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Abstract Electroencephalography combined with func-
tional magnetic resonance imaging (EEG-fMRI) identifies
blood oxygenation level dependent (BOLD) signal changes
associated with physiological and pathological EEG
events. In this study we used EEG-fMRI to determine the
possible correlation between topographical movement-
related EEG changes in brain oscillatory activity recorded
from EEG electrodes over the scalp and fMRI cortical
responses in motor areas during finger movement. Thirty-
two channels of EEG were recorded in 12 subjects during
eyes-closed condition inside a three T magnetic resonance
(MR) scanner using an MR-compatible EEG recording
system. Off-line MRI artifact subtraction software was
applied to obtain continuous EEG data during fMRI
acquisition. For EEG data analysis we used a time—fre-
quency approach to measure time by varying the energy in
a signal at a given frequency band by the convolution of the
EEG signal with a wavelet family in the alpha and beta
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bands. The correlation between the BOLD signal associ-
ated with the EEG regressor provides that sensory motor
region is a source of the EEG. We conclude that combined
EEG-fMRI can be used to investigate movement-related
oscillations of the human brain inside an MRI scanner and
wavelet analysis adds further details on the EEG changes.
The movement-related changes in the EEG signals are
useful to identify the brain activation sources responsible
for BOLD-signal changes.

Keywords EEG - BOLD - Wavelet analysis -
Wavelet energy - Maps

Introduction

Electroencephalogram—functional magnetic resonance
imaging (EEG-fMRI) recording is a non invasive technique
that is increasingly used to study human brain function.
EEG phenomena are not directly visible in the fMRI,
although appearance or disappearance of EEG features
might cause part of the fMRI observed signal variations.
Coregistration of EEG and fMRI has added value in order
to investigate neurophysiological mechanisms underlying
brain functional states: it could identify brain activity in
motor areas and also provides information on the source of
the event generator.

EEG activity recorded from the human brain at rest
oscillates in various frequency bands including the theta
(4-7 Hz), alpha (8-12 Hz), beta (13-30 Hz) and gamma
(30-50 Hz) ranges. Movement preparation typically sup-
presses, with a decrease in power, the cortical oscillations
in both alpha and beta rhythms starting more than 1 s
before the onset of finger or hand movement (Erbil and
Ungan 2007; Leocani et al. 1997; Pfurtscheller and
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Aranibar 1979; Rappelsberger et al. 1994) over sensori-
motor areas.

Upon movement completion, the EEG recording shows
an alpha event-related desynchronization (ERD) followed a
brief ‘‘rebound’’ beta event-related synchronization (ERS)
over various cortical regions (Salmelin and Hari 1994).
ERD indicates oscillations in cortical activation and ERS
reflects a cortical idling state (Pfurtscheller 1992). These
pre-movement and post-movement power changes both
correspond to the somatotopic organization of the primary
sensorimotor cortex (Hari and Salmelin 1997; Neuper and
Pfurtscheller 1996; Stancak et al. 2000). A more recent
study has described a different pattern of alpha and beta
suppression band with a more persistent beta-band sup-
pression activity during continuous finger movement (Erbil
and Ungan 2007). The regional activation of cortical areas
with a decrease in power has been associated with the term
‘EEG desynchronization’, whereas brain activation pro-
duces spontaneous synchronization of fast rhythms with
high amplitudes (Steriade and Amzica 1996).

Earlier studies investigated the correlation between
changes in oscillatory activity and blood oxygenation level-
dependent (BOLD) activation during hand movement in
separate recording sessions (Babiloni et al. 2005; Manga-
notti et al. 1998; Sadato et al. 1996). The recent develop-
ment of digital recording methods compatible with the
magnetic field surrounding fMRI scanners has enabled
combined EEG-fMRI recording in human subjects. Few
studies have investigated movement-related brain oscilla-
tory activity during co-registered EEG-fMRI. One study
observed a beta band synchronization during movement
(Parkes et al. 2006), another analyzed the EMG activity
during the coregistration EMG-fMRI (van Duinen et al.
2005). A recent study examined the EEG-fMRI relationship
during bimanual motor task performance and the result was
a negative correlation between Rolandic alpha (mu) rhythm
and BOLD signal (Ritter et al. 2009). In a previous own
study we found a significant correlation between the posi-
tive—negative ratio of BOLD signal peaks and ERD values
in the electrodes over the sensorimotor area contralateral to
the movement (Formaggio et al. 2008b). We investigated
the effect of a motor task in fMRI activation, in a steady
state motor condition following previous EEG studies
(Manganotti et al. 1998) whereas we did not investigate the
time course of ERD during movement (Leocani et al. 1997).

