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Abstract

Electroencephalography-correlated functional magnetic resonance imaging (EEG/fMRI) can be used to identify blood oxygen level-
dependent (BOLD) signal changes associated with both physiological and pathological EEG events. Here, we implemented continuous and
simultaneous EEG/fMRI to identify BOLD signal changes related to spontaneous power fluctuations in the alpha rhythm (8–12 Hz), the
dominant EEG pattern during relaxed wakefulness. Thirty-two channels of EEG were recorded in 10 subjects during eyes-closed rest inside
a 1.5-T magnet resonance (MR) scanner using an MR-compatible EEG recording system. Functional scanning by echoplanar imaging
covered almost the entire cerebrum every 4 s. Off-line MRI artifact subtraction software was applied to obtain continuous EEG data during
fMRI acquisition. The average alpha power over 1-s epochs was derived at several electrode positions using a Fast Fourier Transform. The
power time course was then convolved with a canonical hemodynamic response function, down-sampled, and used for statistical parametric
mapping of associated signal changes in the image time series. At all electrode positions studied, a strong negative correlation of parietal
and frontal cortical activity with alpha power was found. Conversely, only sparse and nonsystematic positive correlation was detected. The
relevance of these findings is discussed in view of the current theories on the generation and significance of the alpha rhythm and the related
functional neuroimaging findings.
© 2003 Elsevier Inc. All rights reserved.

Introduction

Ever since surface recordings of electrical brain activity
were introduced as electroencephalography by Hans Berger,
researchers have tried to understand the functional signifi-
cance of different spontaneous electroencephalogram
(EEG) patterns and in particular rhythms (Berger, 1929).
Scalp EEG is widely used in clinical and scientific practice
to obtain physiological and pathophysiological recordings
of brain activity. It is the mainstay of monitoring vigilance,
arousal states, and sleep stages. Electroencephalography
records electrical brain activity on a millisecond time scale
and thus permits temporal dynamics of brain function to be
analyzed. However, and especially for deeper cerebral

structures, attempts to localize the neural sources of the
surface electric field are compromised by the “inverse prob-
lem” (Plonsey, 1963): a given electromagnetic field regis-
tered by scalp EEG can result from an infinite number of
different intracranial sources. A priori assumptions can be
introduced to limit the number or position of possible field
generators. Source estimations are then possible but remain
models that are based on strong and not easily verifiable
assumptions (Phillips et al., 2002). Therefore, the topo-
graphical analysis of surface EEG is limited in terms of its
localizing capabilities. Conversely, functional magnetic res-
onance imaging (fMRI) allows an anatomically detailed
measurement of neuronal activity including that of deeper
cerebral structures, but temporal resolution of fMRI is
bound by the time constants of neurovascular coupling. To
combine at least in part the strengths of both techniques we
used a multimodal approach: the combination of simulta-
neous and continuous EEG with fMRI.

Only recently coregistration of EEG and fMRI has be-
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come possible. Few studies so far have used continuous and
simultaneous EEG/fMRI (Hoffmann et al., 2000; Lemieux
et al., 2001; Salek-Haddadi et al., 2002). In these studies,
EEG/fMRI was applied to spike detection and localization,
i.e., to discrete pathological events. As a first approach to
ongoing physiological brain activity and as others have
done as well (Goldman et al., 2002), the present study
addressed brain activity changes occurring in association
with spontaneous modulations of the alpha rhythm.

The human alpha rhythm is defined as oscillations in
electric potential within the 8- to 12-Hz range, normally
recorded as sinusoidal waves with larger amplitudes over
posterior regions, present in roughly 95% of healthy adults,
especially during eyes-closed rest. This electrical potential
is believed to arise from the oscillation of postsynaptic
potentials in the neocortex (Berger, 1929; Cooper et al.,
1965; Nunez et al., 2001). Functionally, alpha has been
interpreted as an idling rhythm that diminishes when eyes
are opened or during mental activity. It is not clear whether
alpha rhythms are pure noise or the product of chaotic
processes (Lopes da Silva et al., 1997; Niedermeyer, 1997),
nor whether there are distinct generators of alpha activity
(Nunez et al., 2001).

Here, we studied brain activity associated with alpha
rhythm by correlating continuously band-specific EEG
power with blood oxygenation level-dependent (BOLD)
signal changes over time. As opposed to event-related po-
tentials, where the exact onset of an external stimulus needs
to be known, continuous EEG/fMRI permits correlating
spontaneous intrinsic fluctuations of (electrical) brain states
with changes in the BOLD signal. No baseline or explicit
task condition is needed.

