-freee responses were dc-corrected based on 72 ms ore-stimulus time. The 
analysiss time was up to 720 ms after stimulus onset. The number of artefact-free 
averagedd recordings per subject was between 120 and 200 for the "frequent" visual 
andd auditory stimuli, and between 35 and 51 for the visual and auditory events. 
Thee delay of presentation of the visual stimuli from the LCD screen introduced an 
extraa latency of the event-related responses of approximately 20 ms. The peak-
latenciess of the responses were not corrected for the delays introduced by the on-line 
filteringfiltering and the LCD screen (in total more than 30 ms). 

Conditions s 
Thee stimuli were presented to the subjects in three experimental conditions. In the 
firstfirst condition the subject was instructed to count the visual events (171' checks) and 
thereforee to ignore via distraction the tones pulses (counting the visual events and 
thus,, ignoring (with distraction) auditory events). In the second condition the subject 
wass instructed to count the auditory events (8 kHz tone pulse) and therefore to ignore 
viaa distraction the visual stimuli (counting the auditory events and thus, ignoring 
(withh distraction) visual events). After each series, the subject was asked to report the 
totall  count. To check the vigilance of the subject the reported number was compared 
withh the relevant number of (either visual or auditory) events actually presented. 

11 Contrast was calculated according to the standard formula: 
Contrastt = (L  ̂ - Uin / U™ + U)-100%, where L  ̂ is the luminance of the bright 
elements,, and U,̂  is the luminance of the dim elements. 
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Inn the third condition, standard 171' onset/offset checkerboard stimuli at 15% 
contrastt were presented. These stimuli appeared for 40 ms every 640 ms (standard 
condition).. During this condition the earphones were removed. 

Dataa analysis 
Previouslyy we have shown that by using low contrast large (200') events and four 
midlinee recording sites (near Fz, Pz, Cz, Oz), one can isolate three distinct visual 
ERPss (N200, P3a, and P3b) in adult healthy subjects and patients (both age-matched 
betweenn 40 and 60 years; Giger-Mateeva et al, chapters 2, 4 and 5). Following this 
baselinee study, we have investigated the ERPs in younger healthy subjects. We 
extendedd the number of derivations for analysis by including two more (occipital) 
derivations:: Oi and Oj. The composition of derivations for observation and detection 
off  ERPs was defined as "a mid-occipital cross" (near Fz, Cz, Pz, Oz, Oi and 02). 
Thiss composition was used in all 16 subjects (independent of the total number of 
electrodess attached to the scalp; Fig. 1). 
Theree are several reasons for using the "mid-occipital cross" of derivations. Firstly, it 
iss a composition that is easy to define in all subjects. Secondly, by looking at fewer 
(individual)) channels it is possible to recognise the event-related components (N200, 
P3a,, and P3b) and to evaluate their optimal recording positions, distribution across 
thee left and right hemispheres (in particular for N200), latencies, and amplitudes. 
Thee EEG event-related components were identified at their optimal recording 
positionss (peak latency at maximal amplitude) over the mid-occipital cross. The 
MEGG groups of channels containing well-defined "positive components**  (i.e., 
outgoingg evoked magnetic fields), with latencies similar to the latencies of the EEG 
event-relatedd components already defined, were successively determined. MEG 
positivee (and negative) peaks with latencies similar to the corresponding event-
relatedd EEG components were defined as "equivalents" of the EEG components. 
MEGG components that were not consistent in latency with the EEG components, but 
reproduciblee among trials were defined as "additional" or "intermediate" MEG 
components.. The EEG data was reconsidered for time-corresponding "intermediate" 
EEGG "equivalents". 
Mapss of the distribution of the electric fields in subjects above 10 years (20, 26, 36, 
andd 40 electrodes) at different times after stimulus onset were investigated. Maps of 
thee distribution of the corresponding magnetic fields were made in all subjects. Maps 
att a certain time instant after stimulus onset were created to analyze and compare the 
electricc fields and the corresponding magnetic fields at the same time instant. Source 
modelingg of the visual event-related electric fields and the latency-corresponding 
magneticc fields was carried out. The analysis was based on the assumption that the 
sources,, underlying these visual evoked activities may be modelled by equivalent 
dipolee sources (De Munk et al., 1988). For each activity, a time interval of the 
responsee was selected in which this activity dominated. 
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mid-occipitall  cross 

Fig.Fig. 1 Schematic illustration of the "mid-occipital cross" of electrodes over the head: near 
Fz,Fz, Cz Pz Oz, Oi and 02 electrode positions (10-20 system), employed to investigate the visual 
event-relatedevent-related EEG components N200, P3a, P3b, and P3c. 

Tablel.. Mean peak-latencies of visual evoked potentials and magnetic fields 
(agee 4 to 22 years) 

Response e 

CI I 

Pen n 

N200 0 

P3a a 

P3b b 

P3c c 

EEGG latency (ms) 
meann  SD 

1900 8 (10) 

1800  25 (14) 

2855  41 (15) 

3588  45 (12) 

477  38 (15) 

6022  69 (9) 

MEGG latency (ms) 
meann  SD 

2000  43 (9) 

1911  26 (14) 

293  43 (15) 

3566  43 (13) 

4733 5 (14) 

5944  70 (9) 

SD,, standard deviation 
(N),, number of subjects 
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Statistics s 
Too investigate whether there were statistically important differences among the 
isolatedd event-related EEG and MEG components, a paired t-test was used. This test 
wass also applied to compare the EEG event-related components and the 
correspondingg (in latency) MEG "equivalents". Linear regression analysis was used 
too correlate the EEG and MEG variables. 

Results s 

Visuall  event-related responses were investigated mostly in the counting the visual 
eventss condition and thus ignoring (with distraction) the auditory events, since by 
countingg visual events three distinct EEG components are evoked: N200, P3a, and 
P3bb (Giger-Mateeva et. al., 1999a). The remaining two experimental conditions 
weree employed to isolate and validate the P3a component of the visual event-related 
response.. Auditory event-related electric and magnetic fields could not be 
successfullyy analyzed since the visual stimuli were causing disturbing artefacts in 
thee MEG signal. 
Visuall  EEG N200, P3a, and P3b components were detected in most of the subjects. 
AA positive component with an occipital maximum and a peak-latency shorter than 
N200,, was also detected in the responses. This component was defined as Pch 
(positivee child's component). In the subjects below 12 years (144 months) an 
additionall  positive occipital component was detected, with a peak latency longer 
thann the latency of P3b component. On the basis of the later than P3b time of 
occurrence,, this component was labeled as P3c. 

Tablee 1. Correlation analysis and paired t-test between EEG and corres-
pondingg MEG peak-latencies 

EEG/MEG G 
responses s 

CII  (9) 

Pchh (10) 

N2000 (14) 

P3aa (11) 

P3bb (13) 

P3cc (8) 

correlation n 

r r 

0.98 8 

0.80 0 

0.94 4 

0.95 5 

0.83 3 

0.94 4 

P P 

<< 0.001 

<0.01 1 

<< 0.001 

<< 0.001 

<< 0.001 

<< 0.001 

t-test t 

t t 

1.58 8 

1.30 0 

0.75 5 

0.42 2 

0.16 6 

1.43 3 

P P 

>0.2 2 

>0.2 2 

>0.2 2 

>0.2 2 

>0.2 2 

>0.2 2 

r,, correlation coefficient; t, t distribution ; p, two-tailed probabilit y 
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Fig.. 2 shows maps of the distribution of the electric and the corresponding magnetic 
fieldss across the scalp of a 12 years old subject at consecutive time instants (every 24 
ms,, starting at 144 ms until 600 ms after stimulus onset). The data was collected 
fromfrom 40 electrodes and 151 MEG sensors. The recording was made during 
stimulationn with 20% contrast 12' "frequent" checks and 15% contrast "infrequent" 
171'' checks, while counting the "infrequent" checks. In the EEG, there are five 
distinctt activities evoked in the counting the events condition (on the left): an early 
occipitall  positivity around 200 ms (Pen), a spatially-restricted mainly to right 
occipitallyy negativity around 300 ms (N200), a broad centro-parietal positivity 
aroundd 370 ms (P3a), a broad occipital positivity around 430 ms (P3b), and a 
parieto-occipitall  positivity around 540 ms (P3c). The latency-corresponding evoked 
magneticc fields are shown on the right. Localized parieto-occipital distributions with 
aa short "distance" between the positive and negative magnetic polarities dominate in 
thee maps of Pch, N200, P3a, P3b, and P3c. The magnetic fields of N200 are 
distributedd right occipitally. The meaning of the colors in the EEG maps is red for a 
positivee peak and blue for a negative peak. The outgoing magnetic field (or the 
"positivee peaks" in the MEG) is in blue and the incoming magnetic field (or the 
"negativee peaks" in the MEG) is in red. 

Fig.. 3a illustrates the time averaged EEG and MEG signals derived from 40 EEG 
channelss (on the left) and 151 MEG sensors (on the right) of the same subject as in 
Fig.. 2. Five components are well defined in the EEG, whereas the components in the 
MEGG with latencies corresponding to Pch, N200, P3a, P3b, and P3c are less clear. 
Ann early activity at 24 ms after the stimulus onset can be seen in most of the MEG 
channels.. This was found to be a stimulus artefact (A) triggered by the LCD screen. 
Inn Fig. 3b the stimulus artefact is removed off-line. The MEG P3a and P3b peaks are 
enhanced,, whereas the MEG Pch, N200 and P3c cannot be detected. 

Fig*Fig*  2 Maps of the distribution of the event-related electric and the corresponding magnetic 
fieldsfields across the scalp (12 years old subject) at every 24 ms after the stimulus onset (starting 
fromfrom 144 ms post stimulus). The "frequent"  stimuli are checks of 12' with 20% contrast, and 
thethe subject is counting the visual events, 171' checks with 15% contrast. The meaning of the 
colorscolors in the EEG is: red for positive, blue for negative, yellow for zero, and in the MEG is 
blueblue for outgoing magnetic field (i.e., positive) and red for incoming magnetic field (i.e., 
negative;negative; color scales at the bottom). The left side shows EEG maps of the distribution of the 
electricelectric fields (40 electrodes). In these there is an early occipital positivity (maximal at around 
200200 ms, Pch), an occipital negativity (maximal at around 300 ms, N200), a centro-parietal 
positivitypositivity (maximal at around 370 ms, P3a), an occipital positivity (maximal at around 430 
ms,ms, P3b) and a parieto-occipital positivity (maximal at around 540 ms, P3c). The 
simultaneouslysimultaneously recorded magnetic fields are shown on the right (151 MEG sensors). 
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Infrequentt  171' checks (15%) 
EEGG 40 channels MEG 151 channels 

555 averages 55 averages 

Fig.Fig. 3a Averaged EEG and MEG time signals derived from 40 EEG channels (on the 
left)left) and 151 MEG sensors (on the right) of the same subject as in Fig. 2. Five peaks 
areare -well defined in the EEG responses Pch, N200, P3a, P3b, and P3c, whereas the 
peakspeaks in the MEG corresponding in latency with Pch, N200, P3a, P3b, and P3c are 
lessless clear. A strong artefact (A) at 24 ms post stimulus, triggered by the LCD screen 
dominatesdominates the MEG signal. 

Fig.. 4 shows the averaged time signals of another subject (10 years of age), derived 
fromfrom 20 electrodes, and the maps of the electric and magnetic fields at different time 
instantss after stimulus onset. The responses to the events (171' checks, 15% contrast) 
aree shown on the left. The cursors were located on the main peaks of die mid-
occipitall  cross: Pch at 168 ms (channel 20, i.e., 02), N200 at 256 ms (channel 9, i.e., 
O,),, P3a at 312 ms (channel 10, Fz), P3b at 440 ms (channel 12, i.e., Pz) and P3c at 
5844 ms (channel 9, i.e., Oi). The electric fields for these latencies are viewed in the 
centree of this figure and the equivalent magnetic fields are plotted on the right. Both 
EEGG and MEG maps display images taken from above the head. In me EEG maps, 
thee electric fields of Pch and N200 are spatially-restricted to occipitally, whereas 
thesee of P3a are centre-parietal and of P3b occipital with a broad distribution of the 
electricc fields. P3c cannot be distinguished clearly in mis subject. Spatially localized 
parieto-occipitall  magnetic fields with a small distance between the positive and 
negativee magnetic polarity dominate in the MEG maps (less clear for N200 and P3c, 
aa better example in Fig. 2). In the MEG map of P3a there are additional opposite 
polarityy bands on the side of the head (lateral and "flanking"). 
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Infrequentt  171' checks (15%) 
EEGG 40 channels MEG 151 channels 

555 averages s s a v e r a g es 

Fig.Fig. 3b Averaged EEG (left) and MEG (right) time signals of the subject in Fig. 3a. The 
stimulusstimulus artefact is filtered off-line, and thus, the strength of the MEG responses is enhanced. 
InIn the MEG the P3a and P3b are clearly isolated, whereas the Pch, N200 and P3c are not 
measurable. measurable. 

Thee corresponding equivalent dipoles found for the sources of the EEG (on the left) 
andd MEG (on the right) event-related components (assuming a single dipole source, 
underlyingg each component) are presented in Fig. 5. For each source the head model 
iss viewed from the back, the right, and the top. The circle corresponds to the position 
off  the source and the line to the direction of the current. The equivalent dipole for the 
sourcee of the EEG Pch is located mid-occipitally and points outward from the head, 
whereass the corresponding MEG Pch source is occipital, but oriented tangentially 
andd close to the head surface. The dipole for the EEG N200 is located occipitalis 
withh a radial orientation, and close to the surfece, whereas the MEG N200 source is 
parietal,, tangentially oriented and close to surface of the head. The EEG P3a source 
iss located parieto-occipitally in the left occipital area of the head with a direction 
pointingg parietally and outside the head. The MEG P3a source modeling revealed a 
superficiall  parietal source, tangentially oriented, with a direction pointing left and 
parietally. . 

Thee dipole for the EEG P3b is found deep centrally, in the left hemisphere pointing 
towardss the parietal part of the scalp, whereas MEG reveals a tangential source, close 
too the surface, with a current, pointing left occipitally and outside the head. 
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Tablee 1 depicts the mean normative data (latency  SD, standard deviation) of the 
event-relatedd components, in the EEG and MEG of the subjects between 4 and 22 
years.. The correlations between the EEG components and the corresponding MEG 
"equivalents""  are shown in the bottom-half section of this table (see bellow the 
description). . 

Penn (Positive child' s component) 
Inn the EEG responses of 14 children, in particular in the children below 12 years, we 
detectedd a positive occipital component, which we labeled as Pch (positive child's 
component).. The mean latency of Pch was 180  25 ms and the mean amplitude was 
88  5 uV (15 tested). In several occipital groups of MEG channels we could also 
detectt a "positive component", with a mean latency of 191  26 ms (detected in 14 
subjects,, 15 tested; Table 1). The electric fields of the EEG Pch were optimal in the 
mid-occipitall  region of the head. The magnetic fields of the latency-corresponding 
MEGG Pch were restricted occipitally to the midline of the head, with an outgoing 
(positive)) field on the right and an incoming field on the left (Figs. 2 and 4). In some 
groupss of MEG channels we detected a "positive component", the latency of which 
wass similar to the onset latency of the EEG Pch component (measured from the 
baseline).. In other groups of MEG channels the latency of the dominating "positive 
component""  was around the offset of the EEG Pch component. An activity with a 
locationn and direction similar to the MEG Pch was identified in 7 subjects (15 
tested).. The mean peak-latency of this activity was around 230 ms. There was no 
correspondingg EEG "equivalent" for this response. 

Fig.Fig. 4 The visual event-related EEG responses to counted 171' events (15% contrast, 20 
electrodes)electrodes) are shown in the left column (10 years old subject). The cursors are placed on the 
channelschannels of the "mid-occipital cross ", where the evoked components have maximal amplitude: 
PchPch at 168 ms, channel 20 (i.e., 02); N200 at 256 ms, channel 9 (i.e., O^; P3a at 312 ms, 
channelchannel 10 (i.e., Fz); P3b at 440 ms, channel 12 (i.e., Pz); P3c at 584 ms, channel 9 (i.e., O]). 
TheThe middle column depicts maps of the electric fields of Pch (top), N200 (below the top), P3a 
(middle),(middle), P3b (below the middle) and P3c (bottom). The time-corresponding magnetic fields 
areare consecutively shown in the right column. Both EEG and MEG maps display images taken 
fromfrom above the head, with the nose on the upper part of the head. The electric fields of Pch 
andand N200 are restricted to occipitally, suggesting a superficial source, whereas the electric 
fieldsfields ofP3a and P3b are broad, suggesting a deep source. P3c is not clear in this subject. 
Spatially-restrictedSpatially-restricted parieto-occipital distributions with a short "distance" between the 
positivepositive and negative magnetic polarities dominate in the MEG maps of all event-related 
activitiesactivities (except for N200 andP3c; a better example in Fig. 2), which suggests tangential and 
superficialsuperficial (with respect to the scalp) sources. In the MEG map of P3a additional opposite 
polaritypolarity bands can be seen on the side of the head, i.e., lateral and "flanking", suggesting 
additionaladditional activity from deeper sources. 
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Theree was no statistically significant difference between the latencies of the EEG 
PchPch component and the latency-corresponding MEG "positive component" (t=1.30, 
p>0.2)) and the correlation between them was high (r=0.8, p<0.01; Table 1). Fig. 6 
showss the correlations between the latencies of the EEG and the time-corresponding 
MEGG "equivalents". The horizontal axis shows the EEG latency and the vertical axis 
showss the MEG latency. The correlation between an EEG component and the 
correspondingg MEG "equivalent" is high. The latencies of the EEG and MEG Pch 
significantlyy differed from the EEG and MEG N200, P3a, P3b, and P3c (Table 2). 
However,, there was no significant difference between the EEG Pch and CI 
componentt of the cortical VEP to standard onset/offset 171' checks (t=1.79, p<0.2), 
andd they were highly correlated (r=0.9, p<0.001; Tables 2 and 3). The correlations 
betweenn the EEG Pch and CI, and N200 were high, whereas the correlations 
betweenn the EEG Pch and P3a, P3b, and P3c were low (Table 2). The latency 
differencee between the MEG Pch and CI was not significant (t=1.41, p<0.2), 
whereass it differed significantly between the MEG Pch and the remaining other 
event-relatedd MEG "equivalents" (N200, P3a, P3b, and P3c; Table 3). The MEG Pch 
wass highly correlated with the MEG Cl, N200 and P3a (respectively r=0.71, p<0.05; 
r=0.72,, p<0.001; r=0.90, p<0.001), but the correlations with the MEG P3b and P3c 
weree low (r=0.34, pX).2; r=0.32, p>0.2). 
Bothh the EEG Pch and its "equivalent" MEG Pch varied with age: the latency 
shortenedd with increasing age. Figures 7a and 7b illustrate the latencies of the late 
EEGG components and the corresponding MEG "equivalents" as a function of age. 
Thee horizontal axis shows the age in months and the vertical axis the peak-latencies 
off  the components in ms; the straight line is the regression line. 
Sourcee modeling of the visual event-related EEG components and the corresponding 
MEGG "equivalents" was carried out in three subjects. In these subjects the signal-to-

Fig.Fig. 5 The corresponding equivalent dipoles found for the sources of the electric (on the left) 
andand magnetic (on the right) fields shown in Fig. 4. The outer sphere is the best fitting sphere 
throughthrough the electrode positions or sensors. The circle corresponds to the position of the source 
andand the line to the direction of the current. The mean error of the unexplained variance of the 
fitfit  was about 15%. The equivalent dipole for the source of the EEG Pch is located mid-
occipitallyoccipitally and radially with respect to surface of the head, whereas the corresponding MEG 
PchPch source is occipital, but orientated tangentially and close to the surface. The dipole for the 
EEGEEG N200 is located occipitally and close to the surface of the head and the MEG N200 
dipoledipole is parietal, tangential and close to the surface. The EEG P3a source is located parieto-
occipitalfyoccipitalfy in the mid-occipital part of the "head" with a direction of the current pointing 
parietallyparietally and outside the head. Source modeling of the MEG P3a revealed a superficial 
parietalparietal source, tangentially orientated with a direction pointing parietally. The dipole for the 
EEGEEG P3b is found deep centrally, in the left hemisphere pointing towards the parietal part of 
thethe head, whereas MEG reveals a tangential source, close to the surface, with a direction 
pointingpointing occipitally. The results in Fig. 4 and 5 are obtained from the same subject. Note, that 
thethe map of the MEG N200 as well as the equivalent dipole are similar to the corresponding 
resultsresults about the MEG P3a (Fig. 4 and 5). This finding was common in children, compared to 
adultsadults and is likely to be caused by the fact that in children the latencies ofN200 and P3a are 
closercloser to each other, and both components may overlap in time. 
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noisee ratio of the recordings was large enough and the standard error of the dipole 
analysiss was relatively small and thus source modeling could be performed. 

