
The neuronal response patterns that are required for an adequate
behavioural reaction to subjectively relevant changes in the
environment are commonly studied by means of oddball paradigms,
in which occasional ‘target’ stimuli have to be detected in a train of
frequent ‘non-target’ stimuli. The detection of such task-relevant
stimuli is accompanied by a parietocentral positive component of the
event-related potential, the P300. We performed EEG recordings of
visual and auditory event-related potentials and functional magnetic
resonance imaging (fMRI) when healthy subjects performed an
oddball task. Significant increases in fMRI signal for target versus
non-target conditions were observed in the supramarginal gyrus,
frontal operculum and insular cortex bilaterally, and in further
circumscribed parietal and frontal regions. These effects were
consistent over various stimulation and response modalities and can
be regarded as specific for target detection in both the auditory and
the visual modality. These results therefore contribute to the
understanding of the target detection network in human cerebral
cortex and impose constraints on attempts at localizing the neuronal
P300 generator. This is of importance both from a neurobiological
perspective and because of the widespread application of the
physiological correlates of target detection in clinical P300 studies.

Introduction
In natural environments, sudden change of the perceived

surroundings often threatens the individual’s physical integrity.

The rapid detection of relevant changes of the external sensory

stimulation and the execution of adequate behavioural responses

can therefore be crucial for survival. On the other hand,

adaptation to regularly occuring stimuli and extrapolation of

future events confers economic benefits that might be equally

important. The allocation of resources to the detection of

mismatches therefore involves a tradeoff between attentional

economy and the potential need for rapid responses.

The neuronal correlates of the detection of subjectively

relevant information are commonly studied with ‘oddball’ para-

digms, in which occasional relevant (‘target’) stimuli that require

a specific cognitive response have to be detected in a train of

frequent irrelevant ‘non-target’ stimuli. The detection of targets

in an oddball paradigm is associated with an event-related

potential component ∼300–500 ms post-stimulus (Ritter and

Vaughan, 1969), depending on stimulus modality. This task-

related parietocentral component (Vaughan and Ritter, 1970)

has been named ‘P3’ (Smith et al., 1970), ‘P300’ (Ritter et al.,

1968) or ‘late positive component’ (Sutton et al., 1965). Its

amplitude increases with target improbability (Squires et al.,

1976) and interstimulus interval (Polich, 1990; Polich et al.,

1991), while the latency depends on the difficulty  of  the

task [reviewed by Picton (Picton, 1992)]. The amplitude, latency

and topography of the P300 are furthermore altered in a

number of neuropsychiatric disorders, such as schizophrenia

(Strik et al. 1994; Pritchard, 1986), autism (Oades et al., 1988),

dementia (Goodin et al., 1978; Dierks and Maurer, 1990),

metabolic encephalopathies (Davies et al., 1990) and alcoholism

(Pfefferbaum et al., 1979). The amplitude of the P300 is also

reduced by focal cortical lesions, particularly of the temporo-

parietal junction (Knight et al., 1989; Yamaguchi and Knight,

1992), but also of the frontal lobes (Yamaguchi and Knight,

1991).

Evidence as to the generators of the P300 wave has been

obtained from  lesion studies [reviewed  by  Knight  (Knight,

1990)], intracerebral electrical recording in humans (Puce et al.,

1989; Smith et al., 1990; Baudena et al., 1995; Halgren et al.,

1995a,b) [reviewed by Halgren et al. (Halgren et al., 1998)], cats

(O’Connor and Starr, 1985) and monkeys (Paller et al., 1988,

1992; Arthur and Starr, 1994), source localization studies of scalp

electrical (Menon et al., 1997) and magnetic (Basile et al., 1997;

Mecklinger et al., 1998) evoked responses, and functional mag-

netic resonance imaging (fMRI) (Dierks et al., 1997; McCarthy et

al, 1997; Menon et al., 1997).

Human lesion studies point mainly towards temporoparietal

and frontal generators, while the intracranial recordings suggest

an additional contribution of limbic and paralimbic areas. These

two approaches, while providing the most direct access to the

generators of the P300 wave, warrant cautious interpretation.