In electro-neurophysiological analysis, the frequency
content of electrophysiological activity is traditionally
assessed with spectrograms obtained via Fourier transform
(FT) (Muthuswamy and Thakor 1998). EEG signals con-
taining frequency components that emerge and vanish
within certain intervals, however, require time as well as
frequency localization. Among several solutions that can
simultaneously analyze a signal in the time and frequency
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domains is the short-time Fourier transform (STFT). This
operation nevertheless has the disadvantage that a given
time window remains the same for all signal frequencies
analyzed, possibly causing a substantial loss of essential
information at very low or very high frequencies.

The underlying principle of the phenomena just descri-
bed is due to Heisenberg’s uncertainty principle, which, in
signal processing terms, states that it is impossible to know
the exact frequency and the exact time of occurrence of this
frequency in a signal. In other words, as the time resolution
improves, the frequency resolution degrades. Similarly, if
the frequency resolution is increased, then the time reso-
lution will decrease (Singer 1999).

Wavelet analysis does not require a priori selection of a
narrow frequency band, and provides a better compromise
between temporal and frequency resolution than time—fre-
quency techniques based on STFT. Wavelet-based analysis
of EEG signals allows the use of long time-intervals for
more precise low-frequency information, and shorter
regions for more high-frequency information.

In this study we investigated topographical and temporal
changes in brain oscillatory activities correlated to the
BOLD activity recorded during an EEG-fMRI coregistra-
tion. To do so we recorded EEG signals over the scalp and
simultaneously acquired 3T fMRI signals while healthy
subjects inside the scanner did a hand motor task. To cal-
culate the spectral EEG response to hand movement we used
wavelet analysis, choosing the best compromise between
temporal and frequency resolution. To detect the instanta-
neous interaction between EEG recordings acquired under
two experimental conditions (at rest and during active
movement) we applied a continuous Morlet wavelet trans-
formation (CMT). After this we used the wavelet energy as
regressor of General Linear Model (GLM) in fMRI analysis.

Materials and Methods
Subjects

Data were recorded in twelve healthy subjects (seven men
and five women), whose ages ranged from 21 to 34 years
(mean: 32.08, SD: 5.76). All subjects, right-handed as
established by the Edinburgh handedness inventory (Old-
field 1971), gave written informed consent for the study in
accordance with the Declaration of Helsinki. The experi-
ment was approved by the Local Ethics Committee of the
University Department and Hospital.

Experimental Paradigm

Inside the bore of the scanner subjects were laid supine on
a bed with their elbows flexed at 120° and hands pronated
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in a relaxed position. The subject’s head was stabilized
with adjustable padded restraints on both sides. They were
instructed to remain as still as possible and to keep their
eyes closed throughout the experiment. While lying inside
the MRI chamber the subjects performed a motor task. This
task consisted of synchronous opening and closing of the
right hand at a frequency of 1 Hz (metronome paced) for
26.1 s alternating with rest periods of equal duration. The
metronome sound continued during activation and rest
periods; and a high-pitched sound signalled subjects to start
the movement task. During fMRI acquisition, 100 volumes
of 2610 ms were acquired, alternating five activation and
five control cycles (rest), resulting in about 5 min of echo
planar imaging (EPI) recording. Each subject was trained
for several minutes before the experiment to perform the
task correctly at the right rate. Subjects were tested wearing
earplugs. Motor performance was monitored by the EMG
signal recorded inside the magnet.