Sourcee modeling of the EEG Pen revealed a radial dipole, close to the surface. It was 
locatedd parietally around the midline, or parietally in the left or right hemisphere, 
withh a direction pointing parietally. Source modeling of the MEG Pch showed a 
tangentiall  dipole, close to the surface. It was located parietally, around the midline, 
pointingg towards the parieto-occipital part of the head. 

N200 0 
Thee EEG N200 component was detected in 15 children (maximal at Oz, Oi or 02), 
withh a mean peak-latency of 285  41 ms, and a mean amplitude of 8  4 uV (15 
tested).. Similarly, in the MEG recordings of these children, a "positive component" 
wass found, with a mean latency of 293  43 ms. The electric fields of N200 were 
spatially-restrictedd either to the mid-occipital (along the midline over the vertex) or 
too the latero-occipital (left or right) area of the scalp, and appeared to be subject-
dependentt (Figs. 2 and 4). The magnetic fields of the N200 "equivalent" over the 
headd were spatially-restricted to occipitally (Fig. 2). 

Somee groups of MEG sensors showed maxima near the onset, other groups near the 
maximall  peak, and still others near the offset of the corresponding EEG N200 
componentt (similarly to the MEG and EEG Pch findings). In five children the MEG 
N2000 was followed by an activity with a peak-latency longer than the EEG N200 
andd shorter than P3a (i.e., latency around 350 ms; 15 tested). The location of the 
magneticc fields of this "intermediate" activity across the head varied amongst the 
subjects.. There was no EEG "equivalent" detected for this latency. 
Althoughh the peak-latency of the MEG N200 was systematically longer than the 
peak-latencyy of the EEG N200 (Fig. 6), both peak-latencies were highly correlated 
(r=0.94,, p<0.001), and the difference between them was not significant (t=0.75, 
p<0.2).. The EEG N200 was highly correlated with the EEG Cl component of the 
corticall  VEP to 171' onset/offset checks (r=0.88, pO.001), and with the EEG Pch 
componentt (r=0.76, p<0.01). The differences between the EEG N200 and the EEG 
P3a,, P3b, and P3c were significant, and the correlations between the EEG N200 and 
EEGG P3a, P3b, and P3c were low (Table 2). The differences between the MEG N200 

Fig.Fig. 6 Correlations between the peak-latencies of simultaneously recorded visual EEG and 
MEGMEG responses. CI component is detected upon standard 171' onset/offset checks (with 15% 
contrast),contrast), whereas Pch, N200, P3a, P3b, and P3c components are detected after counting 
visualvisual 171' events (15% contrast). The straight line is the regression line. The correlation 
coefficientscoefficients (r)for the corresponding EEG/MEG peak-latencies are high and the P (two-tailed 
probability)probability) values are small, suggesting that EEG and MEG detect the same components. 
ThereThere is a large variation of the P3b peak-latencies, however the correlation is high. Although 
thethe latencies of the MEG CI and N200 components are longer than the corresponding EEG 
ClCl and N200 latencies, the correlations between them is high and differences are not 
significantsignificant (Table I). 
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andd the remaining other event-related MEG components were significant The 
correlationss between the MEG N200 and MEG CI, Pen, and P3a were high (Table 
3).. The peak-latencies of both the EEG and corresponding MEG N200 components 
shortenedd with increasing age (Fig. 7a). 
Sourcee modeling of the EEG N200 revealed a close to the surface of the skull radial 
source:: occipital ly around the midline, or occipital ly in the left or right hemisphere. 
Thee dipole was pointing centro-frontally. Source modeling of the MEG N200 
"equivalent""  yielded a tangential dipole, close to the surface, located in the parietal 
areaa of the head (around the midline, or either in the left or right hemisphere, which 
wass subject-dependent), pointing occipitally. 

P3a a 
Inn 12 subjects we found a positive centro-parietal EEG component, with a mean 
latencyy of 358  45 ms and a mean amplitude of 8  4 uV (15 tested). This 
componentt was validated as P3a, since it was evoked when subject was counting 
visuall  "infrequent" 171*  stimuli (i.e., events), ignoring (with distraction) visual 
events,, and observing standard onset/offset 171' checks (Giger-Mateeva et al., 
1999a).. Similarly, in the MEG we found a "positive component", with a mean 
latencyy of 356  43 ms (in 13 detected, 15 tested). The electric fields of P3a over the 
headd were broad with a centro-parietal maximum. The latency-corresponding P3a 
magneticc fields were distributed mainly at two locations across the scalp: mid-
occipital,, and latero-occipital on the side of the head (MEG-map; Figs. 2 and 4). The 
MEG-mapp of the mid-occipital distribution displayed an outgoing (positive) field on 
thee right and an incoming (negative) field on the left. The latero-occipital distribution 
hadd an opposite polarity with an outgoing field on the left and an incoming field on 
thee right. However, me mid-occipital distribution of the P3a was more prominent 
(Figs.. 2 and 4). 

Thee "distance" between the corresponding positive and negative magnetic polarities 
off  the mid-occipital distribution was shorter than thatt of the latero-occipital magnetic 
polarities.. Some groups of MEG sensors "detected" the onset, other groups the 
maximall  peak, and still others the offset of the EEG P3a. In six subjects (15 tested) 
thee MEG P3a component was followed by an additional component (latency around 
4100 ms), which latency and distribution of the magnetic fields across the head varied 
amongstt the subjects. 
Thee latencies of the EEG and MEG P3a were not significantly different and were 
highlyy correlated (t=0.42, p>0.2; r=0.95, p<0.001). The latency differences between 
thee EEG P3a andd EEG Cl, Pch, N200, P3b, and P3c were significant. 
Thee correlations of the P3a latency with the EEG Pch and the EEG N200 latencies 
weree small. The latency differences between the MEG P3a and the remaining other 
event-relatedd MEG "equivalents" were small. The MEG P3a peak-latency highly 
correlatedd with the latencies of the MEG CI, Pch and N200 (Tables 2 and 3). Both 
EEGG and MEG P3a peak-latencies shortened with increasing age (Fig. 7b). 
Sourcee modeling of the EEG P3a revealed a radial dipole, located in the parietal area 
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Tablee 2. Correlation analysis among the EEG components 

EEG G 

c. . 

Pen n 

N200 0 

P3a a 

P3b b 

1 M B M M B B 

CI I Pch h 

r=0.90 0 
(10) ) 

pp < 0.001 

N200 0 

r=0.88 8 
(10) ) 

pp < 0.001 

r=0.76 6 
(14) ) 

pp < 0.01 

P3a a 

r=0.85 5 
(9) ) 

pp < 0.01 

r=0.53 3 
(11) ) 

p<0.1 1 

r=0.47 7 
(12) ) 

p<0.2 2 

P3b b 

r=0.23 3 
(10) ) 

p>0.2 2 

r=0.01 1 
(14) ) 

p>0.2 2 

r=0.12 2 
(15) ) 

p>0.2 2 

r=0.33 3 
(11) ) 

pp > 0.29 

P3c c 

r=0.61 1 

(8) ) 

p<0.2 2 

r=0.46 6 

(9) ) 

p>0.2 2 

r=0.55 5 

(9) ) 

p<0.2 2 

r=0.01 1 

(7) ) 

p>0.2 2 

r=0.48 8 

(9) ) 

p<0.2 2 

(N),, number  of subjects; r, correlation coefficient; p, two-tailed probabilit y 

off  the head (around the midline, or in the left or right hemisphere), with a direction 
pointingg parieto-centrally. Source modeling of the MEG P3a "equivalent" showed a 
tangentiall  dipole, close to the surface of the head, located parietally and coinciding 
withh the location of the subject-corresponding EEG P3a dipole, but with a direction 
pointingg occipitally. 

P3b b 
Inn the counting the visual events condition we detected in all 15 subjects a positive 
EEGG component with an occipital maximum, with a mean latency of 477  38 ms, 
andd a mean amplitude of 8  4 uV. This component was small or absent in the 
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Tablee 2. Paired t-test among the EEG components 

EEG G 

Cl l 

Pen n 

N200 0 

P3a a 

P3b b 

CI I Pen n 

t=1.79 9 

(10) ) 

p<0.2 2 

N200 0 

t=17.0 0 
(10) ) 

pp < 0.001 

t=15.8 8 
(14) ) 

pp < 0.001 

P3a a 

t=22.3 3 

(9) ) 

pp < 0.001 

t=15.77 (11) 

pp < 0.001 

t=6.9 9 
(12) ) 

pp < 0.001 

P3b b 

t=14.6 6 

(10) ) 

pp < 0.001 

t=23.8 8 
(14) ) 

pp < 0.001 

t=12.6 6 

(15) ) 

pp < 0.001 

t=8.5 5 

(11) ) 

pp < 0.001 

P3c c 

t=12.7 7 

(8) ) 

pp < 0.001 

t=15.7 7 

(9) ) 

pp < 0.001 

t=11.0 0 

(9) ) 

pp < 0.001 

t=8.4 4 

(7) ) 

pp < 0.001 

t=6.3 3 

(9) ) 

pp < 0.001 

t,, t difference; p, two-tailed probabilit y 

recordedd signal in the ignoring (with distraction) the visual events condition, and was 
neverr evoked upon standard 171' onset/offset checks. On the basis of these 
observationss it was labeled as a P3b component (Giger-Mateeva et al., 1999a). In the 
MEGG we identified a component with a mean latency of 473  35 ms (in 14 detected, 
155 tested). The electric fields of P3b over the head were broad and mainly occipital. 
Thee corresponding magnetic fields were "restricted" to the occipital part of the head: 
eitherr in the mid-occipital, or in the left (right) occipital area. The MEG map of P3b 
displayedd an outgoing field on the right and an incoming field on the left with a short 
"distance""  between the fields (Figs. 2 and 4). Some groups of MEG sensors 
"detected""  the onset, other groups the peak, and still others the offset of the EEG 
P3b.. In three of the subjects below 12 years of age we detected in the MEG an 
additionall  "component", with a latency of approximately 510 ms. For this MEG 
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Tablee 3. Correlation analysis among MEG responses 

MEG G 

CI I 

Pch h 

N200 0 

P3a a 

P3b b 

CI I Pch h 

r=0.71 1 

(9) ) 

p<< 0.05 

N200 0 

r=0.90 0 

(9) ) 

pp < 0.001 

r=0.72 2 
(14) ) 

pp < 0.001 

P3a a 

r=0.81 1 

(8) ) 

pp < 0.02 

r=0.90 0 
(12) ) 

pp < 0.001 

r=0.93 3 
(13) ) 

pp < 0.001 

P3b b 

r=0.22 2 

(8) ) 

p>0.2 2 

r=0.34 4 
(13) ) 

p>0.2 2 

r=0.33 3 
(14) ) 

p>0.2 2 

r=0.44 4 
(13) ) 

p<0.2 2 

P3c c 

r=0.41 1 
(7) ) 

p>0.2 2 

r=0.32 2 
(9) ) 

p>0.2 2 

r=0.31 1 
(9) ) 

p>0.2 2 

r=0.15 5 
(8) ) 

p>0.2 2 

r=0.53 3 
(8) ) 

p<0.2 2 

(N),, number  of subjects; r, correlation coefficient; p, two-tailed probabilit y 

component,, an "equivalent" EEG component could not be detected. The latencies of 
thee EEG and MEG P3b components were highly correlated (r=0.83, p<0.001) and 
weree not statistically different (t=0.16, p>0.2). The correlations between the EEG 
(MEG)) P3b and any of the remaining event-related EEG (MEG) components were 
low,, and they were significantly different (Tables 2 and 3). The age-dependence of 
thee EEG and MEG P3b peak-latencies was not significant (r=0.31, p>0.2; r=0.42, 
p>0.1;; Fig. 7b). 
Thee EEG P3b source analysis yielded a deep radial dipole, located in the occipital 
areaa of the head (around the midline, or to the left or right of it) with a direction 
pointingg parietally. The dipole for the MEG P3b "equivalent" was tangential and 
closee to the surface of the head. Its location was parietal (coinciding with the location 
off  the subject-corresponding EEG P3b dipole). The direction was pointing parieto-
occipitally. . 
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Tablee 3. Paired t-test among MEG responses 

MEG G 

CI I 

Pen n 

N200 0 

P3a a 

P3b b 

CI I Pch h 

t=1.41 1 
(9) ) 

p<0.2 2 

N200 0 

t=13.7 7 

(9) ) 

pp < 0.001 

t=14.1 1 
(14) ) 

pp < 0.001 

P3a a 

t=15.6 6 

(8) ) 

pp < 0.001 

t=28.8 8 
(12) ) 

pp < 0.001 

t=15.9 9 
(13) ) 

pp < 0.001 

P3b b 

t=11.9 9 

(8) ) 

pp < 0.001 

t=28.6 6 
(13) ) 

pp < 0.001 

r=15.0 0 
(14) ) 

pp < 0.001 

t=10.0 0 
(13) ) 

pp < 0.001 

P3c c 

t=11.0 0 

(7) ) 

pp < 0.001 

t=18.1 1 

(9) ) 

pp < 0.001 

t=10.9 t=10.9 

(9) ) 

pp < 0.001 

t=9.3 3 

(8) ) 

pp < 0.001 

t=6.1 1 

(8) ) 

pp < 0.001 

t,, t dfference; p, two-tailed probabilit y 

Figs.Figs. 7a and 7b EEG and the corresponding MEG peak-latencies as a function of age (4-22 
years).years). The age (in months) is plotted on the horizontal axis, and the latency of the responses 
(in(in ms) is plotted vertically, the straight line is the regression line. The latencies of the EEG 
andand MEG CI's and Pch's show some tendency of shortening with age. There is an appreciable 
age-dependenceage-dependence of the EEG and MEG N200, P3a, and P3c latencies. The slopes of the 
regressionregression lines in the EEG and MEG Pic correlations (7b section of this figure) are steep, 
andand the latencies shorten by age 12. The Pic is not detectable above this age. The correlation 
coefficientscoefficients of the EEG and MEG P3b latencies as a function of age are small, and the age-
dependencedependence of the P3b latency within this range (4-22 years) is therefore low. However, the 
peak-latenciespeak-latencies of all EEG and corresponding MEG components are longest especially in early 
childhoodchildhood (below 8.3 years, i.e., 100 months). In the 16years old subject (200 months) the Pch 
waswas not distinguished and the VEP to standard 171' onset/offset checks was not recorded. 
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a a EEGG and MEG responses with age 
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P3c c 
Inn the counting the visual events condition, in the subjects below 12 years, a positive 
occipitall  component was detected in the EEG, with a mean latency of 602  69 ms 
andd a mean amplitude of 7  3 uV (in 9 detected, 15 tested). The latency of this 
componentt was longer than the latency of P3b, and therefore it was labeled as P3c. 
Thee mean latency of the MEG P3c "equivalent" was 594  70 ms (in 9 detected, 15 
tested).. The electric fields of P3c over the head were occipital. The magnetic fields 
weree restricted occipitally with an outgoing field on the left and an incoming field on 
thee right (Fig. 2). 
Thee peak-latencies of the EEG P3c and MEG P3c were highly correlated and the 
differencee between them was not significant (r=0.94, p<0.001; t=1.43, p>0.2). The 
correlationss between the P3c (in the EEG and MEG) and the remaining other EEG 
componentss and their MEG "equivalents" (Cl, N200, P3a, and P3b) were low. The 
EEGG and MEG P3c were significantly different from the other components (Tables 2 
andd 3). Both EEG and MEG P3c were age-dependent: the latencies shortened with 
increasingg age until 12 years of age, and above that age P3c could not be detected 
(Fig.. 7b). 
Sourcee modeling of the electric and magnetic fields of P3c showed a large inter-
subjectt variation. However, the source analysis of the electric fields of P3c revealed 
aa radial source, which was found either close to the surface or deep in the head (i.e., 
subject-dependent),, located occipitally, with a direction pointing parietally. Source 
modelingg of the magnetic fields of P3c showed inconsistent results. 

Discussion n 

Thee aim of this study was to compare simultaneously recorded EEG (from 
multiplee scalp electrodes) and MEG (from 151 sensors) event-related responses, 
evokedd by "infrequent" visual 171' checkerboard stimuli (events). Two approaches 
weree taken to analyze EEG and MEG data: the first approach assessed whether for 
thee visual event-related EEG components N200, P3a, and P3b latency-corresponding 
MEGG "equivalents" could be found, and if so, what the relationship between them 
wouldd be. The second approach assessed the topography of the latency-
correspondingg EEG and MEG responses: distribution and source modeling of the 
event-relatedd electric and magnetic fields across the head. 
Previouslyy we have recorded visual event-related components (N200, P3a, and P3b) 
att their optimal recording positions on the scalp (near Fz, Cz, Pz, and Oz; Giger-
Mateevaa et at, 1999a). To recognise these components in the EEG we have focused 
onn the same derivations also in the present study. To investigate the variability of 
N2000 maximum across the occipital part of the head, the occipito-lateral Oi and 02 
derivationss were added. 
Thus,, the composition of electrodes used to analyze visual event-related potentials in 
childrenn and young adults was defined as a "mid-occipital cross" (Fig. 1). 
Thiss approach was employed as a common way of initial data analysis in all the 
subjects,, irrespective of the total number of scalp electrodes. Thus, normative data 
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forr the event-related potentials (ERPs) in these young subjects was accumulated 
Oncee the EEG components were identified, their corresponding MEG counterparts 
weree determined hereafter referred to as MEG "equivalents". These latency-
correspondingg MEG peaks were dominant in certain groups of channels: in some of 
thee channels they were detected with positive polarity (i.e., outgoing magnetic field) 
andd in other channels the polarity was negative (i.e., incoming magnetic field). In 
addition,, the MEG signals were investigated for the occurrence of extra "peaks" 
withoutt corresponding peaks in the EEG. 
Followingg this line of investigation, we have found that for every visual event-related 
EEGG component, a latency corresponding MEG positive (negative) "component" can 
bee clearly detected. Moreover, these components are highly correlated and the 
differencee between them is not significant, suggesting a common source (Fig. 6). 
Furthermore,, additional MEG components were found with no latency-
correspondingg EEG "equivalents". The latency of the extra MEG components 
coincidedd either with the onset or with the offset of the corresponding EEG 
component. . 