Lesion studies, by definition, require previous damage to the

brain and therefore do not necessarily provide a picture of

the normal working brain. Similarly, intracranial recordings in

humans can only be applied to certain groups of patients. Both

methods have the additional disadvantage that they provide

information only about a limited number of brain sites whose

selection does not primarily depend on the experimental re-

quirements, but on the clinical indication or type of lesion. It is

therefore important to supplement the contribution of the lesion

studies and intracranial recordings with non-invasive functional

neuroimaging of the entire brain in healthy subjects. The

reconstruction of sources of evoked magnetic fields has so far

been only partially successful, perhaps owing to the nature of

the generators, which are not easily treated as point sources

(Halgren, 1998). fMRI alone (McCarthy et al., 1997) and

with EEG (Menon et al., 1997) confirmed the contribution of

temporoparietal and frontal areas to the oddball response. These

functional imaging studies, however, covered only parts of the

brain and did not test the effect of a variation of stimulus and

response modalities. Therefore their design did not allow for a

differentiation between modality-specific higher sensory func-

tions and the intermodal network for target detection. Similarly,

it was almost impossible to determine the extent to which the

observed blood oxygen level-dependent (BOLD) signal changes

could be attributed to specific effects of the type of response

(mental counting or finger movements, respectively) the sub-

jects had to make.

In the present whole-brain fMRI study of the oddball

paradigm, we use both auditory and visual stimuli and mental
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counting and button-press responses in order to obtain effects

that are invariant for stimulation and response modality and can

thus be regarded as functional imaging equivalents of the P300

component.

Materials and Methods

Subjects and Task

Five neurologically and mentally healthy male subjects (age range 25–37,

mean 29) were recruited from an academic environment. All subjects

gave informed consent to participation in the study. The four experi-

mental conditions were defined by the mode of stimulus delivery (visual

or auditory) and of the subjects’ response (mental counting of targets or

differential button press). All four conditions were tested in separate EEG

and fMRI sessions. Stimuli were generated on a personal computer using

the STIM® software package (Neuroscan, Inc., Hernon, USA). In the EEG

setting, stimuli were presented using the STIM hardware for visual and

auditory stimulation. In the fMRI setting, visual stimuli were delivered to

a high luminance LCD projector (EIKI LC-6000), and auditory stimuli to a

custom-made sound transmission device that accurately preserves tone

frequencies.

The visual oddball paradigm consisted of sequences of angles that

were presented for 800 ms every 8 s. Subjects had to detect small angles

(15°) in trains of large angles (60°). The auditory oddball paradigm

consisted of sine tones of 1000 and 2000 Hz at a sound pressure level of

90 dB that were presented for 200 ms (including 10 ms rise-time and

10 ms fall-time) every 8 s. The 2000 Hz tone was defined as target. In both

paradigms, targets appeared in pseudo-random order with a probability

of 15% and were separated from the next target by at least 32 s to allow

for a return of the BOLD signal to baseline levels. In the button-press

conditions, subjects had to press a button with the right index finger

upon each stimulus presentation. One button was defined as target and

another as non-target button. Responses were recorded using the STIM

hardware (during EEG) and a custom-made fibreoptic answer-box (during

fMRI). In the counting condition subjects silently counted the targets and

reported the result after the session.

ERP Recording and Analysis

The event-related electric potentials were recorded using NeuroScan

equipment with Synamps amplifiers (Neuroscan, Inc.). Twenty elec-

trodes were placed according to the 10–20 System (Fp1, Fp2, F7, F3, Fz,

F4, F8, T3, C3, C4, T4, T5, P3, Pz, P4, T6, O1, O2, A1, A2) and recorded

against the electrode Cz as reference. Two additional bipolar pairs of

electrodes were placed to record horizontal and vertical EOG, and one

bipolar pair to record ECG. The ERPs were recorded as ongoing EEG and

digitized with a rate of 512 Hz. Prior to digitizing the EEG was bandpass

filtered at 0.1–30 Hz.