EEG Data Acquisition and Analysis

The EEG was acquired using a MR compatible EEG
amplifier (SD MRI 32, Micromed, Treviso, Italy) and a cap
providing 32 Ag/AgCl electrodes positioned according to a
10/20 system (impedance was kept below 10 kQ). To
remove pulse and movement artifacts during scanning two
of these electrodes were used to record the electrocardio-
gram (ECG) and electromyogram (EMG). The EMG
electrode was placed on the right abductor pollicis brevis
(APB) muscle.

The reference was placed anterior to Fz, and the ground
posterior to Fz as in other studies (Formaggio et al. 2008a,
b; Gongalves et al. 2006; Manganotti et al. 2008) using the
same system. To ensure subjects’ safety, the wires were
carefully arranged to avoid loops and physical contact with
the subject. To minimize the variability in the EEG artifacts
due to the MR sequence and avoid wire movement caused
by mechanical vibration the wires rested on foam pads.

EEG data were acquired at the rate of 1024 Hz using the
software package SystemPlus (Micromed, Treviso, Italy).
To avoid saturation, the EEG amplifier had a resolution of
22 bits with a range of +£25.6 mV. An anti-aliasing hard-
ware band-pass filter was applied with a bandwidth
between 0.15 and 269.5 Hz.

The EEG analysis was performed by using functions
implemented in Matlab 7 (The Mathworks Inc., Natick,
MA) (Fig. 1a). The EEG artifact induced by the magnetic
field gradient was digitally removed off-line using an
adaptive filter (Micromed). The EEG artifact associated
with pulsatile blood flow, ballistocardiogram (BCG), was
also digitally removed offline using a simple averaging
procedure (Allen et al. 1998). Reference-free recordings
were then obtained by calculating the local average

reference using the software EEGLAB, a Matlab toolbox
(Delorme and Makeig 2004). A notch filter (50 Hz) and a
baseline correction were also applied to all channels. Two
subjects’ data were excluded from the analysis owing to
poor quality EEG recordings. Five epochs of EEG data
starting one volume (2610 ms) before the active condition
and one volume consecutive (epochs of 2*TR) were
extracted. EEG epochs with ocular, muscular and other
types of artifact were preliminarily identified and then
rejected.

Time—frequency data were assessed using wavelet-based
analysis. To divide the continuous-time function into
wavelets we used a CMT. Unlike Fourier transform, CMT
constructs a time—frequency representation of a signal that
offers a time and frequency localization. The Morlet y/(t) is
a function of time t consisting of a complex exponential
modulated by a Gaussian envelope. It has a Gaussian dis-
tribution in both time and frequency domains. This
‘mother’ wavelet was then used to build a set of daughter
wavelets by translating y/(t) in time, and by dilating or
contracting y(t). This operation, served to adjust the mean
frequency and also the spread of the daughter wavelet.

The wavelet transform is the inner-product of the
wavelet function with the signal s(t). A family of Morlet
wavelets was first constructed at 1 Hz frequency intervals
ranging from 8 to 30 Hz. Each wavelet has a Gaussian
distribution in the time (SD : g,) and frequency domains
(SD: 67) around the centre frequency fy (Tallon-Baudry
et al. 1997):

1 )
(et = (o) Fexp 51 ) expC2imi ()
with
1
o= 2no; @)

This function depends on a parameter, the number of
oscillations (fo/ay), which has to be chosen by the user.
Our wavelet family was computed using a ratio of 20
oscillations. To compute the time varying energy in a
frequency band the recorded signal s(t) was then convolved
with the corresponding set of functions generated by the
mother wavelet. The convolution can be computed by
using Fast Fourier Transform (FFT). Normally, the output
is a real function except when the mother wavelet is
complex. The power spectrum calculated from the result of
convolution can be represented by (Tallon-Baudry et al.
1997):

E(1,fo) = w(t.fo) @ s(1)[*. (3)