Positivee child's component (Pen) 
Bothh the EEG and MEG Pen's are appreciably different and independent of the 
remainingg other event-related responses, in particular N200, P3a, P3b, and P3c 
(Tabless 2 and 3). There was no significant difference between the EEG and MEG 
Pch'ss and the EEG and MEG Cl's components of the standard VEP to 171' 
onset/offsett checks, suggesting that Pch and CI is one and the same component 
(EEGG Cl latency of 190  38 ms, amplitude of 4.1  1.4 uV, 10 subjects; MEG CI 
latencyy of 199  43 ms, 9 subjects). The amplitude of the EEG Pch component 
("infrequent""  171*) was about twice as large as the amplitude of the EEG Cl 
componentt (standard, i.e., "frequent" 171')- This could be a result of the large time 
intervalss between the successive presentations of the 171' stimuli. Furthermore, both 
thee electric and magnetic fields of the Pch are restricted to the parietal area of the 
head,, suggesting that the origin of Pch is superficial and near the region of the 
primaryy visual cortex (Figs. 2 and 4). 
Sourcee modeling of the EEG and MEG Pch revealed dipoles, which were located 
superficiallyy with respect to the parietal surface of the head with a direction pointing 
parietally.. These findings suggest that Pch originates near or in the visual cortex. 
Conclusion::  In children we measure both in EEG and MEG a child's positive 
componentt (Pch) which can be distinguished from N200, P3a, P3b, and P3c and 
correspondss to the CI component of the standard VEP. 

N200 0 
N2000 was detected both in the EEG and MEG. The latency of EEG N200 component 
inn children and young adults is longer than the EEG N200 latency in adults (285  41 
mss in children and young adults; 207  16 ms in adults from 40 to 60 years). 
Statisticallyy there was no difference in the peak-latencies between the EEG N200 
andd MEG N200, and the correlation between them was high (r=0.94, pO.001; 14 
subjects),, suggesting a common origin. Both EEG and MEG N200 latencies were 
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significantlyy different from the latencies of the remaining other event-related 
componentss P3a, P3b, and P3c (Tables 2 and 3). 
Fromm the topography and source analysis of the EEG N200 response, it can be 
concludedd that N200 has a localized occipital topography. The source of the EEG 
N2000 is close to the surface, pointing centrally and varies in exact occipital location 
amongstt subjects. This finding is in accordance with previous findings (Giger-
Mateevaa et al., 1999a), and suggests mat the origin of the visual N200 is in the visual 
occipitall  associative cortex (Alho et al., 1994). The magnetic fields of N200 are 
spatially-restrictedd to parietooccipital, since the "distance" between the positive and 
negativee magnetic polarities is short, suggesting a superficial and tangential with 
respectt to the scalp source (see Appendix). Furthermore, the source modeling of the 
MEGG N200 revealed a tangential superficial dipole, with an occipital direction. 
Thesee results suggest an origin in the visual associative areas. 
Conee lus km: The EEG N200 has a clear latency corresponding MEG "equivalent3'. 
MEGG detects additional activities, around the time of the EEG N200. The source of 
N2000 can be localized with both EEG and MEG, however in the EEG the radial 
componentt of this source is detected, whereas MEG detects the superficial and 
tangentiall  component of this source. 

P3a a 
Thee latency of the EEG P3a was longer in children and young adults (358  45 ms), 
comparedd to adults (259  27 ms). The EEG P3a and its latency corresponding MEG 
P3aa "equivalenf*  were not statistically different and showed a high correlation 
(r=0.95,, p<0.001; 11 subjects), which suggests that it is the same component (Table 
1).. The electric fields of the P3a over the head are broad, which is in line with our 
previouss study in adults (40-60 years, Giger-Mateeva et al., 1999a). In the latter the 
maximumm of the P3a electric fields was fronto-centraL, while in the present study 
(subjectss 4-22 years) we find a considerable shift of this maximum towards the 
parietall  area of the head. This finding is consistent, suggesting that the topography of 
P3aa is age-related. In the EEG a P3a dipole was found in the parietal part of the 
scalp,, with a direction of the current pointing parieto-centrally. 
Thee topographical analysis of the MEG P3a reveals two areas in the brain, which are 
activee during the time-interval the P3a is generated. One of them is spatially-
restrictedd to centro-parietal with a short "distance*' between the positive and negative 
magneticc polarities, which indicates a superficial and tangential source coming from 
thee region of the visual cortex (see Appendix; also Fig. 4, chapter 1). The other area 
iss lateral and "flanking" with a long "distance" between the corresponding magnetic 
polarities,, suggesting a second generator with a deeper location in the brain (Figs. 2 
andd 4, chapter 3). 
Conclusion::  The EEG P3a component shows a centro-parietal maximum over the 
scalpp in children and young adults. EEG detects the radial component of the P3a 
source,, whereas MEG detects mainly the tangential P3a component of the same 
source. . 
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P3b b 
Thee latency of the EEG P3b in children and young adults (age range 4-22 years) is 
longerr (477  38 ms) than the P3b in adults (384  37 ms, 40-60 years) There was no 
significantt difference between the peak-latencies of EEG P3b and MEG P3b, and the 
correlationn between them was high (r=0.83, p<0.001; 13 subjects), which suggests 
thatt it is one and the same component coming from a common source. This finding is 
nott in line with previous studies (on visual and auditory P3b), in which a 
considerablee latency difference between the MEG P3b and the EEG P3b was found 
(Gordonn et al., 1987; Rogers et a!., 1993). However, in these studies a single channel 
orr a seven channel MEG system was employed, which might have led to an 
insufficientt coverage of sensors over the scalp. The limited coverage of the MEG 
devicee have resulted in a lower signal-to-noise ratio for the generator estimation, 
especiallyy when the dipole is situated in the deep and basal parts of the brain like the 
hippocampuss for the P3b (Okada et al, 1983; Rogers et al., 1993; Tarkka et al., 
1995).. This could decrease the chance for detecting the "equivalent" P3b response 
fromfrom the signal, but "intermediate" (earlier or later) peaks might be detected instead. 
Withh the multiple-channel MEG (151 channels), in our study we detected the 
latency-correspondingg MEG P3b "equivalent", as well as earlier and later "peaks" 
aroundd the time of the MEG P3b, the latency-counterparts for which were 
respectivelyy the onset and offset of the EEG P3b. This suggests that in the previous 
works,, the onset and/or offset of the EEG P3b was most likely detected in the MEG 
recordingg and thus it was assumed that the MEG P3b has "earlier" or "later" latency 
comparedd to the latency-corresponding EEG P3b component. 
Thee EEG P3b component has in the children below 12 years of age an occipital 
maximum,, which is in agreement with other studies on P3b in children (Van der Stelt 
ett al., 1998). The source analysis of the EEG P3b in children resembles our previous 
findingss in adults: a deep dipole (Giger-Mateeva et al., 1999a), whereas the MEG 
P3bb results revealed a superficial tangential dipole, located parietally. These results 
suggestt that the source of P3b seems to originate in deep structures of the brain, but 
alsoo has a component coming from the vicinity of the primary visual cortex. 
Furthermore,, multiple generators for the EEG P3b response have been proven by 
surgicallyy implanted electrodes (Halgren et al., 1980; Knight et al., 1989; McCarthy 
ett al., 1989), whereas Rogers et al. (1993) using seven MEG channels found two 
differentt sources for the MEG P3: a cortical (modality specific) and a subcortical 
one,, with different peak-latencies. 
Conclusion::  For the EEG P3b there is a latency corresponding MEG equivalent. P3b 
iss optimal over the occipital part of the head. During the time-interval of P3b a deep 
(radial)) source is active revealed by EEG, as well as a superficial tangential 
componentt of this source, localized by MEG. 

P3c c 
Thee EEG P3c and MEG P3c peak-latencies were highly correlated and the difference 
betweenn them was not significant, which suggests that these components are 
generatedd by the same source. The latency variation of P3c is large, like the 
variabilityy of the P3b component. The amplitude of the EEG P3c component is 
maximall  when counting the visual events. P3c was detected in nine of the 12 
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subjectss who were under or equal to 12 years of age, whereas it was not seen in the 
responsess of the subjects above this age (three subjects). In our previous study on 
visuall  event-related potentials in adults (age range 40 to 60 years), an EEG P3c-like 
componentt was not identified (Giger-Mateeva et al., 1999a, chapter 2). There was an 
appreciablee difference and low correlation between the EEG and MEG P3c 
components,, and the remaining event-related components. 
Conclusion::  P3c response appears to be associated with the cognitive development 
inn young age (by 12 years of age), since it is evoked when performing a counting 
taskk and can be isolated in the recorded signal of the subjects younger than 12 years 
off  age, but not in older subjects. 

Inn the early childhood (until 12 years of age) visual EEG and MEG N200, P3a, P3b, 
andd P3c are clearly detected, whereas above this age N200, P3a, and P3b dominate in 
thee response (i.e., similar to the ERP results from the subjects from 40 to 60 years of 
age;; Giger-Mateeva et al., 1999a). The optimal locations of the event-related 
activitiess across the scalp are "shifted" towards the backside of the scalp in young 
subjectss (between 4 and 22 years; Figs. 2 and 4). 

Fig.. 8 depicts the latencies of the EEG and MEG event-related peaks in all 16 
subjectss as a function of age (age range between 4 and 22 years). The recordings 
weree made while the subjects counted the visual events. Four event-related EEG 
componentss (on the left) and their MEG "equivalents" (on the right) are isolated in 
thee responses of subjects from 4 till 12 years of age: N200, P3a, P3b, and P3c. 
Abovee this age, only three event-related responses are detected: N200, P3a, and P3b. 
Thee peak-latencies of N200 and P3a shorten with age, whereas the peak-latency of 
P3bb shortens gradually in this age range (Figs. 7a and 7b). The latency of P3c rapidly 
shortenss by the age of 12 years, and above this age P3c is not detectable. 

Conclusions s 
Ourr findings suggest mat for every visual event-related EEG component N200, P3a, 
P3b,, and P3c, there is a latency-corresponding MEG component. Thus, we can 
assumee that the responses in the EEG and MEG mainly represent the same neuronal 
sources.. Using a whole head MEG recording technique the activation of additional 
brainn regions in time after stimulus onset can be seen. This is revealed by the 
detectionn of latency-"intermediate" components coinciding with the onset or offset 
off  corresponding EEG components. 
Theree is no difference in detecting superficial tangential brain sources using either 
EEGG or MEG (for example, CI i.e., Pch). Note, that MEG cannot detect activities 
comingg from radially oriented sources (superficial or deep), however MEG detects 
somee deeper activities (e.g. P3a), which suggests that this activity originates from a 
subcorticall  source tangentially oriented with respect to the scalp. 
Thee source generating a visual event-related activity can be localized by both EEG 
andd MEG; EEG detects the radial component of the source, whereas MEG facilitates 
thee detection of the tangential and superficial component of this same source. 
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Inn the childhood the visual event-related activities are maximal at the posterior part 
off  the head: P3a shows a centro-parietal maximum and P3b a parieto-occipital 
maximum.. The mean latencies of N200, P3a, and P3b in children (4-22 years) are 
longerr than the latencies of these components in adults (40-60 years, Giger-Mateeva 
ett al., 1999a; Fig. 8). However, a greater number of data points of various ages 
wouldd confirm whether this change is steep or gradual. 

Fig.Fig. 8 Visual event-related EEG and MEG peak-latencies in the visual counting (171' events, 
15%15% contrast) condition as a function of age (4-22 years). The left side of this figure shows the 
EEGEEG peak-latencies (ms) and on the right the MEG peak-latencies are plotted. The horizontal 
axesaxes on both plots denote the age (in years). There are four visual event-related components 
detecteddetected in the subjects below 12 years of age: N200, P3a, P3b and P3c, whereas above that 
ageage only N200, P3a and P3b can be distinguished. The latency of both the EEG as well as 
MEGMEG P3b components is not significantly influenced by the age. In the four years old subject 
onlyonly the EEG and in the five years old subject only the MEG was recorded. 
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Appendix x 

EvaluationEvaluation of the magnetic fields across the scalp 
Thee magnetic field diminishes rapidly in strength in inverse proportion to the square 
off  the distance from the source. Thus, a deeper location of a dipole in the brain will 
givee rise to a smaller signal-to-noise ratio, because the decreased signal from deep in 
thee brain is obscured by the background activity (noise) coming from the cortex 
(Harii  and Lounasmaa, 1989; Hari, 1990). Furthermore, the conventional sensor array 
whichh employs all the sensors placed parallel to the surface, cannot detect magnetic 
fieldss originating from dipole radially oriented to the brain surface (e.g. deep brain 
sourcess and the dipole of the foveal projection), but detects magnetic fields from 
tangentiall  dipoles only (Stok et al., 1987; Wikswo et al., 1980; Van Dijk and 
Spekreijse,, 1990; Naatanen et al., 1994). 
Havingg the distribution of the evoked magnetic fields in the MEG map, the 
approximatee depth in the brain of the underlying source(s) can be estimated. Electric 
currentt generates an outgoing magnetic field defined as a positive field (polarity) and 
ann incoming, i.e., negative field (polarity) over the scalp (Wikswo et al., 1980). 
Usingg the "right-hand rule", the direction of the current and the corresponding 
magneticc field can be determined (Fig. 4, chapter 1). If the source of this current is 
superficiall  (i.e., near or within the brain cortex) the outgoing and incoming magnetic 
polaritiess appear to be close to each other, and the magnetic field looks spatially-
restrictedd (e.g. the MEG maps in Figs. 2 and 4, chapter 3). If the source generating 
magneticc fields is located deeper in the brain, the "distance" between the outgoing 
andd incoming magnetic polarities increases, and the corresponding magnetic field 
lookss lateral and "flanking" (Rogers et al., 1993; Fig. 4, chapter 3). 
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CHAPTERR IV 

VISUALL  EVENT-RELATE D POTENTIAL S IN CLINICALL Y 
NON-ENCEPHALOPATHI CC PATIENT S WITH CIRRHOSIS 

Vesselaa I. Giger-Mateeva, Frans C.C. Riemslag, Dik Reits, E. Anthony Jones, Boris 
Liberovv and Henk Spekreijse, submitted for publication 

Abstract t 
Background'Aim:Background'Aim: The purpose of this study was to screen ambulant patients with 
cirrhosiss and no overt evidence of encephalopathy for electrophysiological evidence 
off  impaired brain function. 
Methods:Methods: Visual event-related potentials (ERPs), onset/offset visual evoked 
potentialss (VEP) and pattern-reversal potentials, as well as the spontaneous 
electroencephalogramm were recorded from 20 control subjects, with an age range 
fromfrom 40 to 60 years and 28 patients with histologically-proven cirrhosis and no 
clinicall  evidence of encephalopathy. For recording of the visual ERPs "frequent" 
checkerboardd stimuli were randomly interleaved with "infrequent" ones. Normative 
valuess for the visual ERPs (N200, P3a, and P3b) were determined using an 
optimizedd visual stimulus for separation of these components. The latencies and 
amplitudess of the onset and pattern-reversal VEPs were measured as well as the peak 
frequencyfrequency of die alpha rhythm and a number connection test (NCT) was applied. 
Results:Results: The diagnostic value and sensitivity of the method developed to record 
ERPss were assessed by comparing the latencies of ERPs in the 20 control subjects 
andd 19 age-matched patients. 
Significantlyy prolonged latencies of the P3a and/or P3b components were detected in 
sevenn of the 19 cirrhotic patients and in four patients the NCT was prolonged. The 
amplitudess of the ERP components were in all patients within the normal range as 
welll  as the latencies and amplitudes of the onset VEP, the pattern-reversal responses 
andd the alpha frequency. 
Conclusion:Conclusion: Cirrhotic patients with prolonged P3a and/or P3b latencies may have 
subclinicall  hepatic encephalopathy. 
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Introductio n n 

Thee occurrence of subclinical hepatic encephalopathy (SHE) is generally 
acceptedd (Chalasani and Gitlin, 1997). However, there is currently a lack of 
agreementt regarding the definition of this entity or the criteria for diagnosing it. 
Hepaticc encephalopathy (HE) is a complication of liver failure, characterized by 
"globall  depression of CNS function" (Basile et aL, 1991). In patients with cirrhosis it 
mayy occur as acute episodes of disorientation and impaired consciousness or as a 
moree chronic impairment of intellectual function, characterized in early stages by 
changess in personality and behavior, deficits of cognitive abilities and deterioration 
off  short-term memory and attention. Both acute and chronic HE may progress to 
comaa (Scherlock and Dooley, 1997). 
Thee neuropsychiatric features of the earliest stage of overt HE (stage I) tend to be 
subtlee and non-specific, and the diagnosis of stage I HE is often made in retrospect, 
afterr the patient has progressed to a more advanced stage of encephalopathy. In stage 
II  HE personality changes, discrete psychomotor dysfunction and alteration of sleep 
rhythmm may occur. In contrast, in SHE no neuropsychiatric deficit is detectable on 
routinee clinical examination. The subpopulation of cirrhotic patients with subclinical 
orr stage I HE may superficially appear to have normal mental function, particularly 
verball  function (Schomerus et aL, 1981). The spontaneous electroencephalogram 
(EEG)) seems to provide inconsistent data on neuroelectrophysiological changes in 
thee brain in cirrhotic patients without overt HE (Levy et al., 1987; Weissenborn et 
aL,, 1990; Van der Rijt et al, 1984; Kuba et al., 1996; Amodio et al., 1998), but the 
EEGG is consistently abnormal in cirrhotic patients with clinically overt HE (Parsons-
Smithh et al., 1957; Van der Rijt et al., 1984; Weissenborn et al., 1990). Psychometrie 
testss which are rather subjective (Conn, 1977; Weissenborn et al, 1988; Zeneroli et 
al.,, 1992) such as the number connection test (NCT), are abnormal in some cirrhotic 
patientss without overt encephalopathy (Gitlin et al., 1986; Sood et al., 1989; Quero et 
aL,, 1996; Schomerus et al., 1993; Amodio et aL, 1998). Primary sensory components 
off  potentials evoked by visual, auditory and somatosensory modalities have also 
yieldedd inconsistent results in cirrhotic patients without overt HE and appear to be 
unreliablee in the recognition of SHE (Johansson et aL, 1989; Mendiratta et al., 1990; 
Sandfordd and SauL 1988; Yang et al., 1985; Yang et aL, 1986; Yen and Liaw, 1990; 
Zenerolii  et al., 1984). However, the magnocellular system of the visual pathway, 
assessedd by motion-onset VEP, has been reported to be sensitive in the detection of 
SHEE (Kuba et al., 1996). The P300 component of visual or auditory event-related 
potentialss (ERPs) appears to be more frequently and consistently delayed in cirrhotic 
patientss without overt encephalopathy than primary sensory components of evoked 
potentialss (Weissenborn et al., 1990; Davies et al., 1990; Kügler et al., 1992). The 
P3000 is a complex consisting of distinct potentials N200, P3a, and P3b. This 
complexx can be elicited when subjects respond to "infrequent" auditory stimuli 
(Squiress et al., 1975). We developed an optimized method for recording distinct 
visuall  event-related components (N200, P3a, P3b) in the brain and applied it to 20 
normall  subjects (Giger-Mateeva et al., 1999a). We then applied the method to 
determinee whether electrophysiological changes could be detected in the brain of 
cirrhoticc patients without overt encephalopathy. We compared the visual ERPs with 
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standardd onset/offset VEP, pattern-reversal evoked potentials, the spontaneous EEG 
andd the NCT. 