The analysed time epoch at each stimulation was 1024 ms (200 ms

pre- and 824 ms post-stimulus). For each epoch a baseline correction for

the data 200 ms prior to the stimulus was performed. To avoid artefacts

all epochs containing data exceeding ±50 µV in any channel (except for

ECG channels) were excluded from further analysis. For each condition,

∼20 target sweeps were obtained free of artefacts. The average for each

subject for each stimulus and response condition was calculated

separately for target and non-target stimuli (4 × 2 conditions). The data

were recalculated using linked mastoids as reference [(A1 + A2)/2]. To

obtain topographical unbiased amplitude values, we computed the global

field power (GFP) (Lehmann and Skrandies, 1971; Rodin 1991; Pritchard

et al, 1996; Fylan et al, 1997). The maximal GFP amplitude was measured

for the target stimuli in a time window of 300–400 ms for auditory and

400–600 ms for visual paradigms and compared to the GFP amplitude for

non-target stimuli at the same time point (paired Student’s t-test).

fMRI Measurements and Analysis

The MR scanner used for imaging was  a  1.5  T whole-body  super-

conducting system (MAGNETOM Vision, Siemens Medical Systems,

Erlangen, Germany) equipped with a standard head coil, an active

shielded gradient coil (25 mT/m) and echo planar sequences for ultra-fast

MR imaging.

For functional imaging, we used a BOLD sensitive single-shot echo

planar (EPI) sequence (TE = 26 ms; TR = 2000 ms; f lip angle = 90°; matrix

size = 64 × 64) and an event-related design with a time resolution of 2 s.

Each functional volume consisted of 12 slices, with a thickness of 6 mm

and a pixel size of 3.125 × 3.125 mm (field of view: 200 × 200 mm),

located along oblique planes parallel to the plane crossing the anterior

and posterior commissure.

Each functional time-series consisted of 128 volumes and lasted for

256 s. During this time 32 stimuli were presented at 8 s intervals. For each

of the four conditions (visual oddball–counting; visual oddball–button

press; auditory oddball–counting; auditory oddball–button press) four

functional time series were acquired. Every subject thus underwent 16

scans of 128 volumes each.

For the three-dimensional reconstruction of functional data, high-

resolution three-dimensional data sets [T1 weighted FLASH (fast low-angle

shot) with 180 partitions; isotropic voxel size 1 mm3] were acquired for

each subject.

Data analysis, registration and visualization were performed with the

fMRI software package BrainVoyager 3.0 (Goebel et al., 1998a,b, Dierks

et al. 1999). Prior to statistical analysis, the time series of functional

images was aligned for each slice in order to minimize the signal changes

related to small motions of the subject during the acquisition. The

realigned time series were spatially filtered by convolving each EPI image

with a bidimensional Gaussian smoothing kernel with full width at half

maximum (FWHM) = 2 pixels. No temporal smoothing was performed in

order to maintain the single trial temporal resolution. Furthermore, the

linear drifts of the signal with respect to time were removed from each

pixel’s time-course. The two-dimensional slice time-courses were then

converted into three-dimensional volume time-courses by co-registration

with the three-dimensional anatomical data sets that were acquired in the

same scanning sessions.

Co-registration was based on the Siemens slice position parameters of

the T2*-weighted measurement (number of slices, slice thickness, dis-

tance factor, Tra–Cor angle, FOV, shift mean, off-centre read, off-centre

phase, in-plane resolution) and of the T1-weighted FLASH measurement

(number of sagittal partitions, shift mean, off-centre read, off-centre

phase, resolution) with respect to the initial overview measurement

(scout).

For each subject the structural and functional three-dimensional data

sets were transformed into Talairach space. Talairach transformation was

performed in two steps. The first step consisted in rotating the three-

dimensional data set of each subject to be aligned with the stereotaxic

axes. For this step the location of the anterior commissure (AC) and the

posterior commissure (PC) and two rotation parameters for midsagittal

alignment had to be specified manually in the three-dimensional FLASH

data set. In the second step the extreme points of the cerebrum were

specified. These points together with the AC and PC coordinates were

then used to scale the three-dimensional data sets into the dimensions of

the standard brain of the Talairach and Tournoux atlas (Talairach and

Tournoux, 1988) using a piecewise affine and continuous transformation

for each of the 12 defined subvolumes.