We computed the wavelet energy for all five epochs and
for all 30 EEG electrodes using Matlab and then these five
epochs of 5220 ms were average for further processing. At
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Fig. 1 Schematic representation of the different steps in EEG analysis (part A) and in EEG-fMRI analysis (part B). This procedure is in more
detail described in the “Materials and Methods” section

the end we examined the wavelet trend for EEG recording
channels selected for each subject (CP5 or C3). We chose
these channels because they were over the sensorimotor
area contralateral to the movement. The additional
topographic plots were constructed with the EEGLab
toolbox. The topographical maps allowed us to verify the
energy distribution for all channels on the whole scalp at
one specific time-point (under the two conditions). We
chose the time-point from the individual subject’s
scalogram and it differed for each subject. Because
movement preparation and execution produce ERD over
the sensorimotor area at 10 and 20 Hz (Leocani et al.
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1997), the frequency bands chosen for these maps were the
upper alpha (10-12 Hz) and beta (13-30 Hz) for the two
conditions. We also computed the grand-average
scalogram and the grand mean topographic maps for the
ten subjects whose data were analyzed.

We computed a two-ways ANOVA in Matlab within
subjects and across subjects for alpha and beta bands both
in the contralateral and ipsilateral hemisphere. The two
factors are the condition (rest: 0—2610 ms versus active:
2610-5220 ms) and the subject (ten subjects for the con-
tralateral hemisphere and three for the ipsilateral one). The
electrodes providing informative data over the region of
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activation in the contralateral motor area were CP5 or C3
and T4 in the ipsilateral side. For the statistical test a P
value of <0.05 was considered significant.

In the wavelet results we have all values processed of
ten subjects in ipsilateral side. Using EEG-fMRI analysis,
described in the next paragraph “Combining EEG-fMRI
signals”, we had an activation of the ipsilateral sensory
motor area (SM1) only in three subjects. We did not per-
form the statistical comparison between the ipsilateral and
contralateral hemisphere because of the low number of
fMRI activations in ipsilateral side.

fMRI Data Acquisition and Analysis

MRI data were acquired on a 3T MR scanner (MAGNE-
TOM Allegra, Siemens, Erlangen, Germany) equipped
with echo planar imaging (EPI) capability, a standard
transient/receive head coil and foam cushions to minimize
head movement. For each subject a T1-weighted anatom-
ical scan was acquired (160 slices, repetition time
(TR) = 2300 ms, time echo (TE) = 3 ms; scanning matrix
256 x 256, field of view (FOV) = 192 x 192; slice
thickness of 1 mm; sagittal slice orientation). Functional
images were acquired with a T2-weighted EPI sequence
(36 slices, TR = 2600 ms, TE = 30 ms, 64 x 64 matrix,
FOV = 192 x 192, slice thickness of 3 mm; voxel
size = 3 x 3 x 3 mm, axial slice orientation). In the
protocol, 100 volumes were acquired, alternating five
activation and five control cycles (rest), resulting in a
5 min EPI recording. At the onset of each fMRI acquisi-
tion, the scanner emitted a trigger signal that was recorded
by the EEG system and used as a volume marker.

The functional data were analyzed using BrainVoyager
(QX 1.9, Brain Innovation, Maastricht, The Netherlands)
running in windows VISTA environment. Preprocessing
of functional MRI included three-dimensional motion
correction, slice scan time correction (linear interpola-
tion), linear trend removal by temporal high pass filtering
(three cycles in time course) and transformation into
Talairach coordinate space (Talairach and Tournoux
1998). Neither spatial nor temporal smoothing was used.
In each subject, activated voxels were identified with a
single-subject general linear model (GLM) approach for
time series data (Friston et al. 1995). To account for the
hemodynamic delay, the boxcar waveform representing
the rest and task conditions was convolved with an
empirical hemodynamic response function (HRF) (Friston
et al. 1998). Brain activation was detected by comparing
the signal intensity of task performance images (ON) with
that of resting images (OFF) based on the changes in
local BOLD signals. Images acquired during the ON
condition were compared with images acquired from the
same location during the OFF condition on a pixel-to-

pixel basis with Student r-test. Z-score maps representing
brain activation were generated. The results were dis-
played on parametric statistical maps in which the pixel Z
value is expressed on a colorimetric scale. Individual
statistical maps were thresholded at P < 0.05 (corrected
for multiple comparisons: Bonferroni). The statistical
functional maps (Z maps) were then superimposed on the
respective structural scans to localize significantly acti-
vated areas.