Material ss and methods 

Normativee data were derived from 20 healthy subjects (age of 40 to 60 years) with 
normall  (or corrected) visual acuity (better than 1.0) and without neurological or 
hepaticc diseases. In addition, 28 patients were evaluated electrophysiological!)-' (7 
femaless and 21 males, 22 to 80 years; normal or corrected to normal visual acuity). 
Twentyy six of them had histologically confirmed cirrhosis without evidence of overt 
encephalopathy.. One patient had grade II HE (Parsons-Smith et al., 1957). The cause 
off  cirrhosis was alcohol abuse (9 patients), chronic viral hepatitis (13 patients), and 
autoimmunee or cryptogenic cirrhosis (5 patients). The data on nine patients were 
excludedd from the study because two of them were taking sedatives, five had an age 
outsidee the specified range (40 to 60 years), one had primary hepatocellular cancer 
andd one did not have a diagnosis of cirrhosis confirmed by liver biopsy. Of the 
remainingg 19 patients at the time of study no patient was known to be taking ethanol 
orr any neuroactive drug, and none of these patients had any major medical disorder 
otherr than cirrhosis, including Parkinson's disease, Alzheimer's disease, multiple 
sclerosis,, diabetes mellitus, ophthalmological lesion or active infection. The Child-
Pughh classification of each of these 19 patients is included in Table 2. 
Alll  subjects and patients were fully informed about the purpose of the tests and the 
generall  procedures. Any caffeine-containing beverage was prohibited for 12 hours 
beforee and throughout the period of evaluation. 

Subjectss and patients were evaluated in a semi-darkened room (mean illuminance 
30-400 lux). They sat at a distance of 1.20 m from a television screen 
(HP20W15.7/50,, Tetracon, Breda,, The Netherlands; mean luminance 200 cd/m2) on 
whichh the visual stimuli appeared. 
Too evoke visual ERPs frequently presented black-and-white 12' checkerboard stimuli 
att 10% contrast were randomly interleaved with 200' events of 10% contrast (every 
4**  to 8th presentation of the 12' stimulus, i.e., about once every 3.84 s). The cycle 
periodd for both kind of stimuli was 640 ms, the duration of the onset of the checks 
wass 40 ms, and the offset 600 ms. The EEG was sampled every 4 ms from four Ag-
AgCII  scalp electrodes near the Fz (frontal), Cz (central), Pz (parietal), and Oz 
(occipital)) positions.28 The EEG signal was filtered between 0.6 and 4.5 Hz. Each 
separatee recording lasted about 150 s. The subject was asked to count the number of 
thee presented events. Comparison between the reported number and the actual 
numberr presented was used to check the vigilance of the subject. 
Standardd pattern onset/of&et VEP to 200' checks at 10% contrast and to 12*  checks at 
80%% contrast, and pattern-reversal VEP to 60' check stimuli at 95% contrast were 
alsoo recorded (filter bandwidth: 0.5-70 Hz). For the standard onset/offset stimuli the 
cyclee period was 440 ms: 40 ms black-and-white check and 400 ms offset with the 
samee mean luminance. During the analysis the recordings evoked by the onset of 
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200'' checks were filtered between 0.6 and 4.5 Hz to enable comparison with the 
ERPs.. The cycle period of the pattern-reversal stimuli was 800 ms: each check was 
blackk for 400 ms and white for another 400 ms, so that a sweep time of 800 ms 
resultedd in two responses being recorded. The amplitudes of the long-latency 
componentss (N200, P3a, and P3b), the striate C2 component (first negative 
componentt of the VEP to 12' checks onset/offset), the extrastriate positive C3 
componentt of the standard onset/offset VEP to 12' checks and the PI00 peak 
(pattern-reversall  VEP) were measured in relation to the mean voltage of the first 40 
mss after the stimulus onset. The peak latencies of the components were measured 
fromfrom stimulus onset. 
Thee NCT was performed as follows: after explanation and demonstration, each 
subjectt (patient) was asked to connect in correct order as quickly as possible a 
sequencee of numbers from 1 to 25 that were randomly distributed on a sheet of 
paper.. 11 Two different tests of equal difficulty were performed one after the other 
andd the time (in seconds) to complete each test was recorded. 

Spontaneouss EEG activity was recorded with "eyes open" and "eyes closed". During 
thee "eyes closed" recording, the participants were asked to move a finger from time 
too time, to maintain their state of wakefulness (filter bandwidth 0.5-31 Hz). The 
peak-frequencyy of the alpha rhythm was measured from the powerspectrum (Oz 
derivation)) and compared to the normative values of alpha rhythm for the relevant 
agee range (40 to 60 years). 

Inn 19 clinically non-encephalopathic cirrhotic patients responses to visual stimuli 
whilee counting the visual 200*  events and standard 200' pattern onset/offset 
conditionss were recorded. In seven of these patients standard VEP to 12' onset/offset 
stimulii  and pattern-reversal potentials were also recorded. Eight of these patients 
weree tested again (more than six months later). During retesting the result of a NCT 
andd the spontaneous EEG were also recorded. One whole data acquisition period 
lastedd about 45 minutes. 
Laboratoryy blood tests included serum bilirubin (total and direct), albumin, alkaline 
phosphatase,, gamma-glutamyl transpeptidase (gamma-GT), alanine aminotransferase 
(ALAT) ,, aspartate aminotransferase (ASAT), prothrombin time and platelet count. 
Bloodd samples were taken within three weeks of the psychometric and 
electrophysiologicall  tests. 
Thee study protocol was approved by the Medical Ethical Committee of the 
Academicc Medical Centre, University of Amsterdam. Written informed consent was 
obtainedd from all patients in accordance with guidelines for Good Clinical Practice, 
whichh underwrite the principles of the Declaration of Helsinki, 1975. 
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Results s 

Visuall  event-related potentials 

A.. Healthy subjects 
Too isolate the different long-latency components (N200, P3a, P3b) large (200') 
checkss at low (10%) contrast were used as visual events. Since these stimuli evoked 
smalll  sensory early components the overlap in time between 

Frequentt 12' checks (10%) 

P3aa 332 ms -

5uV V 
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A A 

AK AK AA  / V -
1000 ms 

Fz z 

Cz z 

Pz z 

Oz z 

Infrequentt 200'checks (10%) 

P3aa 232 ms 

y y 
' ^ ^ 

/ / M M 
r r 

\\ P3b 352 ms 

"\V V 
IOMVII . ^ V 

\ \ V V 
N2001800 ms 

ff  V 
countedd events 

Fig.Fig. 1 Event-related potentials in response to visual stimuli at 10% contrast in a normal 
(healthy)(healthy) subject. The recording is made from four Ag-AgCl midline scalp electrodes located 
nearnear the frontal (Fz), central (Cz), parietal (Pz) and occipital (Oz), fdtered between 0.6 and 
4.54.5 Hz (Jasper, 1958). The responses evoked by counting 200' events are shown on the right. 
TheThe indicators point to the long-latency components evoked: N200 at Oz (latency of 180 ms), 
P3aP3a at Fz (latency of 232 ms) and the cognitive P3b with a maximum at Pz (latency of 352 
ms).ms). The responses evoked by the "frequent" 12' checks (10% contrast) are shown on the left. 
TheseThese stimuli evoke a cortical VEP (Oz) and a P3a component (Fz, Cz), the latency of which is 
longerlonger than when evoked by the 200' checks (latency of 332 ms; Giger-Mateeva et al, 1999a). 

thee early primary sensory and the late components was small. Figure 1 illustrates 
dataa from a normal subject. The recorded signal is filtered between 0.6 and 4.5 Hz. 
Onn the left are the primary sensory responses to the "frequent" 12' checks (Oz) at 

95 5 



10%% contrast, and on the right are the responses to the 200' events showing three 
distinctt late components: N200 (Oz), P3a (Fz) and P3b (Cz, Pz). The P3a component 
cann also be recognized in the response to the "frequent" 12' stimuli (Fz, Cz), with a 
latencyy longer than when evoked by 200' stimuli (Giger-Mateeva et al., 1999a). 
Usingg the 10% contrast "frequent" 12' stimuli and the 200' events the peak latencies 
andd amplitudes of the three event-related components (N200, P3a, P3b) were 
measuredd in 20 healthy subjects to generate normative data. The mean values for the 
healthyy subjects are presented in Table 1. The mean peak latency for N200 was 207 

 16 ms (SD), and its mean amplitude 3.6  1.4 ^V (18 healthy subjects); the mean 
peakk latency for P3a was 259  27 ms and its amplitude 3.4  1.2 uV (18 healthy 
subjects);; and the mean peak latency for P3b was 384  37 ms and its amplitude 7.3 

 2.9 uV (20 healthy subjects). 

Tablee 1. Mean normative data of event-related components (age 40 to 60 years) 

Component t 

N200 0 

P3a a 

P3b b 

latency y 

meanmean  SD (ms) 

2077 6 

2599 7 

3844 7 

amplitude e 

meann  SD (u.V) 

3.66 4 

3.44 2 

7.33 9 

numberr  of 

subjects s 

18 8 

18 8 

20 0 

Thee intra-individual reproducibility of N200, P3a, and P3b latencies, amplitudes and 
waveformss were assessed from repeated measurements (total of two measurements 
perr subject). Within one experimental session the mean intra-individual difference 
wass -1  10 ms for N200 latency (18 healthy subjects), -3  9 ms for P3a latency (16 
healthyy subjects) and +4  18 ms for P3b latency (20 healthy subjects). The 
differencee value was obtained by subtracting the latency value of a component 
duringg the first recording from the latency value of that component during the second 
recording. . 
Fivee healthy subjects were evaluated on a second occasion within one year of the 
firstfirst evaluation. The mean inter-session latency difference was -0.5  6 ms for N200, 
-44  7 ms for P3a, and -9  11 ms for P3b (second occasion result minus the 
correspondingg first occasion result). 
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B.. Patients with cirrhosis 
Duringg the evaluation all patients were well oriented with respect to time and place 
andd responded to instructions appropriately. For each patient the number of the 
countedd visual events corresponded closely to the number of events presented. 

Thee mean N200, P3a, and P3b values for the 19 patients are presented in Table 2. 
Eachh value is the mean of two separate recordings. Latencies longer than the mean 
pluss two SD of the mean for the (age-matched) controls were regarded as abnormal 
(delayed).. Six of the 19 patients had prolonged latencies of ERPs. In these six 
patientss the amplitudes were within the normal range. N200, when detected (13 
patients),, always had a normal latency. P3a was detected in 17 patients. In three 
patientss P3a was delayed while P3b latency was within the normal range. Both P3a 
andd P3b were delayed in two patients. P3b alone was delayed in one patient. 

Figuree 2 depicts examples of delayed P3a and/or P3b components elicited while 
patientss counted the 200' events at 10% contrast. On the left of the figure are 
responsess from a patient, in which the P3a component is significantly delayed (328 
ms),, but the P3b has a normal latency (416 ms). A repeat evaluation in that patient 
yieldedd similar results (patient 6, Tables 2 and 3). Shown on the right of Figure 2 are 
responsess from another patient, in which both the P3a (320 ms) and P3b (504 ms) are 
delayedd (patient 10, Table 3). The N200 component of both patients could not be 
detected. . 

Tablee 3 shows the mean visual ERP data from eight patients who were tested again 
onn a second occasion. The patients' numbers (first column) are those of Table 2. In 
twoo cases the latency of the N200 component was shorter (patients 3 and 8), but 
remainedd within the normal limits. In two patients the P3a and P3b components were 
significantlyy delayed on both occasions (patients 6 and 8). In patient 6 the latency of 
P3aa was 32 ms longer in the repeat evaluation. In three other patients the latencies of 
P3bb were appreciably shorter on the second occasion (patients 2, 5 and 7), but these 
latenciess also remained within the normal limits. In one patient (patient 10) the 
latenciess of both P3a and P3b components, which were normal at the first evaluation 
(Tablee 2), were significantly prolonged at the repeat evaluation (Table 3). Another 
patientt was tested three months before (patient 2, Table 2) and three months after 
liverr transplantation (Table 3). On both occasions the latencies and amplitudes of the 
latee components were within the normal age range. However, all three components 
(N200,, P3a, and P3b) hadd shorter latencies after the transplantation than before. 
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Tablee 2. Mean latencies and amplitudes of ERPs (of two successive recordings) in 
cirrhoti cc patients without overt encephalopathy (age 40 to 60 years). 

PATIEN T T 
N=19 9 
Child --
Pugh h 

Classifica a 
tion tion 

11 A 6 ,A 

2 A ? ,B B 

33 6,A 

44 ?,B 

55 5,A 

66 6,A 

77 7, A 

88 8,B 

99 5,A 

100 8,B 

111 5, A 

122 5, A 

13A 5,A A 

144 9,B 

15A 6,A A 

166 5, A 

177 5,A 

188 5,A 

199 6, A 

N200 0 
latency y 
(ms) ) 

200 0 

208 8 

216 6 

--

208 8 

--

208 8 

200 0 

--

--

200 0 

186 6 

210 0 

--

228* * 

220 0 

--

198 8 

190 0 

N200 0 
amplitude e 
(HV) ) 

7.7 7 

1.9 9 

4.7 7 

--

1.6 6 

--

2.4 4 

2.0 0 

--

--

2.6 6 

5.4 4 

3.8 8 

--

4.8 8 

13 3 

--

1.1 1 

1.1 1 

P3a a 
latency y 
(ms) ) 

_ _ 

226 6 

278 8 
419*** * 

300* * 

328** * 

298* * 

388*** * 

304* * 

306* * 

320** * 

270 0 

256 6 

--

288* * 

240 0 

270 0 

340** * 

262 2 

P3a a 
amplitude e 
0»V) ) 

_ _ 

7.0 0 

3.6 6 

3.8 8 

7.7 7 

3.2 2 

63 3 

2.4 4 

5.5 5 

4.4 4 

1.7 7 

33 3 

7.4 4 

--

4.4 4 

1.9 9 

4.8 8 

8.4 4 

6.4 4 

P3b b 
latency y 
(ms) ) 

375 5 

421* * 

460** * 

476** * 

454* * 

416 6 

434* * 

480** * 

402 2 

398 8 

411 1 

398 8 

412 2 

400 0 

420 0 

346 6 

446* * 

440* * 

454* * 

P3b b 
amplitude e 
(uV) ) 

18.9 9 

5.8 8 

7.8 8 

6.9 9 

9.9 9 

4.8 8 

6.2 2 

2.5 5 

9 9 

8.1 1 

23 3 

19 9 

7.6 6 

3.9 9 

4.0 0 

2.7 7 

4.4 4 

8.8 8 

10 0 

(A)) Patients, in whom the NCT-time was delayed (Le., longer  than 43 s), but the ERPs 
weree within normal limits. (-) Patients, in whom an ERP was not detected. 

Child-Pughh scores: range from 5 to 15, with 5 best and 15 worst; grade A is better 
thann B, which is better  than C. 

98 8 



Tablee 3. Second assessment of cirrhoti c patients without overt encephalopathy 

Patient t 

1 1 

2 2 

3 3 

5 5 

6 6 

7 7 

8 8 

10 0 

N200 0 
latency y 
(ms) ) 

208 8 

196 6 

184 4 

208 8 

216 6 

--

176 6 

--

N200 0 
amplitude e 

0*v) ) 

3.9 9 

5.7 7 

3.7 7 

2.4 4 

2 2 

--

1.9 9 

--

F3a a 
latency y 
(ms) ) 

— — 

211 1 

252 2 

298* * 

360*** * 

279 9 

396*** * 

320** * 

F3a a 
amplitude e 
(uV) ) 

„ „ 

6.8 8 

3J J 

7.2 2 

5.8 8 

3.9 9 

3-3 3 

5.7 7 

F3b b 
latency y 
(ms) ) 

390 0 

396 6 

452* * 

417 7 

420 0 

380 0 

464** * 

504*** * 

P3b b 
amplitude e 

OiV) ) 

10.6 6 

4.8 8 

6.7 7 

9.9 9 

8.6 6 

6.1 1 

3.9 9 

7.6 6 

Tested d 
after r 

months s 

10 0 

8 8 

7 7 

7 7 

8 8 

5 5 

7 7 

6 6 

(-)) Patients, in whom an ERP was not detected 

Normativee data of the healthy subjects (age 40 to 60 years) 

N2000 latency (ms) 

**  >mean+lSD(223) 

***  >mean+2SD(239) 

***>mean+3SD(255) ) 

P3aa latency (ms) 

**  >mean+lSD(286) 

***  >mean+2SD(313) 

***>mean+3SD(340) ) 

P3bb latencyy (ms) 

**  >mean+lSD(421) 

***  >mean+2SD(458) 

***>mean+3SD(495) ) 
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Fig.Fig. 2 Event-related potentials to counted visual 200' events at 10% contrast in two cirrhotic 
patientspatients without evidence of overt encephalopathy. In both cases the N200 component is not 
clearlyclearly isolated. The left panel shows a recording from a 54-year-old female patient (patient 6, 
TablesTables 2 and 3). The P3a response to the visual 200' events is delayed (latency of 328 ms) and 
thethe P3b is within the normal range (latency of 416 ms). The right panel shows a recording 
fromfrom a 55-year-old male patient in which the latencies of both the P3a component (latency of 
320320 ms) and the P3b component (latency of 504 ms) are prolonged (greater than the upper 
limitlimit  of the normal range; patient 10, Table 3). 

Thee cumulative distributions of the mean ERP latencies of the healthy subjects and 
cirrhoticc patients are presented in Figure 3. The distributions of the N200 latencies of 
healthyy subjects and patients do not differ, whereas the distributions of P3a and P3b 
latenciess of the patients clearly deviate from those of the healthy subjects. For the 
P3aa the median (point at 0.5 probability) is shorter and the standard deviation (slope 
off  the distribution) smaller in the normal subjects than in the patients. For the P3b 
thee median of the distribution is different in the two groups, whereas the standard 
deviationn is comparable. The latencies of the P3a in nine patients are longer than the 
longestt P3a latency in the normal subjects (296 ms). The latencies of the P3b in five 
patientss are longer than the longest P3b latency in the normal subjects (447 ms). 
Eitherr P3a or P3b latency is longer in 11 patients than the longest latency in the 
normall  subjects. 
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Cumulativee visual ERPs distribution 
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Fig.Fig. 3 Cumulative distribution of the mean latencies ofN200, P3a, and P3b components in 
healthyhealthy subjects and cirrhotic patients. The distribution of the N200 latencies of healthy 
subjectssubjects and patients is similar. There are distinct differences between the P3a and P3b 
latencylatency distributions of healthy subjects and patients. 

Patientt  with stage II  HE 
Thee patient with grade II HE did not count the events properly. The P3a and P3b 
componentss of the ERPs of this patient could not be detected and the frequency of 
thee alpha rhythm was abnormally low (6.4 Hz). When pattern onset 200' checks were 
usedd no P3a could be detected. The latencies and amplitudes of the primary sensory-
evokedd components with 12' onset/offset checkerboards were normal in this patient. 

Visuall  evoked potentials 
Inn the 20 control subjects the mean C2 latency of the cortical VEP (Oz) was 104  13 

ms,, and its amplitude 16  11 uV; the mean C3 latency of the cortical VEP was 188 

 8 ms, and its amplitude 22  12 uV; the mean latency of the P100 component of 

thee pattern-reversal VEP was 110  5 ms and its amplitude 8  3 uV The latencies 

andd amplitudes of the cortical VEP (Oz) of the patients were all within normal limits 
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(77 patients tested). The mean values for the patients were: CI latency 99  8 ms, C2 
amplitudee 18  12 uV; C3 latency 185  11 ms, C3 amplitude 29  16 uV; and PI00 
latencyy 113  8 ms, P100 amplitude 6  2 uV. 