Methods

Subjects and setting

Fifteen healthy volunteers (six female and four male
subjects, mean age 31 � 3 years) participated in the study
after giving written informed consent. They were instructed
to simply lie still inside the scanner with their eyes closed
and not fall asleep.

Registration of EEG

EEG was acquired using the MRI-compatible BrainAmp
MR (Brainproducts, Munich, Germany) EEG amplifier and
the BrainCap electrode cap (Falk Minow Services, Herrsch-
ing-Breitbrunn, Germany) with sintered Ag/AgCl ring elec-
trodes providing 29 EEG channels, 2 ECG channels, and 1
EOG channel. They were positioned according to the 10/20
system. The reference electrode was between Fz and Cz. A
custom-made 250-Hz one-polar hardware filter was placed
between the electrode cap and the EEG amplifier. Raw EEG
was sampled at 5 kHz using the Brain Vision Recorder

software (Brainproducts). EEG was recorded for 5 min
outside the MRI environment and then inside the MRI
environment during image acquisition.

Image acquisition

Functional images were acquired on a 1.5-T MR scanner
with gradient booster and standard head coil (Magnetom
Vision, Siemens, Erlangen, Germany) as a series of blood
oxygenation-sensitive (T2*-weighted) echoplanar image
volumes covering almost the entire cerebrum (echo time 50
ms, 19 contiguous transverse slices, voxel size 3.44 � 3.44
� 4 mm3, 1-mm gap). To minimize head motion, bitempo-
ral pressure pads were employed. Since we wanted to com-
pare EEG data with and without scanning, we obtained
image volumes only every 4 s, thus leaving gaps of about 1 s
without scanning. Each subject underwent two consecutive
20-min sessions yielding 300 images each. The first 5 im-
ages were discarded to ensure steady-state longitudinal
magnetization.

EEG artifact correction and validation

Brain Vision Analyzer software (Brainproducts) was
used for off-line correction of imaging and pulse artifact as
described elsewhere (Allen et al., 1998, 2000). Briefly, the
onset and end of the EEG sections with imaging artifact
were marked, the thus defined intervals were averaged, and
their means were subtracted from each interval. In addition
to the adaptive filtering, inherent to the subtraction method,
a 30-Hz low-pass filter was included in the subtraction
algorithm to facilitate conventional visual inspection of the
corrected EEG. EEG intervals falling outside the periods of
MRI artifacts were unaffected by the correction algorithm.
Following scanner artifact removal, pulse artifact subtrac-
tion was applied. This procedure works analogously by
averaging EEG signal synchronized to the ECG. After
down-sampling to 250 Hz, raw and postsubtraction EEG
data sets were exported to MATLAB (Mathworks, Inc.,
Sherborn, MA) for further analysis. Since alpha activity is
best expressed at occipital electrodes, the arithmetic mean
from the two complementary electrodes O1 and O2 was
used for subsequent calculations. Additionally, we deter-
mined alpha power from more anterior pairs of electrodes
(C3/C4 and F3/F4, respectively) for control purposes.

The thus processed EEG was visually inspected for eye
movement, gross motion, and other artifacts. Where more
than 10% of the EEG was disturbed, the entire data set was
discarded and likewise where subjects had fallen asleep as
indicated by sleep patterns in the EEG and self-reporting.
Accordingly, 5 of the 15 subjects studied were discarded.
To account for brief intermittent but high-amplitude motion
or muscle artifacts and to facilitate intersubject compari-
sons, EEG amplitudes were limited to their mean plus or
minus 3 SD by setting exceeding values to the respective
standard deviations. A spectrogram was constructed by way
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of Fast Fourier transforming hanning windowed (raised
cosine) one second epochs. The spectral power was then
mean-scaled and averaged across the alpha band.

To verify the integrity of the spectral frequency of the
EEG resulting from the artifact subtraction, the power spec-
tra of the scan intervals after the processing were compared
to those of the interscan intervals to which no artifact
subtraction was applied. Additionally, EEG recordings from
inside and outside the MR scanner were compared for
differences.

In a further data analysis, artifact subtraction was used in
an alternative way compared to that described above. The
onset marker of the intervals to which the artifact correction
algorithm was applied was set to the beginning of the
imaging artifact and the end marker just before the begin-
ning of the consecutive imaging artifact, so that the algo-
rithm was applied to the whole EEG. Also, all data were
analyzed without applying the pulse artifact subtraction to
the EEG.

fMRI analysis

SPM99 software (http://www.fil.ion.ucl.ac.uk/spm) was
used for image preprocessing and voxel-based statistical
analysis. To correlate the fMRI with the EEG data, a re-
gressor was derived from the time course of alpha band
power (8–12 Hz) of the respective electrode mean (O1/O2,
C3/C4, and F3/F4, see above) by convolution with the
canonical hemodynamic response function and down-sam-
pling to the MRI frequency.