In addition to individual subject analysis, a fixed-effect
analysis (ten subjects) was used to calculate a GLM for the
entire group of subjects. Group activation maps were
thresholded at P < 0.05 (Bonferroni-corrected) and were
superimposed on the (Talairach-transformed) structural
scan for a representative subject.

Combining EEG-fMRI Signals

A time—frequency analysis of power was applied on the
time series of the selected channel (Cp5 or C3). For the
selected channel the time course of one frequency bin was
used to form a regressor. This was done by selecting from
the frequency bins, centered around 8 and 30 Hz, the one
with the maximal power (alpha rhythm). The maximum
was based on the average power in these frequency bins
over the total recording session. The entire time series for
the selected frequency bin (fy) was extracted to form the
basis for the regressor.

For correlation with fMRI data, the regressor E(t,fp)
was convolved with the canonical two gamma HRF pro-
vided by Brain Voyager and were down-sampled to the
temporal resolution of the fMRI data (TR = 2.61 s). This
signal was used as a predictors for the BOLD signal in
fMRI analysis:

x(t) = E(t,fo) ® HRF (1) = / HRF(t)p(t — ) dt 4)
0

where ® denotes the convolution operation (Fig. 1b).

As single subject regressor we used the waveforms
represented by wavelet energy fluctuations along the
movement protocol and subsequently the regressor can be
used to predict the BOLD response that have been
acquired currently from the same subject (Debener et al.
2006). Single subject activation maps were calculated by
using the voxel-wise student’s r-test to identify activated
voxels corrected P-value < 0.05. In addition a fixed-
effect analysis was used to calculate GLM for the entire
group of subjects. Group activation maps were threshol-
ded at P < 0.05 and were superimposed on the (Talai-
rach-transformed) structural scan for a representative
subject.
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Results
fMRI Results

The distribution of BOLD activations in fMRI recording
during hand movement were similar to that described in the
literature. fMRI images showed significant BOLD activa-
tion (P < 0.05) in the supplementary motor area (SMA),
and contralateral and ipsilateral SM1. These activations
were statistically consistent (P < 0.05) across all the
subjects.

Rest Energy

Alpha Beta
" N

Fig. 2 Individual time—frequency plots for the 1-5 subjects; blue
areas indicate low power values whereas red areas show high power,
and their alpha (10-12 Hz) and beta (12-30 Hz) topographies
obtained under the two experimental conditions: at rest and during
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In the single subject analysis activation clusters in the
contralateral SM1 were more consistent for all subjects. In
subjects #1, 2, 3,4, 5,7, 8 and 9 our GLM analysis showed
wide activation in SMA. In subjects #1, 3, 5, 7 and 9 the
statistical t-map showed a significant activation clusters
also in ipsilateral SM1. Subjects #6 and 10 had no acti-
vation in ipsilateral SM1 and in SMA (see fMRI maps,
Figs. 2 and 3).

In the group analysis (fixed effect analysis), fMRI
showed significant BOLD activation (P < 0.05) in SMA,
and SM1 and also in ipsilateral cerebellum (Fig. 4).

Active Energy
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plBoaf) < 0,050

sg4

p{Boaf) < 0,050

sg5

active movement. Units are uV2. On the right side the transaxial
images show activation of the sensorimotor area (SM1) in the left
hemisphere for each subject. The color bar shows the Z score scale
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Fig. 3 Individual time—frequency plots for the 6-10 subjects; blue active movement. Units are V2. The transaxial images on the right
areas indicate low power values whereas red areas show high power, show activation of the sensorimotor area (SMI) in the /eft hemisphere

and their alpha (10-12 Hz) and beta (12-30 Hz) topographies for each subject. The color bar shows the Z score scale
obtained under the two experimental conditions: at rest and during

Contralateral side Ipsilateral side

[ p—— ot s o

ACTIVE Energy
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Fig. 4 Grand-averaged time—frequency energy plot for the ten condition (from 0 to 2610 ms) and during active movement (from
subjects recorded from EEG electrodes over the contralateral 2610 to 5220 ms). On the left side of the panel, alpha (10-12 Hz) and
sensorimotor cortex, CP5 or C3 (left wavelet image) and over the beta (12-30 Hz) topographies from the rest condition (t = 1300 ms)
ipsilateral sensorimotor cortex, T4 (right wavelet image) in the rest and on right side from the active condition (3900 ms). Units are sz
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EEG Results