EEG G 
Thee alpha rhythm of the spontaneous EEG of all the cirrhotic patients was normal 
(alphaa rhythm between 8 and 13 Hz). 

Numberr  connection test 
Thee average time for the 20 control subjects to complete a NCT was 29  7 s. Four 
patientss took an abnormally long time to perform the NCT (greater than the mean + 
2SDD of the mean for normal subjects; i.e., 43 s); the latencies of the event-related 
componentss in these patients were within normal limits (these four patients are 
indicatedd with (A) in Table 2). 

Tablee 4. Biochemical data of cirrhoti c patients without overt encephalopathy 

Variables s 

Serumm bilirubi n (u.mol/1) 

Totall  and [Direct] 

alkalinee phosphatase (u/1) 

gamma-GTT (u/1) 

ALA TT (u/1) 

ASATT (u/1) 

Albumi nn plasma level 
(range,, g/1) 

Prothrombi nn time 
(range,, s) 

Plateletss (range, 10E9/1) 

Controls s 
(40-600 years) 

<< 17 

1*7] ] 

<37 7 

^4 7 7 

^^  68 

^^  103 

35-50 0 

10-12.7 10-12.7 

150-350 0 

Patients s 
(40-600 years) 
meann  SD 

244 8 

[133  14] 

1288  53 

1422 4 

555 9 

700 1 

411 9 

2 2 

1133 1 

Numberr  of 
patients s 

17 7 

19 9 

19 9 

19 9 

19 9 

19 9 

17 7 

19 9 

gamma-GT,, gamma-glutamyl transpeptidase; ALAT , alanine 
aminotransferase;;  ASAT, aspartate aminotransferase 
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Routinee laboratory tests 
Thee mean results of the routine serum biochemical liver tests, prothrombin time and 
platelett count in the 19 patients are shown in Table 4. There were no significant 
correlationss between ERP latencies and routine laboratory data. Furthermore, there 
weree no significant differences between routine laboratory data in patients with 
prolongedd ERPs, or patients with an abnormal NCT, and patients with normal ERPs 
andd NCTs. 

Discussion n 

Wee have shown that the event-related P3a and P3b components of ERPs may be 
delayedd in cirrhotic patients without clinical evidence of encephalopathy. In patients 
withh delayed P3a and/or P3b components, the N200 component, the primary sensory 
VEP,, the PI 00 potential, the alpha frequency of the spontaneous EEG and the time 
requiredd to complete the NCT were all within normal limits. Cirrhotic patients with 
delayedd P3a and/or P3b components may have SHE. 
Inn a previous report of visual pattern-flash ERPs (N250 and P300) in cirrhotic 
patients,, it was suggested that these measurements might be useful for detecting SHE 
(Küglerr et al., 1992). In that study only one component (P300) could be identified for 
twoo reasons. First, only one derivation for measuring late components was used (Oz-
Fz).. Second, there was a large overlap between components of the primary sensory 
("early")) response and the "later" event-related response as a consequence of the high 
("flash")) contrast and small check size (12') of the "infrequent" stimuli used. Figure 
44 shows an example of a recording at 80% contrast with 200' "frequent*' checks and 
12'' visual events in a healthy subject. Oily one component (P300) can be seen in the 
responsee to the visual events in the Oz-Fz derivation (Fig. 4) compared to the three 
componentss using four midline electrodes when 200' visual events 10% contrast 
weree presented to the same subject (Fig. 1). Because the recorded signal in Fig. 4 is 
alsoo filtered between 0.6 and 4.5 Hz, it contains no additional high frequencies (filter 
bandwidthh used in previous studies: 1-30 Hz, Taghavy and Kügler, 1988; Kügler et 
al.,, 1992). To study more definitively the sensitivity of the different event-related 
componentss they should be isolated separately at their most optimal locations over 
thee scalp. In our baseline study (Giger-Mateeva et al., 1999a) it was concluded that 
fourr midline electrodes (Fz, Cz, Pz, Oz) are sufficient to record in isolation the 
N200,, P3a, and P3b late components, and that the onset of a large pattern (200' 
check)) at 10% contrast as an event "enhances" the late components (Giger-Mateeva 
ett al, 1999a). 
Inn the present study we found that the three ERPs (N200, P3a, and P3b) are affected 
differentlyy by the neuropathophysiological changes that occur in the brain of patients 
withh cirrhosis. In particular, in patients with cirrhosis, but without overt 
encephalopathy,, the latencies of either P3a or P3b or both may be prolonged, but 
N2000 never. 
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Fig.Fig. 4 Event-related responses to counted visual 12' events in a healthy subject (same subject 
asas in Figure 1). The responses evoked by the events (12' checks, 80% contrast) are presented 
onon the right. The recorded signal is filtered between 0.6 and 4.5 Hz. The early (cortical) visual 
evokedevoked potential (VEP; Oz) is large in amplitude compared to the VEP on the left side, which 
waswas evoked by "frequent" stimuli (200' checks, 80% contrast). Due to the time overlap 
betweenbetween the large "early" and the "late" long-latency responses, no separate late components 
cancan be seen (especially at the bipolar Oz-Fz derivation). The main response to the events is 
thethe P300 component. 

Wee also found that primary VEP and pattern-reversal PI  00 were normal in all of the 
cirrhoti cc patients studied which is in agreement with previous studies (Kuba et al., 
1996;;  Mendiratt a et al., 1990). We infer  that primar y potentials are less sensitive 
mann ERPs in detecting early electrophysiological changes in the brain in cirrhoti c 
patients.. Our  findings complement and extend previous reports on evoked potentials 
inn patients with chronic liver  disease (Kullmann et al., 1995). As previously reported 
thee alpha rhythm of the spontaneous EEG did not appear  to be a sensitive index of 
abnormall  brain function in clinically non-encephalopathic cirrhoti c patients (Van der 
Rij tt  et al., 1984). 
Previouss studies suggest that NCT measures cognitive motor  abilities, which may be 
impairedd in patients with SHE (Quero et al., 1996). We found that the NCT was 
abnormall  in four  patients and in these patients the ERPs were within normal limits. 
Inn the seven patients with abnormal P3a and/or  P3b components the NCT was 
normal.. This implies that only sensory cognitive, but not motor  cognitive function 
wass impaired in these patients. We infer  that both tests: NCT and visual ERPs give 
differentt  and complementary information about the "cognitive"  function of the brain 

104 4 



inn cirrhotic patients without overt encephalopathy. Accordingly, we advice that both 
NCTT and ERP tests should be applied in the assessment of early neurophysiological 
changess in cirrhotic patients. In SHE either cognitive motor function or cognitive 
sensoryy function, or both may be abnormal. 
Noo significant relationship between the results from routine serum biochemical liver 
testss and neurophysiological status were found in the cirrhotic patients studied. 
However,, data on specific tests to quantitate overall hepatocellular function, such as 
thee galactose elimination capacity, were not available (Kügler et al., 1992). 
Att the time of the first evaluation in one patient (patient 10) who exhibited normal 
responsee latencies (N200, P3a, and P3b; Table 2), we were not aware that he had 
beenn taking a benzodiazepine (Oxazepam 10 mg nocte, i.e., at least 12 hours before 
evaluation)) recently. Six months later the same patient was tested again, one and a 
halff  months after the benzodiazepine had been discontinued. In the second study the 
patientt exhibited delayed P3a and P3b components. During both studies this patient 
appearedd to be well orientated with respect to time and place and counted the number 
off  the visual events properly. On the basis of these findings we conclude that 
betweenn the first and second studies, this patient may have developed SHE. 
Furthermore,, delayed P3a and P3b components may not be indicative of 
benzodiazepine-inducedd enhancement of gamma-aminobutyric acid (GABA)-
mediatedd neurotransmission (Basile et al., 1991). 
Thee dynamic changes of the ERP latencies observed when evaluations were repeated 
inn cirrhotic patients suggest that abnormalities of ERPs in these patients reflect 
metabolicc neuropathophysiological rather than structural neuronal changes (Basile et 
al,, 1991). 
Wee conclude that visual ERPs have potential for the detection of SHE and for 
evaluationn of treatments for SHE. Visual ERPs appear to be more sensitive in 
detectingg abnormal brain electrophysiology in cirrhotic patients than primary VEP, 
pattern-reversall  VEP and alpha frequency. The NCT provides complementary data 
onn brain function in cirrhotic patients, who have no clinical evidence of overt 
encephalopathy.. We propose that in screening patients for SHE both visual ERPs and 
NCTT (or other psychometric tests) should be applied. Eliciting the various event-
relatedd components is optimized by the methodology that we have applied 
specificallyy the counting of low (10%) contrast large (200') checkerboard events. 
Visuall  event-related components (N200, P3a, and P3b) are affected differently by the 
neuropathophysiologicall  changes that occur in the brain of patients with cirrhosis 
withoutt clinically overt encephalopathy. Since the latency of N200 was never 
prolonged,, testing of adult patients could be reduced to three recording sites (Fz, Cz, 
andd Pz). In children, however, also the Oz site is needed since their P3b has a more 
occipitall  location (chapter 3). 
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CHAPTERR V 

THEE EFFECT OF FLUMAZENI L ON VISUAL EVENT-
RELATE DD POTENTIAL S IN CLINICALL Y NON-

ENCEPHALOPATHI CC PATIENT S WITH CIRRHOSIS 

Vesselaa I. Giger-Mateeva, Dik Reits, Boris Liberov, E. Anthony Jones and Henk 
Spekreijse.. Neurosci Lett, in press 

Abstract t 
Thee effects of flumazenil on the latencies and amplitudes of the visual event-related 
potentialss (ERPs), number-connection test (NCT) and visual and auditory reaction 
timess (VRT and ART) were evaluated in 10 patients with cirrhosis without clinical 
evidencee of hepatic encephalopathy (HE). 
Delayedd latencies of the ERP component P3a and/or P3b were found in three patients 
andd prolonged NCT results were found in two other patients. However, changes in 
thee latencies and amplitudes of the ERP components (N200, P3a, and P3b) during 40 
minutess following infusion of flumazenil (1 mg) and placebo were similar. Results of 
thee three psychometric tests were not abnormal in any of the patients studied and did 
nott change significantly after either flumazenil or placebo infusion. Eight of the 10 
patientss felt more alert for several minutes after the administration of flumazenil, 
whereass no patient experienced any change of perception after infusion of placebo. 
Whilee the findings suggest that prolongation of the latencies of P3a and P3b may be 
aa component of the syndrome of subclinical HE, they provide no support for the 
hypothesiss that these neuro-electrophysiological abnormalities in cirrhotic patients 
aree attributable to increased brain levels of natural benzodiazepines (BZs). 

Introductio n n 

Hepaticc encephalopathy (HE) is a complex neuropsychiatric syndrome that 
complicatess both acute and chronic hepatocellular failure; it is generally considered 
too be reversible and to have a multifactorial pathogenesis (Basile et al., 1991). In the 
earliestt clinical stage (stage I) subtle personality changes, discrete psychomotor 
dysfunctionn and alterations of sleep rhythm may occur. Subclinical HE (SHE) is 
recognizedd as an entity in patients with cirrhosis (chronic hepatocellular disease, 
Gitlinn et al., 1986). The term SHE has been applied in cirrhotic patients with 
abnormall  results of psychomotor tests and/or impaired neuro-elctrophysiological 
function,, or both, in the presence of normal results of a routine clinical neurological 
examinationn (Giger-Mateeva et al., 1999b, chapter 4 of this thesis; Jones et al., 1990; 
Küglerr et al., 1992). The prevalence of SHE in cirrhotic patients without overt 
encephalopathyy is uncertain, although a serious attempt to clarify this issue has 
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recentlyy been made (Kügler et al., 1992). The subpopulation of cirrhotic patients 
withh SHE or stage I HE may superficially appear to have normal mental function, 
particularlyy verbal function. However, impaired mental function may be 
demonstratedd in these patients by finding subnormal psychometric test results and/or 
prolongedd latencies of visual and auditory event-related potentials (N250, P300; 
Daviess et al., 1990; Kügler et al., 1992). Recently we have reported on significantly 
alteredd latencies of the visual event-related P3a and P3b potentials in cirrhotic 
patientss without overt HE (Giger-Mateeva et al., 1999b, chapter 4 of this thesis). 
Evidencee has been accumulating which suggests that endogenous benzodiazepine 
receptorr ligands (i.e., natural benzodiazepines, BZs) with agonist properties may 
contributee to the manifestation of HE (Basile et al., 1991; Mullen et al., 1988). 
Indirectt evidence that increased levels of natural BZs might contribute to the 
manifestationss of HE, is provided by reports on ameliorations of encephalopathy 
afterr the administration of BZ antagonists to animal models of fulminant (i.e., acute) 
hepaticc failure (Basset et al., 1987; Basile et al., 1991) and in humans with cirrhosis 
orr acute liver failure (Bansky et al., 1989; Basile et al., 1991; Giger-Mateeva et al., 
1999b)) These reports raised the possibility that ameliorations of HE may be induced 
byy displacing natural BZ agonist ligands from central BZ receptors. Flumazenil is a 
prototypicc benzodiazepine antagonist which has been extensively characterised 
(Joness et al., 1990). Intravenous bolus injections of flumazenil have been reported to 
inducee unequivocal (HI stage) ameliorations of HE in about 60% of patients with 
overtt HE due to cirrhosis (i.e., chronical liver failure) or acute liver failure (Basile et 
al,, 1991). In addition, in a single extensively studied patient, the oral administration 
off  flumazenil was associated with a complete remission of chronic intractable porto-
systemicc encephalopathy, including a return of dietary protein tolerance to normal 
(Ferencii  et al., 1990). The effects of flumazenil on cirrhotic patients without overt 
HEE or with stage I HE have not been systematically evaluated (Gooday et al., 1995). 
Inn this study consecutive cirrhotic patients without overt HE underwent a 
psychometricc and neuro-electrophysiological evaluation. In these patients the effects 
off  intravenously administered flumazenil on psychometric test results and latencies 
off  evoked event-related components were investigated. 

Material ss and methods 

Tenn patients with histologically confirmed cirrhosis, without clinical evidence of HE, 
weree evaluated electrophysiologically. The patients had normal visual acuity or 
visuall  acuity corrected to normal. There were two females and eight males, aged 40 
too 60 years. The cause of cirrhosis was chronic viral hepatitis (seven patients) and 
alcoholl  abuse (three patients). At the time of the study no patient was known to be 
takingg ethanol or any neuroactive drugs for at least the preceding three months, and 
nonee of these patients had any major medical disorder other than cirrhosis. In 
particular,, none had Parkinson disease, Alzheimer disease, multiple sclerosis, 
diabetess mellitus, ophthalmological disorder or active infection. Any caffeine-
containingg beverages were prohibited for at least 12 hours before and during the 
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studyy period, since caffeine is known to stimulate the central nervous system (CNS), 
inn particular mental alertness. 
Alll  patients were fully informed about the nature of the procedures and each of them 
signedd a written informed consent form before participating in the study. The 
protocoll  of the study had been approved by the Medical Ethics Committee of the 
Academicc Medical Centre, University of Amsterdam. 

Patientss were evaluated in a semi-darkened room (mean illuminance 30-40 lux). 
Theyy sat at a distance of 1.20 m from a television screen on which two types of 
black-and-whitee checkerboard stimuli were presented. "Frequent" stimuli of 12' 
checkss were randomly replaced by "infrequent" 200' stimuli (after every 4*  to 8* 
appearancee of 12' checks). Both stimuli were presented at a low (10%) contrast and 
durationn of 40 ms every 640 ms. 
Thee recordings were derived from four Ag-AgCl scalp electrodes attached near Fz, 
Cz,, Pz, and Oz positions. The EEG signal was sampled every 4 ms and filtered on-
linee between 0.6 and 4.5 Hz; artefacts were automatically rejected from the signal. 
Thee patient was asked to count the number of the presented events. At the end of 
eachh recording the reported number was compared to the number of events actually 
presentedd to evaluate the alertness of the patients. 
Standardd pattern onset/offset VEP to 200' checks at 10% contrast were also recorded 
(filterr bandwidth: 0.6 and 4.5 Hz). Stimuli were presented for 40 ms every 640 ms. 
Thee amplitudes of the evoked components were measured in relation to the mean 
voltagee of the recording during the first 40 ms after the stimulus onset. The peak 
latenciess of the components were measured from stimulus onset. 
Thee number-connection test (NCT) was performed as follows: after explanation and 
demonstration,, each patient was asked to connect in correct order as quickly as 
possiblee a sequence of numbers from 1 to 25, that were randomly distributed on a 
sheett of paper. The time (in seconds) to complete the test was recorded (Conn, 
1977). . 

Thee reaction times to visual (red light; VRT) and auditory (beep; ART) stimuli were 
alsoo evaluated. The patient was asked to press a button and release it as soon as a 
stimuluss (visual or auditory) was displayed. The times to react to a stimulus (in ms) 
weree recorded. 

Bloodd samples for routine haematological and biochemical tests were obtained 
withinn three weeks of the psychometric and electrophysiological testing. Laboratory 
bloodd tests included serum bilirubin (total and direct), albumin, alkaline phosphatase, 
gamma-glutamyll  transpeptidase (gamma-GT), alanine aminotransferase (ALAT), 
aspartatee aminotransferase (ASAT), prothrombin time and platelet count. Urine was 
obtainedd immediately before psychometric and electrophysiological evaluation, and 
assayedd for benzodiazepines, alcohol and barbiturates (Abbott Laboratories, Abbott 
Park,, IL). Alcohol was analysed using a Radiative Energy Attenuation method. 
Barbituratess were assayed using the "TDx/TDxFLx Barbiturates II U assay" (lower 
limitt of detection 500 ng/ml) and benzodiazepines using the "TDx/TDxFLx 
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Benzodiazepiness assay" (lower limit of detection 200 ng/ml). 

Normativee data were established for subjects in the same age range (40 to 60 years). 
N200,, P3a, and P3b, and the time to complete NCT were used to assess the 
neurophysiologicall  status of the clinically non-encephalopathic cirrhotic patients. 
Patientss were examined on two occasions: in the morning and in the afternoon of the 
samee day. Each session started with a battery of psychometric tests (NCT, VRT and 
ART)) and was followed by a neuro-electrophysiological assessment. During the 
latter,, patients were randomized to receive an intravenous infusion of either placebo 
orr flumazenil (1 mg) over a period of 2 min. The physicians conducting the 
neurophysiologicall  experiments were "blinded" with respect to the content of the 
infusion. . 
Electrophysiologicall  testing (to evoke N200, P3a, and P3b) was done at baseline (at 
thee start of the evaluation), immediately before the injection, and every eight minutes 
afterr the injection for 40 minutes. The responses to 200' onset/offset checks (to 
assesss P3a separately) were recorded twice: before and 20 min after the infusion. 
NCTT was performed before and 10 min after the infusion. 
VRTT and ART were determined before and 5, 10, and 20 min after the infusion. 
Immediatelyy after the infusion the patient was requested to inform the investigator 
aboutt any unusual sensation or perception. Each complete experimental session took 
aboutt 50 minutes. 

AA repeat complete "blinded" experimental session was performed after a break of 
aboutt four hours. If during the first session placebo had been infused, during the 
secondd session the drug (flumazenil) was infused, and vice versa. The psychometric 
andd neurophysiological procedures performed during both sessions were the same. 

