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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 
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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. 
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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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