Functional images were realigned to the first scan of each
session and normalized into standard stereotactical space.
Spatial smoothing was performed using a Gaussian kernel
(10 mm full-width half-maximum (FWHM)). The design
matrix comprised the alpha band power convolved with the
canonical hemodynamic response function (hrf) and the six
rigid-body motion correction parameters as confounding
covariates, plus a mean term, high-pass filtered at 1/128 s.

A t-contrast was specified testing for the first column
(“alpha regressor”), and statistical parametric maps were
constructed and corrected for multiple comparisons by us-
ing Gaussian random field theory (Friston et al., 1995). For
group analysis, a fixed-effects model was applied, and sta-
tistical inferences were considered significant at the P �
0.05 level, corrected. In addition, a random effects model
was applied, and responses were considered significant at P
� 0.001, uncorrected, in case they were significant in the
fixed effects model at P � 0.05, corrected.

For individual parameter estimates to be taken to a sec-
ond level using the two-stage random effects model in
SPM99, it is important for all parameters to have been
estimated with similar efficiency (Friston et al., 1999).
Whereas this is normally given by using the same paradigm
in all subjects, by nature of the experiment we performed,
alpha power was not controlled experimentally but only

recorded in its spontaneous modulation. To address this
issue, we therefore explicitly computed the band-passed
energy for each subject’s alpha regressor by calculating its
variance (Josephs and Henson, 1999).

To assess whether rapid or slow fluctuations in alpha
power accounted for the functional imaging findings, we
performed additional analyses with “filtered” power time
courses. A high-pass filter was applied to the alpha power
time course with a cutoff period of 20 s, and to test for slow
modulation, the time course was smoothed beyond the hrf
with a Gaussian kernel of 10 s FWHM.

Results

Methodological results

To remove imaging (Fig. 1A) and pulse artifacts (Fig.
1B) from the EEG, the data were postprocessed as described
under Methods. EEG outside the scanner and inside ap-
peared similar on visual inspection. As a next step, we
compared for the EEG inside the scanner the intervals
during scanning with those obtained during the interscan
intervals. As illustrated in Fig. 2, the power in the corrected
scan intervals was reduced across the entire range of fre-
quencies analyzed (between 0.5 and 30 Hz). This reduction
was systematic and statistically significant (P � 0.05) for
each subject’s dominant alpha frequency. The peak alpha
power was reduced by about 25 � 10% (Table 1). However,
the reduction in power affected all frequencies almost
equally—with a tendency to less reduction in the lower
frequency range.

To assess whether the reduction in power of the cor-
rected scan intervals might be due to the artifact reduc-
tion algorithm, the algorithm was applied to the whole
EEG. For the frequencies between 0.5 and 30 Hz, the
power in the interscan intervals was lower after applica-
tion of the artifact reduction algorithm than in the same
intervals without artifact subtraction (not shown). This
indicates that the data processing by the artifact subtrac-
tion algorithm and the low-pass filter at 30 Hz cause a
systematic decrease in power. The same comparison
without low-pass filtering reduced power only slightly.
Thus, almost the entire power reduction is accounted for
by the 30-Hz filtering. In conclusion, the artifact subtrac-
tion algorithm proved to be a valid removal method for
continuous frequency analysis.

At a resolution of 1 Hz all subjects showed a single peak
in the alpha frequency range (Table 1), each within 9–11
Hz, the typical limits for this age group as reported in the
literature (Nunez et al., 2001). Efficiencies varied between
0.15 and 0.42 with a mean of 0.25, indicating that modula-
tions in the 8- to 12-Hz range showed robust dynamics and
were comparable between subjects.
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Fig. 1. EEG. An example of a 32 lead EEG (bandwidth 0.5 to 30 Hz) including one EOG and two ECG channels recorded inside the MR scanner is displayed. The ECG
channels are scaled down by a factor of 10. The distance between two solid vertical lines is 1 s. (A) In the uncorrected EEG, fMRI acquisition obscures EEG activity.
Pulse artifact is visible between the acquisitions. (B) Corrected EEG after image artifact subtraction (dotted line) and after additional pulse artifact subtraction (solid
line) are shown. Note that the ECG trace becomes almost a flat line after pulse artifact subtraction as contributions of the ECG are removed from each lead.
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Correlation of EEG and fMRI data