Results s 

Alll  patients were "well oriented with respect to time and place" and counted the 
eventss properly. Table 1 gives the mean event-related potentials (latencies and 
amplitudes)) of the patients, evaluated before the intravenous infusion of either 
placeboo or flumazenil. In five patients either the event-related potentials or the 
psychometricc test results were abnormally delayed. The N200 component was 
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Tablee 1. Mean latencies and amplitudes of ERPs (of two successive recordings) in healthy 
subjectss and cirrhoti c patients without overt encephalopathy (age 40 to 60 years). 

ERPs s 

Healthy y 
meantSD D 

patients s 
(101 1 
1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 
10 0 

N200 0 
latency y 
(ms) ) 
atOz z 

6 6 
[18] ] 

212 2 
186 6 
210 0 

228* * 
220 0 

198 8 
190 0 

N200 0 
amplitude e 
foV) foV) 

3.66 4 

6 6 
5.4 4 
3.8 8 

4.8 8 
1.3 3 

1.1 1 
1.1 1 

P3a a 
latency y 
(ms) ) 
atFz z 

7 7 
(18) ) 

320** * 
316** * 
270 0 
256 6 

288* * 
240 0 
270 0 
340** * 
262 2 

P3a a 
amplitude e 
<HV) ) 

3.44 2 

5.7 7 
10.4 4 
3.3 3 
7.4 4 

4.4 4 
1.9 9 
4.8 8 
8.4 4 
6.4 4 

P3b b 
latency y 
(ms) ) 
atPz z 

7 7 
[20] ] 

504*** * 
434* * 
398 8 
412 2 
400 0 
420 0 
346 6 
446* * 
440* * 
454* * 

P3b b 
amplitude e 
(MV ) ) 

9 9 

7.6 6 
13.2 2 
19 9 
7.6 6 
3.9 9 
4.0 0 
2.7 7 
4.4 4 
8.8 8 
10 0 

NCT T 

(») ) 

7 7 
|20] ] 

34 4 
33 3 
30 0 
4 44 AA 

26 6 
477 AA 

43A A 

411 A 

29 9 
25 5 

(-)) Patiënte, in whom no ERP could be detected 
[n]]  Number  of subjects/patients 
SD,, standard deviation of the mean 

N2000 latency (ms) 

**  >mean+lSD(223) 
***  >nw»+2SD(2») 
^>me«H3SD(2S5) ) 

F3aa latency (ms) 

**  >mean+lSD(286) 
***  >mean+2SD(313) 
* M>mon+3SD(340) ) 

P3bb latency (ms) 

**  >mefln+lSD(421) 
***  >mean+2SD(458) 
*^>nwm+3SD(495) ) 

NCT(s) ) 

AA >36 
AAA  > 4 3 
AAA>5 0 0 

**  indicates value greater  than the corresponding mean value for  healthy phis one SD, 
inn particular , greater  than the calculated number  given in parenthesis 

** **  indicates value greater  than the corresponding mean value for  healthy plus three SD, 
inn particular , greater  than the calculated number  given in parenthesis 
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detectedd (at Oz) in seven patients (10 tested) and its latency was consistently within 
normall  limits. The P3a component was detected (at Fz) in nine patients and in three 
off  them (patients 1,2 and 9) its latency was abnormally delayed (i.e., greater than the 
meann latency + 2SD (standard deviation) of the mean of 20 healthy subjects aged 
betweenn 40 and 60 years). The P3b component was detected (at Pz) in all the patients 
andd was delayed in one (patient 1). 
Inn two patients (patients 4 and 6) the time to complete the NCT was abnormal i.e., 
greaterr man 43 s, (the mean time + 2SD of the mean of the age-matched control 
subjects).. In these two patients the neurophysiological test results were within 
normall  limits. 

Fig.. 1 shows the latency variations of P3a and P3b components in the patients with 
delayedd P3a and/or P3b components (patients 1, 2 and 9) and delayed NCT tests 
(patientss 4 and 6). No significant changes were found in the latency of P3a with time 
afterr the administration of placebo or flumazenil. In the patient in whom both P3a 
andd P3b were delayed (patient 1), changes in the latency of P3b with time after the 
administrationn of placebo and flumazenil were not significantly different. The 
amplitudess of P3a and P3b did not change significantly in time. 
Theree were no appreciable differences between the time needed to complete a NCT 
beforee (at 0 min) and after administration of placebo or flumazenil. Also 
correspondingg times for the VRT and ART tests before and after administration of 
placeboo or flumazenil were not significantly different (Fig. 2). 

Fig.Fig. 1 The dynamics of the latencies of the visual P3a and P3b ERPs in time after the 
administrationadministration of placebo (on the left) and flumazenil (on the right) in five patients. In three of 
themthem (patients I, 2, and 9; Table 1) P3a and/or P3b were delayed, whereas in patients 4 and 6 
thethe NCT results were abnormal only. On the vertical axis the latencies are plotted (in ms). The 
horizontalhorizontal axis denotes the time after the administration every 8 minutes for 40 minutes. At 
zerozero the latencies before any infusion are plotted. There are no systematic changes of the 
latencieslatencies after the administration of flumazenil. 
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Resultss of routine serum biochemical liver tests, prothrombin time and platelet 
countss were consistent with the presence of cirrhosis (data not shown). In all 10 
patientss the urine samples were negative for alcohol, benzodiazepines and 
barbiturates.. The Child-Pugh Scores/Grades of the patients are: pat. 1: 5/A, pat. 2: 
8/B,, pat. 3: 6/A, pat. 4: 9/B, pat. 5: 5/A, pat. 6: 8/B, pat. 7: 5/A, pat 8: 5/A, pat. 9: 
5/A,, pat. 10: 6/A. (Scores range from 5 to 15, with 5 best and 15 worst; grade A is 
betterr than B, which is better than C). 

Inn eight of the 10 patients the administration of flumazenil was followed within 
minutess by a feeling of being more alert, awake and/or concentrated. One patient 
reportedd feeling rather drowsy immediately after the infusion of flumazenil. The 
remainingg patient reported no change in perception after flumazenil administration. 
Inn all 10 patients no changes in perception were reported after placebo infusion. 

Discussion n 

Thee present investigation shows that in five of 10 clinically non-encephalopathic 
cirrhoticc patients psychometric and/or neurophysiological tests were abnormal. 
Thesee findings suggest that in half of the patients studied subclinical hepatic 
encephalopathyy (SHE) may have been present (Giger-Mateeva et al., 1999b, chapter 
4). . 
Inn the three patients with abnormal event-related test results, flumazenil did not 
correctt the prolonged latencies of P3a and/or P3b and did not improve psychometric 
testt results. 
Inn contrast, subjectively in eight of the 10 patients, infusion of flumazenil was 
followedd by an apparent stimulation of the CNS, consistent with a decrease in 
GABA-mediatedd neurotransmission due to displacement of natural BZs from central 
BZZ receptors (Higgit et al., 1986). The feeling of drowsiness in another patient 
immediatelyy after the infusion of flumazenil may be attributable to the partial agonist 
intrinsicc activity of flumazenil (Basile et al., 1991). 
Abnormalitiess of psychometric tests and neuro-electrophysiology can be detected in 
appreciablee proportion of patients with cirrhosis, impaired hepatocellular function, 
andd no symptoms or signs of HE on routine neurological exam. Cirrhotic patients 
withh such abnormalities may be considered to have SHE (Gallai et al, 1995; Giger-
Mateevaa et al., 1999b; Kügler et al., 1992; Quero et al., 1996; Van der Rijt et al., 
1984).. Some of the abnormalities of psychometric tests and neuro-electrophysiology 
inn such patients can be reversed by flumazenil (Ferenci et al., 1996; Gooday et al., 
1995),, implying that increased brain levels off  natural BZs contribute to them (Basile 
etal.,, 1991). 
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Fig.Fig. 2 Scatter diagram of the ART (A), VRT (B) and NCT (C) with time (min) after the 
administrationadministration of placebo and flumazenil. The corresponding values before any 
administrationadministration are plotted at zero time. Paired t-test results between the values before and 
afterafter flumazenil are summarized in the table (bottom right, D). The number in parenthesis 
givesgives the number of patients, t is the distribution and P is the two-tailed probability. 

Otherr  abnormalities of neurophysiology, such as prolonged latencies of P3a and/or 
P3b,, do not appear  to be reversed by flumazenil, and hence may not be mediated by 
increasedd brain levels of natural BZs. Indeed, factors other  than increased brain 
levelss of natural BZs may contribute to the syndrome of subclinical HE. Reversal of 
thee neurological effects of normal or  increased brain levels of natural BZs by 
flumazenill  may account for  transient increased alertness in cirrhoti c patients 
followingg infusion of flumazenil (Basile et al., 1991). 
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CHAPTERR VI 

GENERALL  DISCUSSION 

Inn general, electrophysiological recordings of the visual system comprise 
recordingg of "early" (primary) and "late'*  (event-related) components. The cellular 
basiss of electric brain activity and different recording techniques, including EEG and 
MEG,, are introduced in the first chapter. Chapter 2 of mis thesis reports on an 
improvedd method for the clear identification of visual event-related components, 
whichh can be achieved by optimizing the stimulus parameters, in particular low 
contrastt and large checks, and by choosing an age-group specific number of 
recordingg sites over the scalp. 
Inn a complementary approach, described in chapter 3, visual event-related 
componentss simultaneously recorded with EEG and MEG techniques in young 
subjectss are described, revealing overlapping yet distinct findings. Strengths and 
weaknessess of both techniques are discussed based on recordings of visual event-
relatedd potentials (ERPs). 
Inn a clinically oriented study, described in chapter 4, the latencies of the components 
off  the visual ERPs are compared between healthy (control) subjects and patients with 
subclinicall  hepatic encephalopathy (SHE): delayed P3a and P3b components were 
foundd to be suggestive of early (subclinical) stages of hepatic encephalopathy. 
Takenn together, the improved recording techniques facilitate the characterization of 
individuall  evoked components, some of which are altered in early stages of brain 
pathology,, and could therefore be instrumental for a better understanding of brain 
function. . 

6.1.. Clinical relevance of the visual ERP 

Deviationss of event-related potentials, especially of the auditory P3b* component, 
havee been found to be indicative of initial or advanced forms of cognitive disorders, 
inn particular memory, alertness, and other attention-based deficits. In some of these 
disorders,, the cognitive function is affected primarily, whereas in others, it is 
secondaryy to another neurological or non-neurological disease. For example, various 
typess of dementia, including Alzheimer's disease and Huntington's disease belong to 
thee primarily cognitive disorders, and display changes in the latency and amplitude 
off  P300. (Goodin et al., 1978; Rosenberg et al., 1985; St Clair et al., 1985, 1988; 
Gordonn et al., 1986; Patterson, 1988; Ito, 1991; Pohch and Hoffinan, 1997). 
Neurologicall  disorders with secondarily affected cognitive function are, for example, 
Parkinson'ss disease (Hansen et al., 1982, Lagopoulos et al., 1998) and multiple 
sclerosiss (Tourtellotte et al., 1984; Giesser et al., 1992). Delayed P3b latencies have 

11 In the literature the term P3b has been applied with the same meaning as P3 and P300. 
Studiess have shown that all these terms hold for the positive component with a parietal 
maximum,, peaking about 300 ms after the stimulus onset 
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beenn found also in metabolic disorders based on chronic renal failure (Cohen et al., 
1983),, liver failure (Kügler et al., 1991, 1992), chronic or acute ethanol intoxication 
(Pfefferbaumm et al., 1987; Taghavy et al., 1991), and hypoxia (Fowler and Lindeis, 
1992). . 
Itt is still under discussion whether P3b is usable in clarifying the extend of the 
cognitivee impairment in neuropsychiatric disorders such as epilepsy, schizophrenia, 
andd depression (Pfefferbaum et al., 1984; Pritchard, 1986; Gottlieb et al., 1991; 
Naganumaa et al., 1997). 
Too record ERPs in children, auditory stimuli have been more frequently used than 
visuall  stimuli since it was shown that for a child it is more difficult to maintain 
attentionn to a screen than to listen to sounds. In clinical research ERPs have been 
investigatedd in children with a family history of alcoholism (Van der Stelt et al., 
1998;; Rodriguez-Holguin et al., 1998), with increased risk of schizophrenia, 
(Schreiberr et al., 1996), with cochlear implants (Kileny et al., 1997), with partial 
epilepsyy (Naganuma et al., 1997), and in Down's syndrome (Kaneko et al., 1996). 
Thee results showed that P3 latency and/or amplitude can be altered, and thus could 
bee indicative of the cognitive impairment in these disorders. 
Thee study described in chapter 4 parallels and extends the observation that both 
visuall  (non-cognitive) P3a and cognitive P3b components can be used for the 
detectionn of initial neur©pathophysiological changes in the brain. In particular, this 
studyy demonstrates for the first time that in patients with cirrhosis but without 
clinicall  signs of encephalopathy the latencies of both visual P3a and/or P3b 
componentss can be altered, i.e., that these patients may have subclinical hepatic 
encephalopathyy (SHE). Interestingly, P3a and P3b exhibit different "sensitivity" in 
detectingg SHE, whereas N200 is not altered, and therefore has no diagnostic value. 
Thiss latter finding is not consistent with previous findings on visual N200 in 
detectionn of SHE (Taghavy and Kügler, 1988). In this study, however the visual 
stimulii  were not optimized to evoke ERPs (small checksize events presented with 
highh contrast, i.e., flash) and the distinction among the various event-related 
componentss was limited since the recording was estimated from one derivation only 
(Oz-Fz,, see below for details). In contrast, the latencies of the auditory P3a and P3b 
inn patients with cirrhosis and without clinical signs of encephalopathy did not appear 
too bee indicative of detecting SHE compared to the latencies of the visual P3a and P3b 
inn these patients. In our study this was shown in nine cirrhotic patients, to whom, 
duringg the course of the visual stimuli, two types of auditory tone bursts were 
presented:: "frequent" auditory stimuli at 2 kHz (low tone) and events at 8 kHz (high 
tone).. The presentation of the "frequent" stimuli of both modalities rarely coincided 
inn time, whereas the "events" never coincided (chapter 2). The ERPs were recorded 
ass the patient counted either the visual events or the auditory events. In two of these 
patientss the latency of the visual P3a was delayed (i.e., latency greater than mean 
latencyy + 2SD), and in one of them the auditory P3a was delayed as well. In three 
patientss the visual P3b component was significantly delayed, whereas in only one of 
themm the auditory P3b was delayed (the same patient with the delayed visual and 
auditoryy P3a components), in the remaining two patients the auditory P3b was within 
thee control range. These results suggest that ERPs elicited by visual stimuli are more 
sensitivee in detecting SHE than ERPs generated by auditory stimuli. This is further 
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supportedd by results from other studies on patients with cirrhosis in whom detection 
off  SHE through the latency and/or amplitude deviations of auditory ERPs was 
unreliablee (Davies et al., 1990; Weissenborn et al., 1990). The auditory stimuli, 
whichh we used, were not optimal to evoke N200, and thus, this component could not 
bee detected neither in patients nor in control subjects. 
Inn consistence with previous studies on SHE, our results show that the amplitudes of 
thee event-related components are not altered and therefore cannot be suggestive for 
developmentt of SHE in patients with cirrhosis (Taghavy and Kügler, 1988). 
Inn the patients described in chapter 4 the primary onset/offset visual evoked 
potentialss (VEP), pattern-reversal VEP and alpha rhythm of the spontaneous EEG 
weree also recorded, and they showed non-significant deviations (latency, amplitude, 
frequency)frequency) from normals. This is in agreement with previous studies on SHE (Van 
derr Rijt et al., 1984; 
Mendirattaa et al., 1990) and leads to the conclusion that the visual "late" components 
aree more reliable in detecting abnormal brain function in cirrhotic patients than 
primaryy ("early") components or the spontaneous EEG. 
Previouslyy it has been found that the number-connection test (NCT) is related to 
aspectss of cognition different from the ERPs, in particular that NCT measures 
cognition-guidedd motor abilities, whereas ERPs measure sensory-based cognitive 
abilitiess (Quero et al., 1996). This idea is in line with our results that the sensitivity 
off  NCT is different from the sensitivity of ERPs: In particular, in patients with 
cirrhosiss without overt encephalopathy, in whom the NCT time was delayed, the 
ERPss were within normal limits and vice versa (chapters 4 and 5). Furthermore, it 
appearss that in SHE various stages of cognition are differently affected (P3b 
componentt and NCT), but also non-cognitive mechanisms are disturbed (P3a 
component).. Thus, to ascertain initial brain impairment in patients with cirrhosis 
withoutt overt encephalopathy both types of tests, visual ERPs and NCT, should be 
applied. . 
Inn addition, for clinical investigations age-matched control data are a prerequisite 
sincee the ERPs vary with age, showing large latency variations during brain 
maturationn (Polich, 1998; chapters 2 and 3 of this thesis), and may also depend on 
laboratory-specificc stimulus and recording conditions. 