The statistical analysis of the variations of the BOLD signal was based

on the application of the general linear model to time series of task-related

functional activation (Holmes et al. 1997). General linear models were

computed for each of the four conditions from 20 volume time-courses

(five subjects, four repetitions) with 128 time points each. The design

matrix contained the 20 idealized response functions (assuming the value

1 for the four time points following the presentation of the target and the

value 0 for the remaining time points) that corresponded to these signal

time-courses. For statistical analysis, any combination of predictors can be

used. It is thus possible to compute both single subject and group effects

and to test for inter- and intraindividual stability. In the present study, the

identification of task-related spatial activation patterns and comparison

between the four task conditions was based on group correlation maps

(five subjects, four repetitions of 128 time points each per condition)

thresholded at r > 0.4 (P < 10–4, uncorrected).

In order to exclude a confounding effect of sample size differences we

performed a second analysis of the volume time-courses, in which the

specified predictor for the target epochs was compared to a baseline

condition of equal length (the baseline predictor included the four time

points prior to each target). Effects were only accepted as significant

when they were specific for the target versus baseline epochs at P < 10–4
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and the baseline predictor did not show any significant departure from

the overall average of the time-course.

The T1-weighted FLASH three-dimensional recording of one subject

was used for a surface reconstruction of both hemispheres. The

white/grey matter border was segmented with a region-growing method.

The discrimination between white and grey matter was improved by

several manual interactions (e.g. labelling subcortical structures as ‘white

matter’). The white/grey matter border was finally tesselated in a single

step using two triangles for each side of a voxel located at the margin of

white matter. The tesselation of a single hemisphere typically consists of

roughly 240 000 triangles. The reconstructed surface is subjected to

iterative corrective smoothing (100–200 iterations). An interactive

morphing algorithm (Goebel et al., 1998a) was used to let the surface

grow smoothly into the grey matter. Through visual inspection, this

process was halted when the surface reached the middle of grey matter

(approximately layer 4 of the cortex). The resulting surface was used as

the reference mesh for the visualization of functional data. The iterative

morphing algorithm was further used to inf late each hemisphere. An

inf lated hemisphere possesses a link to the folded reference mesh so that

functional data may be shown at the correct position of the inf lated

representation. This link was also used to keep geometric distortions

during inf lation to a minimum with a morphing force that keeps the area

of each triangle of the inf lated hemisphere as close as possible to the

value of the folded reference mesh. This display of functional maps on an

inf lated hemisphere allows the topographic representation of the

Figure 1. Average (n = 5) ERP wave forms at scalp electrodes Fz, Cz, Pz, O1 and O2 and for horizontal (EOG-H) and vertical (EOG-V) electrodes for targets (solid line) versus
non-targets (dotted line) in all stimulation and response modalities (a, visual; b, auditory stimulation). The button-press reaction times were greater for targets than for non-targets
(auditory target 706 ms, SD 158 ms; auditory non-target 530 ms, SD 131 ms; visual target 611 ms, SD 118 ms; visual non-target 525 ms, SD 116 ms). The error rates were 1.8%
for visual button press and 1.1% for auditory button press.

Table 1
Mean and standard deviation (SD) for P300 GFP amplitudes for targets and non-targets in all
stimulation and response modalities

Visual Auditory

Button press Counting Button press Counting

Target Non-target Target Non-target Target Non-target Target Non-target

Mean (µV) 7.37 3.55 4.92 2.27 5.15 2.27 3.70 1.76
SD 2.38 1.68 0.69 0.97 2.16 0.99 1.02 0.59
P <0.001 0.036 0.013 0.004
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three-dimensional pattern of cortical activation without loss of the lobular

structure of the telencephalon.