Analyzing the fMRI data, only a few voxels were found
where activity correlated positively with the alpha band
power. Both the fixed and the random effects group analyses
of the 10 subjects showed only scattered activations. The
more sensitive fixed effects analysis showed a symmetrical
bilateral activation in the occipital lobe (Talairach coordi-
nates of cluster maxima [x, y, z]: left [�16, �88, 4], right

[12, �88, 22]), of which only the left was suprathreshold in
the random effects analysis ([x, y, z]: [�16, �94, 2]; Fig.
3A). One small brain region was detected in both group
analyses close to the median line in the area of the para-
central lobule and the cingulate gyrus ([x, y, z]: [8, �14,
44]; Fig. 3A). No activation was detectable in the thalamus,
not even when applying a low threshold of P � 0.01,
uncorrected, in the fixed effects group analysis, nor when
analyzing single subject data.

In contrast, widespread and strong brain activity changes
could be detected when negatively correlating alpha power
with the fMRI images over time. In other words, cortical
activity in these areas was higher when alpha band power
decreased. In the fixed effects analysis, two maxima sym-
metrically extending in both left and right frontal and pari-
etal lobes could be detected (Fig. 3B, red). A random effects
analysis for the same subjects confirmed negatively alpha-
correlated activations in these regions (P � 0.001, uncor-
rected; Fig. 3B, green). The frontal activations were located
in the middle and inferior frontal gyri (Talairach coordinates
of cluster maxima in the random effects analysis [x, y, z]:
left [�44, 34, 16], right [44, 18, 24]), and the posterior
activations in the superior and inferior parietal lobules
(maxima at [x, y, z]: left [�50, �52, 50], right [34, �72,
48], [36, �44, 34]).

Two further aspects were investigated: (1) whether long-
or short-term power fluctuations produce the correlations
between EEG and fMRI data and (2) whether these corre-
lations depend on the electrode positions providing the
regressors for the fMRI analysis. Regarding the first ques-
tion, we filtered the power time series as described under
Methods. The low-pass filtered power series (Fig. 4D) re-
vealed the same activation pattern as the unfiltered power
time series. In contrast, the high-pass filtered power (Fig.
4C) yielded no significant activations (not shown). To ad-
dress the second question, the results were compared using
the alpha power time series from the electrodes C3/C4,

Fig. 2. Power spectra from scan and interscan intervals of EEG recorded in
the scanner. Comparison of EEG power spectra with and without applica-
tion of the artifact subtraction algorithm. The time-averaged spectrum of
the EEG intervals unaffected by the artifact subtraction algorithm (inter-
scan intervals, solid line) is superimposed onto that of the EEG intervals to
which the artifact subtraction algorithm was applied (scan intervals, dashed
line). Spectra of one representative of 10 subjects studied are displayed.
The peak alpha power was reduced by 25% where artifact reduction was
applied. The spectrum was otherwise fully preserved.

Table 1
Group characteristics of the subjects studied

Subject Gender Age
(years)

Peak alpha
frequency (Hz)

Mean power at peak alpha frequency

Scan intervals
(�V2)

Interscan intervals
(�V2)

Scan/interscan

1 female 30 11 10.137 15.879 0.6383
2 female 29 10 27.835 38.636 0.7205
3 female 28 12 0.7809 0.9570 0.8160
4 female 26 10 13.689 19.741 0.6934
5 male 35 11 5.9133 8.3741 0.7061
6 male 28 10 13.418 19.876 0.6751
7 female 33 10 4.0934 5.6559 0.7237
8 male 34 11 1.0845 1.1058 0.9807
9 male 35 9 8.5130 10.630 0.8059

10 female 34 10 1.7952 2.0259 0.8861

Mean 31.2 10.4 8.7260 12.281 0.7646
Standard error 3.36 0.84 8.2514 11.744 0.1064
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F3/F4, and O1/O2, respectively. Comparison of the activa-
tion maps showed the same set of areas to negatively cor-
relate with the alpha band power from all three electrode
pair positions (Fig. 5, positive correlation not shown) al-
though significance was overall best when using the occip-
ital electrodes.

