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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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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. 
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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 

77 7 



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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