6.2.. Number  of scalp electrodes required to record visual ERP 

Inn most studies on visual, auditory, and somatosensory ERPs in healthy adults, three 
recordingg positions along the midline of the scalp have commonly been used (Fz, Cz, 
andd Pz; Ford et al., 1982; Pfefferbaum et al., 1984; Pfefferbaum and Ford, 1988; 
Gordonn et al., 1986; Patterson et al., 1988). In these reports, however, emphasis was 
placedd on the parietal P3 (P3b) component, and less on the frontal P3a. Taghavy and 
Küglerr (1988) recorded visual ERPs from only one derivation: the Oz-Fz bipolar 
leadd (Taghavy and Kügler, 1988). This technique does not allow separate detection 
off  P3a and P3b components, and the only isolated late components are "N250" and 
"P300".. Moreover, the stimuli presented by these investigators elicited responses in 
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whichh it was difficult to distinguish between "early" (primary) and "late" (event-
related)) components (discussed also in chapter 2). The methodology described has 
beenn used in evaluating brain function of patients with cirrhosis without clinical 
signss of encephalopathy, in whom the latencies of both N250 and P300 were found 
too be changed implicitly (Kügler et al., 1992). 
Too record ERPs in children and young adults multiple scalp electrodes (mounted in 
ann electrode cap) or fewer number of electrodes have been employed (Van der Stelt 
ett al., 1998; Harter and Anllo-Vento, 1991). Courchesne et al., (1981) described a 
negativee "Ne" and following positive "Pc" component in the responses to frequently 
presentedd feces (best recorded frontally) and Nc only to "infrequent" feces of 4 to 7 
monthss old infents (Courchesne et al., 1981). These components were recorded with 
thee same optimal recording sites in 6 to 8 year old children, in whom a clear P3b-like 
componentt to rare auditory stimuli has been described (Courchesne 1987). Nc and Pc 
aree already present in the earliest months of life, decrease in amplitude with age and 
wanee in adolescence, whereas P3 is the only detectable peak after the first year of 
life,, and develops more slowly. It is best recorded occipitally and becomes 
prominentt parietally in adulthood. 
Too record visual ERPs in healthy adults (40-60 years) we used four scalp recording 
sitess (near Fz, Cz, Pz, and Oz; chapter 2): The N200 component is spatially limited 
occipitallyy (near Oz), P3a has a fronto-central maximum (near Fz; Cz) and P3b has a 
parietall  maximum (near Pz). The data obtained from 32 scalp electrodes do not add 
extraa information to latency and amplitude determination of these components. In 
adultt patients with cirrhosis without overt encephalopathy (40-60 years), however, 
wee conclude that only three electrodes are enough to record visual ERPs (Fz, Cz, and 
Pz)) since the latency changes of the fronto-central P3a and the parietal P3b are of 
clinicall  importance for the detection of subclinical hepatic encephalopathy (SHE; 
chapterr 4). 
Ourr results show that in children (4-12 years) and young adults (13-20 years) the 
montagee with four electrodes near Fz, Cz, Pz, and Oz can be commonly used for 
bothh healthy subjects and patients: N200 is maximal occipitally just as in adults, 
whereass P3a has a centro-parietal maximum and P3b has an occipital maximum. 
Thus,, the optimal locations for both P3a and P3b components in children are 
"shifted""  towards the occipital part of the head, which is in accordance with previous 
findingsfindings of Van der Stelt and colleagues (Van der Stelt et al., 1998). To avoid 
occasionall  overlap between P3a and P3b, the P3a peak should be measured at Fz 
and/orr Cz, where it can be recorded as a single peak. The occipital electrode site is 
moree informative in children compared to adults, in addition to N200 and P3b, a 
laterr P3c component with an occipital maximum is also detected, especially in 
childrenn below 12 years of age (chapter 3). Because in children various components 
aree isolated from the occipital area of the head (N200, P3b, and P3c) and the inter-
hemisphericc variation of their maximal amplitude appears to be large (N200, P3c), 
wee attached additional occipital electrodes when investigating visual ERPs in 
childrenn (near Oi and 02). Thus, four midline electrodes (near Fz, Cz, Pz, and Oz) 
andd two occipital electrodes (near O, and 02) are used best when recording visual 
ERPss in children. 
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6.3.. Stimulus conditions to record visual ERP 

Itt is well known that to generate event-related potentials two kinds of stimuli are 
presented,, one of which occurs more frequently ("frequent" stimulus) than the other 
(event).. In an experimental session, the subject is required to mark the occurrence of 
thee relatively rare stimulus, i.e., event, by pressing a button or by mental counting, 
so-calledd "counting" or "task-relevant" condition. Such stimulus evaluation results in 
ann enhanced P3 component with a centro-parietal scalp distribution, termed as P3b 
by y 
Squiress et al., (1979). Importantly, P3b is evoked by rare "meaningful" events, but 
independentt of the sensory modality of the event. When a subject is asked to ignore 
thee "events", a component with a fronto-central scalp distribution, P3a is produced, 
so-calledd "ignoring" or "task-irrelevant" condition (Squires et al., 1975). P3a is 
foundd also to result from novel stimuli (Courchesne et al., 1975). There are no 
reportss on modality dependence of P3a. 
Itt was found that the scalp topography of N200 component is related to the sensory 
modalityy of the stimulation. For example, auditory N200 appears with a fronto-
centrall  maximum, whereas visual N200 with an occipital maximum (Simson et al., 
1977;; Alho et al., 1994). N200 is usually described in association with the modality 
specificc mismatch negativity (MMN; Naatanen, 1978, 1991; Alho et al., 1994; 
Tiitinenn et al., 1997). 

ERPss have been recorded in response to a variety of visual stimuli among which are 
"go-no-go""  words of Pfefferbaum and Ford (1988), letters or numbers (Beck et al., 
1980;; Courchesne et al., 1977), symbols (Knight, 1997), colored stimuli (Picton et 
al.,, 1984), and flashes (Ford et al., 1982). Pattern-flash checkerboard stimuli 50' 
("frequent")) and 12.5' (event) were presented by Taghavy and Kügler (1988), who 
couldd not isolate separate P3 components for two reasons. Firstly, only one 
derivationn for measuring late components was used (Oz-Fz). Secondly, there was a 
largee overlap between components of the primary sensory ("early") response to the 
stimuluss itself and the "later" event-related response as a result of the high contrast 
("flash")) and small check size (12.5') of the event (see chapter 1). 
Polichh (1998) in his review on clinically applied auditory ERPs suggests optimized 
"event-related""  stimulation: 1000 Hz ("frequent") and "infrequent" 2000 Hz tone 
("event"),, with 70 dB sound pressure level (SPL). The choice of such stimuli is 
basedd on the sensitivity of the auditory system to these particular frequencies and 
SPL,, which appear often in speech (Polich, 1998). 
Somatosensoryy modality is also used to elicit ERPs. For example, electric pulses or 
shockss have been applied to the index and middle fingers of both hands in human 
subjects,, instructed to respond to stimulation of only one finger (Yamaguchi, 1991; 
Barrett,, 1987; Picton et al., 1984). These stimuli could evoke P3 component 
Inn chapter 2 of this thesis it is shown that although the "counting" task is relatively 
simple,, its experimental application requires consideration of stimulus characteristics 
(patternss size, frequency, contrast, intensity), number of recording sites and their 
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locationss across the scalp. In addition, processing of the detected signals, 
amplificationn and proper filtering are critical for the outcome of the recording. 
Inn this thesis the stimulus parameters for recording visual ERPs were optimized 
(chapterr 2), and applied in two consecutive clinical studies (chapters 4 and 5). 
Too diminish the "early" primary components of the ERP and to record distinct "late" 
components,, large pattern "infrequenf * visual stimuli at low contrast can be used 
(e.g.,, 200' checks at 10% contrast, Giger-Mateeva et al., 1999a). There is no need to 
correctt precisely the size of the "infrequent" checkerboard stimuli, as long as it is 
certainn that the subject is able to discriminate the large events on the screen. 
Furthermore,, our findings are in agreement with these of SchOrmann et al. (1995) 
andd Yordanova and Kolev (1998) that a narrow-band filtering of the recorded signal, 
inn particular from 0.5 to 5 Hz, is usable to extract the event-related responses of 
interestt N200, P3a, P3b, and P3c (chapter 2). 
Inn chapter 2 it was shown that N200 component is evoked under both counting and 
ignoringg the visual events (i.e., large checks), whereas P3a is elicited under counting 
andd ignoring the large checks conditions, and also after standard onset/offset large 
checks.. The P3b component was detected in the counting condition, for some cases 
alsoo in the ignoring condition, especially if a subject was already familiar with the 
experimentss (i.e., retesting experienced subjects). This suggests that memorising the 
taskk could be involved. 
Thee auditory stimuli used in the thesis were not optimized for eliciting distinct late 
components:: The aim was to create a distractive event of modality other than visual, 
andd to focus on the visual ERPs in mis experimental condition, in particular on the 
amplitudee of visual P3b in that condition. Thus, auditory N200 could not be elicited, 
whereass both auditory P3a and P3b were clearly isolated. 

6.4.. Source localization with EEG and MEG 

Off  great interest in (cognitive) neuroscience is to localize distinct areas in 
thee brain, which are involved in "higher processing" of input sensory information. 
Onee approach toward elucidating which structures in the brain participate at different 
levelss of information processing is the monitoring of evoked electrical potentials 
(EPs)) and/or evoked magnetic fields (EFs). 
Measurementss of EPs or EFs have been used to determine the location of distinct 
brainn activity. Usually this was done by presenting specific sensory stimuli and 
analyzingg the data recorded from many different electrode/sensor positions on the 
scalp.. Given the distribution of the EP or EF over the scalp, there are two methods to 
determinee the location(s) of the underlying sources (Regan, 1989). The so-called 
"forward""  method is used to make an "informed guess" about the electrical 
characteristics,, location and geometry of the generators (sources) and then calculate 
thee scalp distribution. Alternative source geometries are then compared with the 
experimentallyy measured EP and EF topography. An alternative method is the 
"inverse""  method (so-called "inverse problem"). This method is used to calculate the 
locationss of the generators directly from the distribution over the scalp of the EPs 
and/orr EFs scalp distribution. Because the "inverse" method is more frequently used, 
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includingg work presented in this thesis, a short explanation of its procedure is 
necessary. . 
Thee dipole model is a good approximation of the origin of bioelectrical activity. One 
departss from the dipole model to solve the "inverse problem". The "inverse problem" 
aimss to find those dipole parameters for which the model predictions fit  the EP and 
EFF recordings best. However, apart from the dipole model, which models the 
generationn of the sources, a head model is needed as well. For VEP studies, the head 
iss usually described with the so-called four sphere model in which the four spheres 
representt brain, cerebrospinal fluid, skull, and skin (Hosek, 1978; Stok et al., 1986). 
Eachh of these spheres is inhomogeneous and has a different conductivity. There are 
twoo strategies of dipole modeling, the moving and stationary dipole model. In the 
movingg dipole model it is assumed that the activity of the brain derives from a single 
dipolee source that changes its position, orientation and amplitude at every time 
instantt (Kavanagh et al., 1978; Stok et al., 1986). The stationary dipole model 
assumess that the responses originate from stationary dipoles, each with fixed position 
andd orientation, but varying in strength (Maier et al., 1987; De Munk et al, 1990). 
Thee exact procedure of solving the "inverse problem" involves complicated 
mathematicall  procedures that are beyond the scope of this thesis (for details see 
Regan,, 1989). 
Thee distribution of the electric fields at the surface of a conductor due to a dipole 
sourcee sphere-head model strongly depends on the conductivity in the conductor, 
whereass the distribution of the corresponding magnetic fields does not depend on the 
conductivityy in the conductor (Lopes da Silva and Van Rotterdam, 1987). 
Furthermore,, a source tangential to the surface contributes to both electric and 
magneticc fields, whereas radial sources (superficial or deep) contribute only to 
electricc fields (Lopes da Silva and Spekreijse, 1991). 

ClinicalClinical applications of EEG and MEG source evaluation In the presurgical 
evaluationn of patients with temporal lobe epilepsy (TLE), invasive methods 
employingg depth or subdural electrodes have been used if results of various non-
invasivee methods are not accurate enough to identify the underlying epileptogenic 
foci.. Since surgical procedures are involved to place these electrodes, such invasive 
methodss cannot avoid carrying potential risks of infection and brain damage to the 
patient. . 
Ass an alternative method, recently, MEG has been considered as a promising tool to 
locatee and investigate in a non-invasive way sources of focal epilepsy, in particular 
whenn the activity is located superficially, for example in the lateral temporal lobe 
(Barthh 1984; Ricci et al., 1985; Rose et al., 1987). However, there are limitations to 
thiss approach, for example it is difficult to detect epileptiform spikes coming from 
deepp and central structures in the brain (Ricci et al., 1985; Mikuni et al., 1997). A 
possiblee explanation for the difficulties experienced with deep sources is that the 
magneticc field over the scalp produced by deep currents is small in comparison with 
thee magnetic fields of the background brain activity, which originate from the 
superficiall  cortex (see chapter 1, section 1.5). 
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Resultss from multiple scalp electrodes have suggested that the N200 component of 
ERPss originates from modality specific sensory association cortices (Renault et al., 
1982;; Naatënen and Picton, 1986). Surface and intracranial recordings of P3a and 
P3bb have shown deep brain sources such as the hippocampal region for P3a (Knight, 
1996),, and multiple in particular deep (hippocampus, thalamus) and cortical sources 
forr P3b (McCarthy et al., 1989; Rogers et al., 1991; Verleger et al., 1994; Knight, 
1997).. MEG studies have provided additional evidence that multiple posterior brain 
regionss including modality specific cortices contribute to the scalp-recorded visual 
andd auditory P3b (Rogers et al, 1993). However, it is important to keep in mind, that 
thesee measurements cannot detect dipoles perpendicular to the scalp, which is a 
majorr limitation of MEG for source localization (Hari and Lounasmaa, 1989). 
Thee results from the source analysis of deep generators like these of P3a and P3b 
usingg EEG and MEG techniques (chapters 2 and 3 of this thesis) are in accordance 
withh previous results on source localization of deep sources (especially in epilepsy), 
applyingg the same techniques (Ko DY et al., 1998; Watanabe et al., 1996). Thus, 
EEGG facilitates detection of deep sources, whereas MEG records superficial and 
tangentiall  sources or such components of deeper sources (chapter 3). For example, 
P3aa and P3b components can be best recorded and evaluated from scalp electrodes 
(chapterss 2 and 3), whereas MEG detects corresponding time-locked components 
comingg from superficial and tangential to the scalp brain areas. 
Note,, that MEG also detects some activity from deeper sources, like in the case of 
P3aa (chapter 3). 

Itt is well established that full-field stimulation of the eyes causes symmetrical 
activationn of the visual cortex of both hemispheres. This has been described for the 
"early""  components of the cortical VEP to onset/oflset checkerboards (CI, CII and 
CIII)) the underlying sources of which are superficial with respect to the scalp (Maier 
ett al., 1987; Ossenblok and Spekreijse, 1991). It was shown that in order to find out 
thee minimal number of sources underlying an activity in the visual cortex firstly the 
numberr of sources in each hemisphere must be determined. Presenting half-field 
stimulationn to the eyes leads to asymmetrical, in particular contralateral to the visual 
fieldfield hemispheric activation of the visual cortex. This approach has been useful for 
investigatingg superficial sources for example, the source underlying the CI 
componentt of the cortical VEP to onset/offset checkerboards (Creel et al., 1981; 
Ossenblokk and Spekreijse, 1991). Accordingly, to investigate sources in the right 
hemisphere,, stimuli are presented in the left half of the visual field, and vice versa 
forr the sources in the left hemisphere. 

Inn our recordings we have seen that when N200 is evoked, both hemispheres are 
symmetricallyy active or the activity dominates in one of them (32 electrodes, 3 
healthyy adults, see chapter 2). Furthermore, source localization of N200 (assuming 
onee equivalent dipole) showed that its generator is moree superficial compared to the 
sourcess generating the P3a and P3b components of the visual ERPs (see chapters 2 
andd 3). In chapters 2 and 3 of this thesis it is discussed that the source of N200 can 
bee localized with both EEG and MEG, however in the EEG the radial component of 
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thiss source is detected, whereas MEG detects the superficial and tangential 
componentt of this source. 
Too determine the number of sources underlying N200 in four subjects we performed 
additionall  tests (age range between 29-56 years). On consecutive trials subjects were 
countingg full-field, left-half field and right half-field 171* visual events with a low 
contrastt (7-10 % contrast; mean luminance of the LCD screen 21 cd/m2). The event-
relatedd responses were recorded in the EEG (40, 60 or 63 electrodes) and MEG (148 
orr 151 sensors). Fig. 1 shows an example of the topographic maps of the electric 
fieldsfields in time (every 48 ms after stimulus onset) of a 29 years old subject. The 
recordingss are made while counting full-field (on the left), left (in the middle) and 
rightt (on the right) half-field 171' visual events. The N200 maximum is occipital 
aroundd 240 ms. Upon counted full-field visual events both hemispheres are activated, 
whereass upon counted left or right half-field visual events the activity is coming 
fromfrom the contralateral to the visual field hemisphere. The simultaneously recorded 
magneticc fields are presented in Fig. 2 and the results are consistent with these of the 
electricc fields. These findings suggest that there are two sources underlying N200 
evokedd upon full-field visual events. Furthermore, this is also in line with the source 
modelingg of the magnetic fields of N200 (assuming a single equivalent dipole), i.e., 
uponn full-field stimulation the source is in the middle of the head, whereas upon left 
half-fieldd stimulation the source is in the right hemisphere, and upon right half-field 
inn the left hemisphere. Source modeling of the corresponding electric fields was 
technicallyy difficult. 
Thee distribution of the electric fields of both P3a (around 340 ms) and P3b (around 
4800 ms) across the head is broad (Fig. 1) and does not change with the field of the 
presentedd visual events (full-field or half-field stimuli, Fig. 1). Similarly, there is no 
differencee in the distribution of the magnetic fields of P3a and P3b upon the field of 
thee visual stimulation (Fig. 2). 
Thus,, half-field stimulation is usable when investigating superficial sources of visual 
ERPss like these underlying the N200, whereas it has a weak advantage for localizing 
deepp ERP sources like these of the P3a and P3b. Furthermore, these findings strongly 
supportt that the visual N200 component originates from the area of the visual cortex. 

6.5.. Advantages and disadvantages of EEG and MEG techniques 

6.5.1.. Comparison 
Onee of the major advantages of MEG over EEG is the high spatial resolution, which 
allowss precise localization of the electrical sources that generate the corresponding 
magneticc fields (Romani et al., 1982). Studies using artificial conductive spheres 
withh implanted dipole sources and craniums from cadavers indicate a source 
localizationn accuracy within a few millimeters (Barm et al., 1986, Hari et al., 1988). 
Furthermore,, MEG signals pass through the tissue-layers surrounding the brain with 
relativelyy little distortion compared to the EEG signals (Cohen, 1972; Barth et al., 
1986).. Therefore, the magnetic pattern is unchanged, whereas the electric potentials 
aree dispersed and smeared. Importantly, MEG sensors detect fields from current 
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sourcess tangential to the scalp, whereas both radial and tangential currents cause 
electricall  fields on the surface. When the depth of the sources increases, the strength 
off  the magnetic fields decreases relatively more rapidly than the amplitude of the 
electricc fields. This means that a source located in the center of a sphere does not 
causee any external magnetic field, whereas electrical signals still can be recorded on 
thee surface. Therefore, MEG is suitable for studying mainly the cortical and 
tangentiall  contributions for a certain activity. 
MEGG technique is non-invasive, whereas EEG technique requires electrode 
attachmentt on the head surface or subdurally in the brain. MEG is designed to detect 
magneticc fields outside the head, originating from active brain structures (internal 
brainn currents), but it also detects the so-called "external magnetic fields", for 
examplee originating from cars passing by, chairs moving, metal objects moving. To 
isolatee internal from external fields and to obtain optimal quality brain recordings, 
experimentss ought to be carried out within magnetically shielded rooms, in particular 
madee of mu-metal (which provides shielding for low frequency external fields) and 
aluminumm (shielding for high frequency external fields). All moving magnetic 
materialss (magnets, metals, watches, etc.) should be avoided near the tested subjects. 
Thuss MEG measurements can best be done in a magnetically shielded room, whereas 
thee EEG can be recorded almost everywhere. 

6.5.2.. Suggestions 
Basedd on the experience gained during the work with simultaneous EEG/MEG 
techniques,, there are some practical points that are worth to be considered when 
choosingg between these two techniques. 
Theree is no control of the head position needed when working with EEG scalp 
electrodes,, whereas for MEG recordings head position ought to be determined This 
iss an important point, especially when working with children and young adults. 
Whenn using the EEG technique it is easier to observe and instruct (correct) the 
subjectt (patient) during the recording session since the contact with the 

Fig.Fig. 1 Maps of the distribution of the electric fields over the head (every 48 ms after stimulus 
onset;onset; 60 EEG channels) of a 29 years old subject. Electric fields evoked by counted full-field 
visualvisual events (171' checks, 7-10 % contrast) are shown on the left, by counted left half-field 
eventsevents in the middle and by counted right half-field events on the right of this figure. The 
meaningmeaning of the colors is red for positive, blue for negative and yellow for zero electric fields; 
thethe color scale is in the bottom of this figure. There are three maxima in the electric fields: 
occipitaloccipital ofN200 around 240 ms, fronto-central of P3a around 340 ms and parietal ofPib 
aroundaround 480 ms. Upon full-field  counted visual events, both left and right occipital regions of 
thethe head are symmetrically active during the time of N200, whereas upon left-half field 
stimulationstimulation the right occipital region is active alone, and upon right half-field stimulation the 
activityactivity comes from the left occipital region. The distribution of the electric fields ofP3a and 
P3bP3b are not significantly changed with the field of the presented visual events. 
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experimenterr is closer. The experimenter who is obtaining the data and the tested 
subjectt (patient) are both in the same room. In particular for patients and children 
suchh surrounding attention is especially important to get them relaxed and motivated. 
Ass mentioned earlier an important prerequisite for obtaining optimal MEG signals is 
forr the tested subject (patient) to remain alone in the acquisition room during the 
recordingg session. This condition, however, might be unbearable for a subject who 
hass difficulties with being isolated in a closed area, in particular claustrophobic 
individuals.. On the other hand our experience shows that recording MEG signals 
fromfrom very young children often requires the presence of a parent or experimenter, 
althoughh an extra person in the room is a potential source of additional "noise" to the 
signall  of interest (explained in chapter 1, 1.4.2). In such cases it is useful to record 
moree averages. For more "co-operative" children, however, the recording is possible 
sincee the attention of the child was focused on the screen while listening to the voice 
off  the mother who was reading a story through a microphone outside the 
experimentall  room. 
Ann additional external source of artefacts is (if used) the LCD screen on which visual 
stimulationn was presented (chapter 3). This artefact was recognised in the MEG and 
wass not present in the simultaneously obtained EEG (the peak-latency of the 
stimuluss artefact is 24 ms; Fig. 3a, chapter 3). Additional off-line artefact rejection of 
thee MEG data has improved the recorded picture (Fig. 3b, chapter 3). Furthermore, a 
subjectt her/himself may also contribute to artefacts in the signal. For example, 
movementss of the head and eye blinks in both EEG and MEG, as well as heartbeats 
inn the MEG may significantly disturb the recorded signals. 