Results
The evoked electric responses to the visual and auditory

stimuli for the different response modalities, shown in Figure 1,

reveal that the stimuli, which were identical for the EEG and

fMRI measurements, had the properties of classical oddball

paradigms. They elicited a marked parietocentral positivity at

latencies of 400–550 ms (visual) and 300–400 ms (auditory)

with significant GFP amplitude differences for targets versus

non-targets (Table 1). The corresponding increases of the BOLD

signal, measured with fMRI, for response to targets versus

response to non-targets that were significant at the P = 10–4 level

(uncorrected) are summarized in Table 2 and presented as

functional group data on inf lated individual hemispheres in

Figures 2 and 3. For all stimulation and response conditions,

activation was consistently observed in bilateral perisylvian

areas, including the supramarginal gyrus (BA 40), the frontal

operculum (BA 45), and the insula. In all conditions except the

auditory button-press, prominent activation was also observed

in the frontal midline areas supplementary motor area (SMA) and

anterior cingulate gyrus (BA 32). Additional clusters of activation

appeared in primary and secondary visual cortex (BA 17/ 18)

during the visual target presentation, in left Rolandic cortex (BA

1/2/3), the precuneus (BA 7) and the right middle temporal

gyrus (BA 21) during the button press response to auditory

targets, and in the posterior cingulate gyrus (BA 23) and the right

middle frontal gyrus (BA 6) during the mental counting of

auditory targets. The relative BOLD signal change for targets

compared to a non-target baseline, averaged over all five

subjects, peaked at ∼0.4% (Fig. 4).

Discussion
The detection of rare target stimuli in a train of standard stimuli

was associated with a prominent activation of bilateral peri-

sylvian areas in the inferior parietal and frontal lobes and insular

cortex. This activation was consistent over stimulation and

response conditions and cannot be explained by specific effects

of mental counting or motor response preparation, or the

processing of visual or auditory stimuli, respectively. It was

elicited by stimuli whose physical difference from the non-target

stimuli was marginal, and which were characterized by their

task-relevance and their frequency in the stimulus train. The

activation of these perisylvian areas during the target epochs of

different oddball tasks therefore suggests an involvement of

these areas in the higher-order multimodal processing of sensory

information that is modulated by the requirements of a cognitive

task. According to this interpretation, the supramarginal gyrus,

frontal operculum and insula would form a network for saliency

detection in different sensory modalities. The frontal midline

areas SMA and anterior cingulate have been shown to be

involved in a wide variety of cognitive tasks and associated with

effort and task difficulty (Dehaene et al., 1998a; Paus et al.,

1998). Their activation during target detection in oddball

paradigms might therefore ref lect their general role in response

Table 2
Anatomical areas (for abbreviations see Talairach and Tournoux, 1988) and Brodmann areas (BA) of activated clusters in the four experimental conditions and Talairach coordinates (Talairach and Tournoux,
1988) of centres of mass of group and (in brackets) single subject clusters

Experiment Anatomical area BA x y z n

Visual stimulus, button press right Gsm 40 52 (48 ± 4.6) –31 (–34 ± 6.2) 41 (41 ± 5.9) 5
left Gsm 40 –49 (–52 ± 1.8) –24 (–29 ± 4.1) 46 (42 ± 5.8) 4
right sylvian 45/insula 48 (47 ± 3.6) 4 (6.4 ± 5.6) 11 (9 ± 4.4) 5
left sylvian 45/insula –45 (–40 ± 4.8) –2 (1 ± 6.0) 10 (9 ± 4.3) 5
SMA/ant. GC 32 –1 (1 ± 6.3) –1 (2 ± 4.6) 46 (46 ± 1.3) 4
right VC 17/18 14 (13 ± 2.6) –96 (–93 ± 1.7) 5 (5 ± 6.2) 5

Visual stimulus, silent counting right Gsm 40 55 (56 ± 2.2) –36 (–31( 4.7) 35 (31 ± 2.9) 4
left Gsm 40 –55 (–53 ± 5.5) –37 (–34 ± 7.5) 33 (35 ± 2) 3
right Sylvian 45/insula 44 (47 ± 4.4) 9 (6.2 ± 5.0) 9 (8.6 ± 4.9) 5
left sylvian 45/insula –42 (–41 ± 6.1) 2 (0 ± 10.0) 8 (8.2 ± 5.2) 5
SMA/ant. GC 32 0 (3 ± 2.7) 5 (6 ± 4.9) 46 (41 ± 3.6) 5
right VC 17/18 15 (11 ± 5.5) –96 (–90 ± 5.8) 7 (8 ± 4.6) 5
right Lpi 40 41 (46 ± 4.5) –29 (–32 ± 3.5) 48 (46 ± 1.2) 3
left Lpi 40 –46 (50 ± 3) –39 (–30 ± 3.4) 46 (48 ± 1.7) 4