EEG results generally agreed with the pattern of BOLD
activation in the contralateral and ipsilateral motor areas as
reported in the previous study (Formaggio et al. 2008b).
The individual EEG data showed that the motor task
invariably activated the contralateral central-temporal
electrodes over the SM1. The scalograms show a common
trend, although temporal dynamics differed, and energy
values, especially those in the alpha range, changed rapidly
from rest to the active condition (Figs. 2 and 3). Changes in
time—frequency energy from rest to active condition in the
alpha (10-12 Hz) and beta (13-30 Hz) frequency bands
were prominent over the central parietal and central tem-
poral areas contralateral to the movement (see the topo-
graphical maps, Figs. 2 and 3). Alpha maps showed a
decrease in energy distribution from rest to the active
condition located especially in the electrodes over the
sensorimotor area contralateral to the movement.

In beta maps the effect was less perceptible over the
electrodes of interest whereas it was topographically more
restricted to temporal and posterior areas; except for sub-
jects 2, 7, 8 and 10 in whom there was a significant dif-
ference between conditions in CP5 and C3. Despite the
technical problems related to filtering and MRI artifacts,
we observed that in all subjects central temporal electrodes
were especially sensitive to the EEG changes and were
close to the activated cortical areas corresponding to
Brodmann areas 4 and 3, 1 and 2 of the hand representation
over the cortex.

The most clearly visible feature in the contralateral
grand-averaged scalogram was that alpha and beta energy
decreased from rest to active condition (0-2610 vs. 2610—
5220 ms) (Fig. 4). Associated with the hand movement
there is an increase of energy over the contralateral elec-
trodes (CP5 and C3 time of rest block), while in
t = 3900 ms (half time of active block) the energy
decreased significantly in alpha band especially over con-
tralateral and ipsilateral electrodes as represented in the
topographical maps.

In the contralateral hemisphere the alpha and beta energy
for CP5 or C3 differed significantly both across subjects
(alpha: F =20.01, df =9, P <0.05; beta: F = 7.69,
df =9, P <0.05) and within subjects (alpha: F = 8.37,
df =1, P < 0.05; beta: F = 12.11, df = 1, P < 0.05).

In the ipsilateral hemisphere the alpha energy for T4
differed significantly in alpha and beta band (Across sub-
jects. Alpha: F = 5.95, df = 2, P < 0.05; Beta: F = 32.56,
df =2, P <0.05; Within subjects. Alpha: F = 14.66,
df =1, P < 0.05; Beta: F = 26.2, df = 1, P < 0.05).

As shown in the statistical results during the movement
we obtained an asymmetry in the modulation of EEG
oscillations with an energy decrease for the active versus
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the rest condition, mostly on the left hemisphere contra-
lateral to the finger abduction. This asymmetry is only a
trend because it was not possible to compare contralateral
vs. ipsilateral side using a statistical analysis due to the low
number of subjects (3) which activated ipsilateral SM1 in
EEG-fMRI analysis.

EEG fMRI Results

Alpha rhythm was chosen since it was most intensely
modulated by motor task and since it was identified over
both hemispheres. As expected, alpha rhythm was sup-
pressed during hand movement and reappeared during rest;
the power of this rhythm is inversely correlated to the
motor task. As a consequence, voxels that are activated
during motor task will tend to be deactivated during peri-
ods of desynchronization. The negative correlations
between alpha rhythm and BOLD signal are shown in
Fig. 5 with the respective wavelet time course. Our fMRI
maps based on alpha energy regressor are very similar to
the maps obtained with the previous fMRI block analysis.

Confirming earlier findings during fMRI block analysis,
eight subjects of ten showed a negative correlation between
the BOLD signal and the wavelet energy in motor areas. In
subjects #1, 2, 3, 4 and 7 our GLM analysis showed acti-
vation in SMA. In subjects #2, 5 and 7 the statistical z-map
showed a significant activation clusters also in ipsilateral
SMI1. Subjects #6 and 10 had no activation in ipsilateral
SM1 and in SMA. Region of interest’s number of voxels in
each subject are reported in Table 1.