Discussion

Artifact subtraction proves to be a valid correction
method for spectral frequency analysis

To ensure the validity of the simultaneous and continu-
ous EEG/fMRI approach, it had to be verified that the
artifact reduction method preserves the relevant EEG infor-
mation. Two types of MRI artifact reduction techniques
have been described: first, the subtraction of an average
image artifact from the EEG (Allen et al., 2000) and, sec-
ond, band-stop filtering in the frequency domain (Hoffmann
et al., 2000). If an interfering frequency coincides with a
frequency band of interest, all information of this frequency
gets lost owing to the band-stop filter. Therefore, the latter,
frequency-based MRI artifact correction method is not rec-
ommended for restoring EEG signals of discrete frequencies
such as alpha waves during an echoplanar imaging sequence
(Hoffmann et al., 2000). In the present study, we hence
applied the former method. This method was validated in
the context of interictal epileptiform discharges (spikes)
(Allen et al., 2000) but not yet for studying continuous
electrophysiological signals as the time course of a fre-
quency band power. This distinction is relevant because the
spikes require only an “all or nothing” event detection,
whereas frequency analysis over time depends on quantita-
tively preserved and continuous EEG data. We tested the
artifact subtraction method by comparing the scan intervals
to which the MRI artifact subtraction was applied to the
interscan intervals that were not further processed. The ratio
of scan to interscan intervals was approximately 3:1. We
could thus analyze for each 20-min session the power spec-
trum of 15 and 5 min from each interval group, respectively.
There was a systematic difference in power between scan
and interscan intervals, attributable in part to the adaptive
filtering processes that are implemented in the artifact sub-
traction algorithm (Allen et al., 2000). However, the addi-
tional filtering at 30 Hz proved to be the main source of the
systematic difference in power between scan and interscan
intervals. With respect to the aim of this study, the noted
power alteration was negligible because a temporal modu-
lation at a ratio of 3 s to 1 s is not reflected in the down-
sampled regressor we computed (one data point every 4 s).
Moreover, we found that even slower power modulations
accounted for our fMRI findings because we could obtain
these using the low-pass filtered time course of the con-
volved alpha band power.

Another type of artifact arising inside the MR scanner is
the pulse artifact (Allen et al., 1998). In addition to the
frequency equalling the individual’s heart rate (around 1
Hz), this artifact contributes to other frequencies depending
on its shape. In the study by Allen and co-workers (1998),
the median increase in power owing to pulse artifact in the
alpha band was 160% but could be reduced to less than 20%
by the method described. In our study, the analysis was
based on the relative modulation of the alpha band power.
This would not be affected by a constant contribution of the
pulse artifact to that band. In fact, not applying the pulse
artifact correction algorithm only slightly affected the re-
sults. However, to correct for possible changes of the pulse
artifact over time, the pulse artifact subtraction algorithm
described by Allen et al. (1998) was applied. This algorithm
has recently been criticized by Bonmassar et al. (2002) who
introduced a different removal method that includes a mo-
tion correction. In the present study, we addressed motion
by entering the realignment parameters as confounds into
the SPM analysis, accounting for movement-related effects
on the echoplanar image intensities.

Previous functional neuroimaging results related
to alpha activity

In PET studies, correlations between regional cerebral
glucose metabolism or blood flow and EEG power have
been demonstrated, suggesting that EEG power might be
associated directly with brain metabolism (Buchsbaum et
al., 1984; Danos et al., 2001; Larson et al., 1998; Leuchter
et al., 1999; Lindgren et al., 1999; Sadato et al., 1998).
Interestingly, the groups of Danos et al., (2001), Buchsbaum
et al. (1984), and Sadato et al. (1998) report a dominant-
negative correlation between alpha power and metabolism
or flow in the occipital cortex.

Both Buchsbaum et al. and Sadato et al. observed a
positive, but less pronounced, correlation of metabolism
(Buchsbaum et al., 1984) and flow (Sadato et al., 1998) with
alpha power within the motor cortex, a brain region that
does not typically express a classical alpha rhythm during
idling (Jasper and Penfield, 1949). In the study by Larson
and colleagues (1998), no positive correlation with alpha
was found at all. The only correlation between metabolism
and alpha power was negative and located in the thalamus.
The study by Lindgren et al. (1999), which only investi-
gated the thalamus, also exclusively found a negative cor-
relation with alpha there. This contradicts the findings by
Danos et al. (2001), who report a positive correlation be-
tween alpha power and the thalamus. The other two groups
did not mention any thalamic activity changes (Buchsbaum
et al., 1984; Sadato et al., 1998).

Together, these PET studies thus provide an inconclusive
picture. The most robust finding appears to be a negative
correlation between alpha band power and metabolism or
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flow in the occipital cortex where this rhythm is most
prominent. Observations of positive correlations of meta-
bolic activity with alpha power were variable and partly
contradictory.