Auditory stimulus, button press right Gsm 40 55 (55 ± 4.0) –33 (–31 ± 7.0) 31 (32 ± 7.2) 5
left Gsm 40 –55 (–57 ± 3.7) 34 (–36 ± 6.4) 33 (36 ± 6.1) 5
right sylvian 45/insula 42 (45 ± 4.6) 2 (2.6 ± 4.7) –3 (5.2 ± 6.8) 5
left sylvian 45/insula –40 (–39 ± 1.4) 0 (1 ± 4.6) 0 (2 ± 4.4) 4
bilateral Pcu 7 –2 (–5 ± 5.5) –71 (–69 ± 2.3) 45 (42 ± 3.1) 3
left GPoC 1/2/3 –50 (–45 ± 4.9) –28 (–23 ± 4.2) 44 (45 ± 3.9) 4

Auditory stimulus, silent counting right Gsm 40 55 (54 ± 5.8) –29 (–29 ± 2.8) 26 (28 ± 2.6) 4
left Gsm 40 –58 (–54 ± 3.7) –40 (–36 ± 6.7) 27 (26 ± 6.6) 5
right Sylvian 45/insula 43 (47 ± 4.7) 11 (11 ± 6.5) –4 (0 ± 6.2) 5
left Sylvian 45/insula –39 (–42 ± 8.8) 11 (11 ± 10.2) –4 (0 ± 5.4) 5
SMA/ant. GC 32 0 (0 ± 2.4) 7 (6 ± 7.3) 44 (43 ± 3.7) 4
post. GC 23 0 (3 ± 3.4) –28 (–31 ± 4.1) 27 (33 ± 8.8) 5
right Gfm 6 45 (45 ± 2.4) 1 (1.4 ± 3.1) 44 (44 ± 1.9) 5
right Gtm 21 58 (51 ± 7.1) –39 (–42 ± 4.0) 8 (9 ± 3.2) 3

For details of cluster selection, see Materials and Methods. The last column indicates for how many of the five subjects the activation reached significance at the P < 10–4 (uncorrected) level. Only
significant activations were used to compute SDs of single subject data. Note that in at least two directions of the Talairach coordinate system, activated clusters in BA40 and BA45/insula did not differ by
more than 1 SD between experimental conditions (the largest variability being apparent along the z-axis).
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Figure 2. Average (n = 5) three-dimensional maps of BOLD signal increase for targets versus non-targets in all stimulation and response modalities superimposed on the inflated
hemispheres of a single subject (see Materials and Methods). Lateral views. vb, visual stimulation–button press; vc, visual stimulation–counting; ab, auditory stimulation–button
press; ac, auditory stimulation–counting.
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Figure 3. Average (n = 5) three-dimensional maps of BOLD signal increase for targets versus non-targets in all stimulation and response modalities superimposed on the inflated
hemispheres of a single subject (see Materials and Methods). Medial views. The four conditions are coded as in Figure 2.
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preparation in cognitive tasks and the monitoring of task-relevant

information (Carter et al., 1998).

Target detection did not elicit a very strong differential

response in unimodal sensory cortex. Some activation was

observed in primary and secondary visual areas during the

detection of visual targets. This activation might ref lect the

attentive or pre-attentive modulation of early sensory processing,

which has been suggested to occur already at the level of the

striate cortex (Roelfsema et al., 1998; Tootell et  al., 1998;

Watanabe et al., 1998; Yen and Finkel, 1998; Gandhi et al.,

1999). On the other hand, the activity of the the middle temporal

gyrus, an area that has been implicated in the memory formation

for auditory stimuli (Elger et al., 1997), that was observed in the

counting condition of the auditory oddball paradigm might be

related to the process of updating the auditory input sequence.

It also seems that there was little activity that can be explained

by specific effects of the response conditions. With regard to the

button-press response, we modified the commonly used task

requirements in order to make the paradigm suitable for fMRI.