Fig.Fig. 2 Maps of the distribution of the magnetic fields over the head of the subject 
whosewhose simultaneously recorded electric fields are shown in Fig. 1 (every 48 ms after 
stimulusstimulus onset; 151 MEG sensors). Magnetic fields evoked by counted full-field 
visualvisual events (171' checks, 7-10 % contrast) are shown on the left, by counted left 
half-fieldhalf-field events in the middle and by counted right half-field events on the right of 
thisthis figure. The meaning of the colors is blue for outgoing magnetic fields (positive), 
redred for incoming magnetic fields (negative) and yellow for zero magnetic fields; the 
colorcolor scale is in the bottom of this figure. The magnetic fields of the time 
correspondingcorresponding event-related equivalents are N200 around 240 ms, the P3a around 
340340 ms and the parietal of P3b around 480 ms. The distribution of the magnetic 
fieldsfields of the N200 is mid-occipital upon counted full-field visual events, right 
occipitaloccipital upon left-half field and left occipital upon right half field visual events. This 
resultresult is consistent with the results of the corresponding electric fields of N200 
shownshown in Fig. 1. The distribution of the magnetic fields of P3a and P3b are not 
changedchanged with the field of the presentation similarly to the corresponding electric 
fields. fields. 
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6.6.. Integration of MEG with other  functional brain imaging 
techniques s 

Thee various imaging techniques used to investigate the human brain fell into two 
categories:: structural and functional. Structural imaging techniques are designed to 
analyzee the anatomical features of the brain and any pathological structures such as 
tumorss and epileptogenic loci. Functional imaging techniques, on the other hand, are 
usedd to investigate which areas of the brain are active while performing a task, the 
sequencee of activation of those areas, and what happens to this functional 
organizationn in disease. 
Differentt brain imaging techniques are employed to assess the relationship between 
activee brain areas and their potential functions under different experimental 
conditions.. Functional imaging methods include (1) PET (positron emission 
tomography)) and SPECT (single photon emission computerized tomography), (2) 
fMRII  (functional magnetic resonance imaging), (3) EEG and (4) MEG. Each of them 
dealss with different aspects of brain activity and has different characteristics of 
spatiall  and temporal resolution. For example, PET and SPECT reveal details 
associatedd with the functional organization of the brain, in particular the relationship 
betweenn increased activity in a certain brain region and the increased glucose 
metabolismm in mat same area. To use any of these methods a radioactive tracer such 
ass an isotope of C (Carbon), N (Nitrogen), O (Oxygen) or F (Fluor) is injected into 
thee subject, which is preferentially taken up by parts of the brain that are very active. 
Gammaa rays associated with positron emission (or single photon emission) from 
thesee areas can be detected and analyzed to provide a functional map of brain 
activation.. In these techniques, the signal to noise ratio is often so poor that averages 
overr many subjects must be used, ignoring the feet that there can be a significant 
structurall  variation between different people. Both techniques are invasive and 
althoughh each individual radioactive dosage is low, experiments cannot be repeated 
manyy times in a short period of time. The temporal resolution of these techniques is 
poor,, and the spatial resolution of the acquired image is between 4 and 8 mm. 
Thee human body is primarily water and lipids, both containing many hydrogen atoms 
(approximatelyy 63 % hydrogen atoms). Hydrogen nuclei can be seen with magnetic 
resonancee imaging (MRI). For these reasons when placing a certain body portion 
(e.g.. a brain portion) in a strong magnetic field, a three-dimensional image of the 
distributionn of hydrogen nuclei in that portion can be obtained. Thus, MRI provides 
detailedd density images of the brain to millimeter accuracy. When such MRI images 
aree obtained before ("steady") and after ("activated") sensory stimulation (for 
example,, visual stimuli), this sequential "steaoyVactivated" examination is called 
functionall  i.e., fMRI. Thus, one image is subtracted from another and areas of the 
brainn with increased metabolism stand out as hotspots. The structural changes in 
thesee areas due to enhanced local blood flow and swelling of tissues are assumed to 
correlatee well with adjacent cortical areas being active. Note, that fMRI is a non-
invasivee test, but long-lasting (30-45 min) and taking place in a space-restricted 
device,, which is not suitable for claustrophobic subjects (patients). The fMRI image 
hass a better spatial resolution than the PET and SPECT images. However, all fMRI, 
PETT and SPECT suffer from several problems. Firstly, neither technique is a primary 
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measuree of cortical activity, but is an associated metabolic measure, which is 
assumedd to correlate with the area, which generates neuronal activity. Secondly, they 
alll  rely on baseline subtraction techniques, i.e., separate images are taken before and 
duringg stimulation. There is some ambiguity over whether an activated area revealed 
byy this process is only present during the stimulus-specific image. Finally, the time 
resolutionn of all three techniques is poor, in the order of tens of seconds. 
Tlius,, high temporal resolution, in the order of milliseconds, can only be achieved by 
usingg techniques, which measure the neuronal activity of the brain directly, for 
examplee EEG and MEG. Note, that the spatial resolution of EEG is better than MEG 
forr localizing radial (deep or superficial) brain sources, whereas both EEG and MEG 
alloww source localization of tangential sources. MEG is non-invasive and much 
festerfester than the other brain imaging procedures. Furthermore, both EEG and MEG 
alloww source modeling, but do not provide information about the exact size of the 
regionn of interest. The latter can be further specified by fMRI, which is superior to 
PETT and SPECT in this respect. 
Inn sum, to acquire an optimal temporal and spatial resolution brain image with 
optimall  convenience for the subject (patient), one can use a battery of functional 
brainn imaging techniques. Definitely, for basic and clinical studies a sequence of 
fMRI-EEG/MEGG techniques should be applied. 

6.7.. Concluding remarks 

Electrophysiologicall  analysis of the visual system and its associated brain 
areass in both experimental animals and human has provided functional insight in the 
processingg of sensory input at various hierarchic levels of the brain. In my thesis, the 
mainn focus was on EEG and MEG recordings of man as a mean to assess brain 
functionn under various experimental conditions. Recording conditions for event-
relatedd potentials (ERPs) were optimized and standardized to develop a sensitive 
systemm to detect distinct visual event-related components, m contrast to the "early" 
(primary)) components of the visual evoked potential (VEP), the "late" (event-
related)) components N200, P3a, P3b are largely independent of the physical quality 
off  the visual stimulus. Late components are assumed to result from "higher level" 
processingg of sensory input and originate from different brain areas. Superficial 
sourcess are likely to originate from associative cortical areas, and can be approached 
byy both EEG and MEG, whereas deep (subcortical) sources are more difficult to 
locate,, however, approximations based on EEG source modeling can be made. 
Simultaneouss EEG and MEG recordings in combination with fMRI will allow more 
accuratee source localization of radial as well as superficial and tangential sources (or 
componentss of a source). 

Althoughh recent progress has been made in brain imaging techniques, both 
onn the structural (anatomical) and functional levels, one of the most challenging 
taskss remains the interpretation of the collected data and the design of models that 
couldd explain certain brain functions. For example, what is the neuronal basis of 
attention,, recognition or memory? In light of the tremendous complexity of human 
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brainn functioning, powerful imaging techniques combined with cellular and 
molecularr neurobiological approaches will be needed to bring us closer to an answer 
off  some of these classic questions. 
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SUMMARY Y 

Visuall  event-related potentials (ERP) can be recorded in human by different 
non-invasivee techniques, one of which is electroencephalography (EEG) and another 
onee is magnetoencephalography (MEG). Both techniques provide overlapping, yet 
distinctt information about brain areas involved in the generation of event-related 
responses.. In particular, EEG allows detection of superficial (radial and tangential) 
andd deep activities with respect to the brain cortex, whereas MEG is best in detecting 
brainn activities that are superficial and tangential. These brain imaging techniques 
havee been used for fundamental studies of the brain (chapters 2 and 3); a clinical 
applicationn of the visual ERPs is presented in chapters 4 and 5. 

Introductoryy chapter 1 deals with the anatomy and physiology of neuronal 
cellss (neurons) and the origin of electrical brain activity. A brief historical review of 
thee techniques to record human brain electrical responses is described, with a special 
focuss on the visual evoked potentials (VEPs) and their characteristics. The main 
emphasiss however, is placed on the components of the visual event-related potentials 
(ERPs).. This chapter also provides the basis of the MEG recording technique. 

Thee second chapter shows that clear identification of the three long-latency 
componentss (N200, P3a, and P3b) to meaningful events can be facilitated by using 
thee onset of low contrast (10%) large checkerboard stimuli (200') as the visual event 
inn the "frequent" presentation of small (12') checkerboard stimuli. In this chapter, the 
behaviourr of these components on various stimulus parameters and states of attention 
iss elucidated. It was found that four midline electrodes are sufficient to record 
differentt late components (N200, P3a, and P3b) in adults from 40 to 60 years. Source 
modelingg of these responses, derived from 32 scalp electrodes revealed a superficial 
occipitall  generator for N200, a deep parietal generator for P3a, with a direction of 
thee current oriented centro-frontally, and a deep central generator for P3b, with a 
directionn pointing parietally. 

Chapterr 3 shows that EEG and MEG techniques can be simultaneously 
appliedd to record visual event-related responses from the human brain. Four distinct 
visuall  event-related components N200, P3a, P3b, and P3c are detected in the EEG 
andd MEG while counting visual events in subjects from 4 to 12 years of age. 
Furthermore,, for every event-related component detected in the EEG, there is a 
latencyy corresponding MEG component. The latency of the EEG and corresponding 
MEGG N2000 and P3a gradually shortens with brain maturation from 4 to 22 years, the 
latencyy of P3b does not significantly change within this age range, whereas the P3c 
latencyy in children rapidly shortens in children until 12 years, later on this 
componentt is not detectable any more. Compared to adults (40-60 years), the visual 
event-relatedd responses in children and young adults (4-22 years) show distinct 
maximaa over the posterior part of the head; N200, P3b, and P3c are strongest 
occipitally,, and P3a is more centro-parietal. Source modeling of the EEG 
componentss revealed deep sources (P3a and P3b), or just more superficial sources 
withh respect to the scalp (N200), whereas MEG detected superficial and tangential 
componentss to these sources, and some deeper activity (P3a). 
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Inn chapter 4 the diagnostic value and sensitivity of the method developed to 
recordd ERPs are assessed by comparing the latencies of ERPs in 19 patients with 
cirrhosiss without clinical symptoms of encephalopathy (40-60 years) and 20 age-
matchedd control subjects. Visual ERPs, in particular (the latencies of) P3a and P3b 
aree more sensitive in detecting abnormal brain electrophysiology in cirrhotic patients 
withoutt overt encephalopathy than N200, primary VEP, pattern-reversal VEP and 
alphaa rhythm. Thus, to assess visual ERPs in such patients, only three midline 
electrodess are sufficient: at Fz and Cz for P3a and at Pz for P3b. 

Chapterr 5 deals with the effect of flumazenil (an antagonistic drug to 
endogenouss benzodiazepines) on the latencies of the visual P3a and P3b 
components,, the time to complete the number-connection test (NCT) and the 
reactionn time test in cirrhotic patients with subclinical hepatic encephalopathy 
(SHE).. Since it was found mat flumazenil has no significant effect on either of these 
tests,, it is concluded that there is no support for the hypothesis that the neuro-
electrophysiologicall  abnormalities in cirrhotic patients are attributable to increased 
brainn levels of endogenous benzodiazepines. 

Inn the last chapter of this thesis the methodology to record visual event-
relatedd responses is discussed using EEG and MEG techniques to assess healthy 
subjectss and patients of various age groups. Furthermore, me results from source 
localizationn analysis are discussed with respect to their contribution to clinical 
practise.. Finally, suggestions and concluding remarks are made on the future 
applicationss of EEG and MEG techniques and their integration with other brain 
imagingg techniques. 
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SAMENVATTIN G G 

Visueell  opgewekte hersenactiviteit op onregelmatig voorkomende 
gebeurtenissen,, de visuele event-related potential (ERP) kunnen bij de mens worden 
geregistreerdd met verschillende niet-invasieve technieken, een daarvan is 
electroencefalografiee (EEG) en een andere magnetoencefalografie (MEG). Beide 
techniekenn geven enigszins overlappende, maar verschillend geaarde informatie over 
gebiedenn in de hersenen die te maken hebben met het genereren van de event-related 
responses.. In het bijzonder maakt EEG het mogelijk oppervlakkige (radiaal of 
tangentiaall  gerichte) en diepe (t.o.v. de cortex) hersenactiviteit te detecteren, terwijl 
MEGG beter is voor de detectie van oppervlakkige en tangentiaal gerichte 
hersenactiviteit.. Deze hersen-afbeeldingstechnieken werden gebruikt voor 
fundamenteell  onderzoek van de hersenen (hoofdstukken 2 en 3); klinische 
toepassingg van visuele ERPs is beschreven in hoofdstukken 4 en 5. 

Hett inleidende hoofdstuk 1 beschrijft de anatomie en de fysiologie van 
zenuwcellenn (neuronen) en de oorsprong van electrische hersenactiviteit. Een kort 
historischh overzicht van de technieken om electrische hersenpotentialen te registreren 
wordtt gegeven, met enige nadruk op de visuele evoked potentials (VEPs) en de 
eigenschappenn daarvan. De voornaamste aandacht wordt echter besteed aan de 
componentenn van de visuele event-related potentials (ERPs). Ditzelfde hoofstuk 
beschrijftt ook de basis van de MEG-registratietechniek. 

Hett tweede hoofdstuk toont hoe het gebruik van een schaakbordpatroon met 
laagg contrast (10%) en grote afinetingen (200') als "infrequente" stimulus temidden 
vann schaakbordpatronen met kleine afinetingen (12') als "frequente" stimulus het 
mogelijkk maakt om de drie lange-latentie componenten (N200, P3a en P3b) die 
geassocieerdd zijn met 'meaningful events', te identificeren. In dit hoofdstuk wordt de. 
afhankelijkheidd van deze componenten van verschillende stimulusparameters and 
gradenn van aandacht toegelicht. Er werd gevonden dat het voldoende is om vier 
langss de middellijn geplaatste electroden te gebruiken voor het registreren van de 
diversee late componenten (N200, P3a en P3b) bij volwassenen van 40 tot 60 jaar. 
Hett berekenen van de effectieve bron, op basis van 32 op de hoofdhuid geplaatste 
electroden,, leverde een oppervlakkige occipitale generator op voor N200, een diepe 
parietalee generator voor P3a, waarbij de stroom centro-frontaal gericht is, en een 
diepee generator voor P3b, met de stroom parietaal gericht. 

Hoofdstukk 3 toont aan dat EEG en MEG technieken tegelijkertijd kunnen 
wordenn gebruikt om visuele event-related responses van de menselijke hersenen af te 
leiden.. Vier van elkaar vesch il lende visuele event-related componenten, N200, P3a, 
P3bb en P3c, kunnen worden gedetecteerd in EEG en MEG registraties bij 
proefpersonenn van 4 tot 12 jaar die geinstrueerd waren om "infrequente*' visuele 
stimulii  te tellen. Verder is er bij elke event-related component in het EEG een in 
latentiee corresponderende component in de MEG registratie. Met het rijper worden 
vann de hersenen worden de latenties van de N200 en P3a componenten in EEG en 
MEGG langzamerhand korter, de latentie van de P3b component verandert niet 
significant,, terwijl de P3c component tot de leeftijd van 12 jaar een snel kleiner 
wordendee latentie toont en daarna niet meer waargenomen kan worden. Vergeleken 
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mett volwassenen (40-60 jaar), tonen de visuele event-related responses bij kinderen 
enn jonge volwassenen (4-22 jaar) duidelijke maxima over het achterste deel van het 
hoofd,, de N200, P3b en P3c componenten zijn occipitaal het sterkst, P3a is centro-
parietaall  groter in amplitude. Berekenen van de bronverdeling toont voor EEG diep 
gelegenn bronnen (voor P3a en P3b), meer oppervlakkig gelegen bronnen (voor 
N200),, en voor MEG oppervlakkig gelegen tangentiaal gerichte bronnen en enige 
dieperr gelegen activiteit (voor P3a). 

Inn hoofdstuk 4 worden de diagnostische waarde en de gevoeligheid bepaald 
vann de ontwikkelde methode om ERPs te registreren. Dit gebeurt door de latenties 
vann ERPs te vergelijken tussen 19 patiënten met cirrhose zonder klinische 
symptomenn van encefalopatie en 20 qua leeftijd aangepaste (40-60 jaar) controle-
proefpersonen.. Visuele ERPs, in het bijzonder (de latenties van) P3a en P3b, zijn 
gevoeligerr indicatoren van abnormale hersenfysiologie bij cirrhosepatienten zonder 
duidelijkee encefalopatie dan N200, primaire VEP, en VEP bij patroon-omkering en 
alfaritme.. Om visuele ERPs te meten volstaan drie electroden: op Fz en Cz voor P3a 
enn op Pz voor P3b. 

Hoofdstukk 5 behandelt het effect van flumazenil (een antagonist tegen 
endogenee benzodiazepinen) op de latenties van de visuele P3a en P3b componenten, 
dee tijd nodig voor het uitvoeren van de number-connection test (NCT) en de 
reactietijdd bij cirrhotische patiënten met subklinische encefalopatie (SHE). Omdat 
werdd gevonden dat flumazenil op geen van deze tests een significant effect had, is de 
conclusiee dat er geen ondersteuning is voor de hypothese dat neuro-
electrofysiologishcee afwijkingen bij cirrhotische patiënten toegeschreven zouden 
moetenn worden aan verhoogde niveaux van endogene benzodiapezines in de 
hersenen. . 

Inn het laatste hoofdstuk van dit proefschrift wordt de methodologie 
gediscussieerdd om visuele ERPs met EEG en MEG techieken te registreren voor het 
onderzoekenn van gezonde proefpersonen en patiënten van variërende leeftijd. Verder 
wordenn de resultaten van het bronverdelingsonderzoek besproken in relatie tot een 
mogelijkee bijdrage tot de klinische praktijk. Tenslotte worden suggesties gedaan en 
afsluitendee opmerkingen gemaakt ten aanzien van toekomstige toepassingen van 
EEGG en MEG technieken en de integratie daarvan met andere afbeeldingstechnieken 
voorr de hersenen. 
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