PET studies and fMRI recordings are fundamentally dif-
ferent in terms of temporal resolution. In the PET studies
discussed here, alpha power was collapsed over up to half
an hour. More recently, Goldman and colleagues (2002)
performed an interleaved EEG/fMRI study on 11 subjects.
In the 4 subjects for whom data were reported, they detected
positive correlation of thalamic activity with alpha power by
using a region of interest analysis. In the present study,
we performed continuous and simultaneous EEG/fMRI
which—different from interleaved approaches—allows
coregistration even on the subsecond scale. In this setting,
temporal resolution is limited by the hemodynamic response
properties of BOLD signals that are in the range of seconds.
With this approach we could not reproduce a significant
thalamic BOLD modulation as a function of alpha power.

Relationship between alpha power and the BOLD effect

The issue of thalamic activity is of interest because it
might contribute to the question of whether there are local-
ized generators of alpha synchronization in the brain for
which the thalamus would appear as the candidate structure.
Conversely, it is not clear whether in fMRI activity modu-
lation in such generators would manifest at the actual loca-
tion of such pacing neurons, for instance, in the thalamus, or
rather at the cortical sites to which they project. The BOLD
effect predominantly reflects synaptic activity, i.e., the input
to and intrinsic processing in a brain region (Logothetis et
al., 2001) and not the output as reflected in action potentials.
Hence, neither the Goldman et al. (2002) nor our current
finding is conclusive regarding the role of thalamic nuclei in
the generation of cortical alpha activity.

A more general problem is that our current understand-
ing of EEG and fMRI (or PET) signals does not allow us to
extrapolate whether and, if so, how the oscillatory synchro-

Fig. 3. Activation map. Brain areas activated in correlation with alpha band power. Superimposed on a surface rendered T1-weighted anatomical template
brain an overlay of the statistical parametric maps (SPM {t}) for a fixed effects (red; P � 0.05, corrected) and a random effects group analysis (green; P
� 0.001, uncorrected) of 10 subjects is shown. Brain areas activated when alpha power is high (A, positive correlation with fMRI BOLD signal) are displayed
on the left, and areas activated with decreased alpha power (B, negative correlation) are shown on the right.
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Fig. 6. Berger effect in EEG-correlated fMRI. (A) The EEG recordings illustrate preserved detection of alpha reactivity during fMRI (horizontal bars indicate image
acquisition periods). Note that both artifacts from eye movements in frontopolar electrodes (Fp1, Fp2) and the associated Berger effect with alpha blockade during eye
opening and reactivation at eye closure are recovered in the EEG signal after application of the artifact correction algorithms. (B) Activations during alpha blockade
induced by eye opening. Data are from a single session in one subject with three short orally instructed Berger maneuvers during a series of 25 image volumes
(thresholded at P � 0.001 for height and P � 0.05 for extent, both uncorrected, and superimposed onto the subject’s structural scan). Note extensive activation of visual
cortex as a confound of alpha blockade.
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nization of electrical synaptic activity in the alpha band
translates into hemodynamic signals. The mere fact that
synaptic activity takes on the temporal structure of an os-
cillation does not mean that net synaptic activity changes
over time, and the oscillation frequencies of physiological
rhythms themselves are beyond the temporal resolution of
hemodynamic signals. A further issue relates to the sources
of signals recorded by surface EEG. Because of their high
density, parallel alignment, and proximity to the surface,
postsynaptic potentials of pyramidal cells of the neocortex
are held responsible for large EEG signals (Nunez et al.,
2001). Local field potentials are thought to determine the
BOLD effect but do not necessarily create clear dipoles
detectable on the surface (Logothetis et al., 2001). The
association between dipole strength and BOLD response is
therefore not clear (Nunez and Silberstein, 2000).

In our study, EEG power was determined over 1-s ep-
ochs, then convolved with the hemodynamic response func-
tion and down-sampled to the imaging interval of about 4 s.
We found no consistent positive BOLD signal change in
association with alpha power but a robust pattern of nega-
tive correlation in frontal and parietal cortices. By similar

analysis, Goldman and colleagues (2002) also observed
BOLD signal changes in parts of the frontal and of the
occipital lobe to correlate negatively with alpha power.