Subjects had to press a button whenever a stimulus appeared.

One button coded for non-targets and another for targets. We still

found a marked P300 effect for the rare targets, while avoiding

the confound of finger movement-related activity that might be

tolerable in scalp P300 applications, but had obscured the results

of a number of earlier fMRI and source localization studies. The

activity of the postcentral gyrus in the button-press condition of

the auditory oddball paradigm might ref lect the somatosensory

component of the motor response, but no significant differential

activation was observed in the motor cortex proper. An area

extending from the angular gyrus to the intraparietal region,

which might be involved in mental arithmetic [reviewed by

Dehaene et al. (Dehaene et al., 1998b)], was activated bilaterally

during the counting condition of the visual, but not of the

auditory oddball paradigm.

The localization of the components of the network for target

detection in oddball tasks that is demonstrated by the present

study matches lesion data (Knight et al., 1989) and some of the

sites suggested by intracranial recordings as generators of the P3.

Halgren et  al. elicited triphasic peaks with a prominent P3

equivalent in the supramarginal gyrus of pre-surgical epilepsy

patients using visual and auditory oddball paradigms (Halgren et

al., 1995a). A similar effect could be obtained in the posterior

cingulate gyrus with an auditory oddball task. In our experi-

ment,  activation  was  observed  in  the supramarginal gyrus

bilaterally and consistently over all stimulus and response

conditions (Table 2). The posterior cingulate, on the other hand,

was significantly activated only during the silent counting of

auditory oddballs (Table 2). In all of our conditions, except the

button press to auditory rare targets, the anterior cingulate

cortex (BA 32) was significantly activated (Table 2). This area

was also found to be a generator of P3 waves in an intracranial

evoked potential study that employed only an auditory oddball

task (Baudena et al., 1995). However, the activity of other areas

that have been identified as generators of the intracranial P3 to

rare auditory and visual stimuli, most notably the hippocampal

complex (Halgren et al., 1995b), did not reach significance in

the group analysis of our fMRI data. This lack of hippocampal

activation might ref lect differences in the sensitivity of the two

methods. As suggested by McCarthy et al., possible differences

between the fMRI activation pattern and that of the intracranial

electric recording might be explained by differences in the

underlying patterns of neuronal activity (McCarthy et al., 1997).

While the P300 component of ERPs ref lects a transient syn-

chronized synaptic activity that occurs only for a brief period

(from 300 to 500 ms post-stimulus, depending on stimulus

modality), the changes in the BOLD response might be brought

about by a prolonged sustained activity of the target detection

network that is not revealed in the evoked electric or magnetic

field because it is not time-locked or because the fields generated

in the neurons are not similarly oriented. fMRI at high temporal

resolution (Menon and Kim, 1999), preferably in conjunction

with EEG/MEG recordings and a combination of both modalities

for source analysis (Scherg et al., 1999), is required in order to

test this hypothesis.

Our study confirms the finding of previous fMRI studies that

target detection in oddball  tasks is related to BOLD signal

increases in the supramarginal gyrus (Dierks et al., 1997;

McCarthy et al., 1997; Menon et al., 1997) and other inferior

parietal areas (McCarthy et al., 1997) and in frontal midline areas

(Dierks et al., 1997; Menon et al., 1997). However, none of the

previous studies reported activity in the frontal operculum and

the insula. This might be explained by the limitation of image

acquisition to selected brain areas in these studies.

The present study shows that whole-brain event-related fMRI

can make an important contribution to the identification of the

target detection network in the brain of healthy subjects. While

the clarification of the nature of the correspondence between

the BOLD signal increase in oddball conditions and the intra-

Figure 4. Average (n = 5; 512 time points each) time-courses of the BOLD response
during target epochs (T) and the preceding and following non-target (N) epochs. The
examples are drawn from the SMA (a) and the frontal operculum (b).
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cranial and scalp P300 is the most immediate issue, one should

also consider the use of event-related fMRI to supplement the

numerous studies on the subcomponents of the P300 wave and

their functional significance in the normal and pathological

brain.
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