Global versus local properties of alpha activity

The origin and functional role of alpha activity are still
subject to experimental evaluation and theoretical consid-
eration (Lopes da Silva et al., 1997; Niedermeyer, 1997).
Alpha band oscillations can be observed at multiple levels
of electrophysiological analysis, from EEG down to intra-
cortical recordings. The particular type of alpha seen on
scalp EEG depends on which component happens to be the
most highly synchronized process over large superficial
areas (Basar and Schurmann, 1997). It is generally held that
alpha oscillations are seen in surface EEG if neurons are
synchronously active across several centimeters of cortex
(Nunez et al., 2001). In terms of topography, the historical
intraoperative recordings by Jasper and Penfield (1949)
found alpha activity over nearly the entire cortical convexity
with the exception of regions close to the central motor strip
where beta activity (�13 Hz) appeared to dominate. Func-

Fig. 4. Alpha band time courses. The graphs show time courses of 8- to 12-Hz band power spectra of one representative 20-min session down-sampled to
the number of image volumes acquired. (A) Original data obtained from the EEG, (B) after convolution with a canonical hemodynamic response function
(hrf), (C) after high-pass filtering with a cutoff period of 20 s, and (D) after low-pass filtering with a Gaussian filter of 10 s full-width half-maximum (FWHM).
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tionally, several different rhythms in the alpha band have
been distinguished (as reviewed in Niedermeyer, 1997). The
Rolandic mu-rhythm, for instance, is not always distin-
guishable from the posterior alpha frequencywise and
linked to sensorimotor function (Niedermeyer, 1997); and
“the third alpha”, a midtemporal alphoid rhythm usually not
detectable on the scalp, may be modified by acoustical
stimuli (Niedermeyer, 1990). The occipital alpha, the mu,
and “the third” rhythm share their association with the
idling of primary cortical areas but modulation of alpha
activity has also been related to cognitive function and, in
particular, directed attention (Petsche et al., 1997).

Our automated analysis of power within the alpha band
did not discriminate between different types of alpha
rhythms frequencywise or as it can be achieved by func-
tional maneuvers testing their reactivity. Testwise applying
such maneuvers as the classical Berger effect we found that
fMRI signal changes were then determined more by the
associated and thus confounding functional changes than by

what is presumably directly related to alpha reactivity
(Fig. 6).

For calculating alpha power we used the EEG traces
from the two occipital electrodes, where alpha rhythm is
most prominent. We tested whether the associated BOLD
patterns were linked more to the global or the local prop-
erties of alpha rhythm by also sampling EEG from two
central and frontal positions and computing the related
BOLD signal change maps (Fig. 5). Qualitatively, the fMRI
activation pattern did not depend on whether the index of
alpha power was derived from a posterior, a central, or a
frontal electrode position. The simplest explanation for the
attenuation in functional contrast when moving to more
anterior electrode positions to provide alpha power time
courses is that alpha activity is less well expressed at these
sites.

Our MRI-compatible EEG setup was unfortunately lim-
ited with respect to the number of channels. We chose to
distribute these channels in accordance with widely applied

Fig. 5. Activation maps for different electrode positions. Brain areas activated when alpha power decreased as a function of the electrode positions from which
the alpha power time course was derived. Brain areas negatively correlated with alpha band power as derived from the electrode positions O1/O2, C3/C4,
and F3/F4 show congruent local maxima. While the extent of the activated regions is similar for O1/O2 and C3/C4, it is reduced for F3/F4. This presumably
reflects lower EEG quality in the frontal leads owing to artifacts leading to lower significance of the correlation. The statistical parametric maps (SPM {t})
for a fixed effects group analysis of 10 subjects (P � 0.05, corrected) are shown on canonical projections of standard stereotactic space.
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clinical conventions, thus ensuring that our findings and
conclusions would apply to this widespread implementation
of EEG. Using high-density magnetoencephalography and
source localization techniques, it has been possible to dem-
onstrate distinct cortical sources (equivalent dipoles) of al-
pha band activity (Manshanden et al., 2002; Williamson et
al., 1997). Different from these demonstrations of local
alpha rhythms (Nunez et al., 2001; Williamson and Kauf-
man, 1989), we assume that with filtering by the head
volume conductor and with a low spatial sampling density
the present study mainly captured global features of alpha
activity.

However, in addition to its local aspects, alpha activity in
particular during rest has often been attributed a global
character (Nunez et al., 2001). Nunez and colleagues (2001)
found substantial frontal alpha activity to be common in
young healthy relaxed subjects with closed eyes and Fesh-
chenko and colleagues (2001) reported that in approxi-
mately 80% of subjects the occipital and frontal oscillatory
systems are unified. In line with arguments derived from
information theory (Shannon and Weaver, 1949; Thatcher
et al., 1983), the number of alpha epicenters decreases with
lower complexity of the functional state of the subject
(Feshchenko et al., 2001), presumably expressing that local
alpha centers synchronize into a more global alpha rhythm
(Nunez et al., 2001). Different from a mere technical con-
straint of spatial sampling, these considerations could pro-
vide an alternative explanation for why the alpha power
derived from different electrode positions in our study re-
sulted in very similar correlation maps.

A direct physiological link: cortical activations as a
mirror of neuronal alpha oscillations?

The main finding of our study was that whenever alpha
oscillations at this sampling density desynchronized, frontal
and parietal cortical areas showed greater BOLD signal. As
stated above, the type of relation to be expected between
alpha power and BOLD signal is not clear. One view on our
finding could be that we found no brain regions that within
and across subjects activate when alpha power is high. This
could be seen as a confirmation of alpha as an index of the
resting state with little or no ongoing functional activity but
it could also reflect the diversity of alpha activities feeding
into the measure obtained in surface EEG.

A different view on our finding is derived if one assumes
an inverse relation between synchronously oscillating neu-
rons and the BOLD response. According to Nunez and
Silberstein (2000) electrical scalp activity in certain fre-
quency bands and hemodynamic or metabolic activity can
change in opposite directions. This relation is believed to
depend on both the spatial scale and the frequency band of
cortical synchrony: for example, during large scale syn-
chrony as in alpha rhythm, activity in just a small fraction of
neurons within a cortical column may be sufficient to give
rise to a strong EEG signal, while the inactive majority

maintains overall metabolism low and thus the BOLD effect
small. In this view, the alpha activity expressed in cortical
areas when at rest will desynchronize when these areas
become functionally active. The fMRI deactivation pattern
we found could then be interpreted to mirror alpha EEG
topography during rest (Figs. 4 and 5) in accordance with
findings by Jasper and colleagues as well as reviewed by
Nunez (Jasper and Penfield, 1949; Nunez et al., 2001): alpha
EEG can be registered parietooccipitally and frontally, but
not in the motor cortex that was also spared in our fMRI
findings.

It is thus conceivable that we mapped a direct physio-
logical link between 8- and 12-Hz oscillations on the scalp
surface and the BOLD level generated by the neurons ex-
pressing these oscillations. However, one would then expect
that BOLD changes should follow the time course of alpha
power in a rather strictly coupled way. Instead, we found
that short-term fluctuations in alpha power were not re-
flected in the fMRI signal, but slow power fluctuations of
tens of seconds accounted for the detected negative corre-
lation. Furthermore, there was a conspicuous absence of
negative fMRI correlation with alpha power in the occipital
cortex, even though the occipital pole expresses maximum
alpha power on scalp EEG. This makes it unlikely that the
BOLD activation is directly linked to the neuronal activity
responsible for the EEG alpha rhythm.

A functional hypothesis: cortical activations represent
attention modulating networks

An alternative view on significant deactivations during
high alpha power is that these cortical areas activate when-
ever alpha power is low. In that sense, we mapped brain
regions that were activated during the desynchronization of
alpha rhythm rather than the idling state of the cortical
regions expressing alpha rhythm. Accordingly, another ac-
count of our data might be that we detected a correlation
between BOLD signal changes and a functional state of the
brain, as reflected by alpha activity on surface EEG. The
correlation pattern might show brain regions modulated in
association with attention, which become more active as
alpha power decreases. Frontal and parietal cortices have
often been considered to be attention modulating areas
(Corbetta and Shulman, 2002). Thus, the results of this
study can be functionally interpreted as follows: During
rest, attentionally instructed or directed neural activity is
low, and 8- to 12-Hz oscillations (alpha power) manifest in
surface EEG, reflecting neuronal synchrony on a macro-
scopic scale. Conversely, whenever attention-demanding
mental activity in subjects augments, neuronal activity in-
creases in frontoparietal circuits and alpha power decreases.
We therefore propose that the association of changes of
alpha power with the attentional level manifests in fronto-
parietal activity modulation that can be detected by BOLD
fMRI.
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Conclusion

To our knowledge, this is the first study applying an
artifact subtraction algorithm to the EEG to remove MRI
acquisition artifacts and to correlate continuous physiolog-
ical frequency information from the EEG with simulta-
neously acquired fMRI BOLD data.

The technique of simultaneous and continuous EEG cor-
related fMRI provided valid EEG data during MR image
acquisition suitable for frequency analysis. In all subjects,
fMRI activation maps showed a widespread bilateral and
symmetric negative correlation with the alpha power with
maxima over parietal and frontal cortices. One possible
physiological explanation is that the brain regions were
detected which generate alpha on scalp EEG. The more
plausible, functional interpretation of this result is that spon-
taneous fluctuations in attention are expressed in terms of
both alpha power and frontoparietal activity. This finding
suggests that global power changes in EEG rhythms are
associated with activity changes in defined brain circuits.
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