In the group analysis (fixed effect analysis), fMRI
showed significant BOLD activation (P < 0.05) in SMA,
and contralateral SM1 and also in ipsilateral cerebellum
(Fig. 5).

Discussion

Using combined EEG-fMRI we obtained useful new
information on the temporal and topographical changes in
brain oscillatory activity in the alpha and beta frequency
bands during voluntary movement. We also extended
current knowledge on the sites of BOLD activity as the
possible sources generating these rhythms. While healthy
subjects did the motor task inside the scanner, EEG
recordings showed a movement-related alpha and beta
rhythm desynchronization over the bilateral sensorimotor
area predominantly on the side contralateral to the move-
ment. Despite the technical problems related to filtering
and MRI artifacts we were able to detect brain oscillatory
changes during hand movements and to map this activity.

In this study, the EEG-fMRI method based on CMT we
used for data analysis provided excellent temporal
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Fig. 5 Single subject (eight of
ten subjects, 1, 2, 3,4, 5, 6, 7,
10) and group analysis fMRI-
EEG activations overlaid on 3D
anatomical images in the
Talairach space. The colorbar
on the right indicates the
statistical Z scores. The wavelet
time course, on the left, was
strongly anti-correlated with the
motor areas
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Table 1 Region of interest’s

. Subject Nr of voxels
number of voxels in each
subject in EEG-fMRI analysis. SMIc SMIi SMA
Ipsilateral (i) and controlateral
(c) refer to the hemispheric side 1 555 0 179
with respect to the hand moved 2 4591 38 152
3 957 0 144
4 7072 0 367
5 195 52 17
6 553 0 0
7 6522 895 1251
8 0 0 0
9 0 0 0
10 735 0 0

localization, far more accurate than that obtained by ana-
lyzing frequency alone. A time—frequency representation
based on CMT of EEG data was used to identify stimulus-
induced amplitude modulations in oscillatory activities.

When fMRI showed BOLD activation in sensorimotor
areas energy in the alpha and beta bands of the EEG signal
decreased significantly. Despite using a 3T MR scanner,
which produces a large BCG, we could easily detect the
temporal energy changes in oscillatory activity during
movement. These findings are supported by studies show-
ing that BOLD activity correlates with activity in the alpha
and beta EEG frequency bands (Babiloni et al. 2005;
Brookes et al. 2005; Formaggio et al. 2008b; Singh et al.
2002). A study combining fMRI and EEG (Parkes et al.
2006) studying the time course of this oscillatory activity
during finger abduction reported that the BOLD activity in
the postcentral sulcus is related to post-movement beta
rebound (PMBR). Unlike Parkes et al., in this study, EEG
recordings showed reliable, consistent alpha and beta
suppression during the finger movements in the fMRI
recording. As documented by the topographical maps, we
noted in most subjects a reliable suppression of both
rhythms correlating with the BOLD activation.

The wavelet-based analysis we used in this EEG-fMRI
study had several other advantages. It clearly showed the
pattern of energy development while two fMRI volumes
(during the two condition) were acquired and distinguished
the temporal changes over a motor electrode on the con-
tralateral and ipsilateral sides. A decrease of wavelet
energy could be the result of the involvement of a larger
neural network or cell assemblies in information process-
ing. These findings could suggest that activity in primary
sensorimotor areas increases when the motor task begins
and decreases when it ends. The increase in BOLD signal
with a decrease in EEG alpha and beta energy mainly in the
contralateral motor areas suggests that the mean rate of
synaptic activity measured at baseline increased in the local
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neuronal population during the movement. Using a multi-
trial wavelet analysis of EEG, we previously study the
temporally components related to the finger movement,
then we use the information derived from EEG recordings
to inform the analysis of fMRI data recorded for the same
motor task. The localisation of the alpha band generators
using EEG/fMRI did not require assumptions on the
number of dipoles, their geometry and spatio-temporal
smoothness. So using this technique we were able to
identify the cortical regions that correlated with the EEG
temporally and in doing so we demonstrated the two dif-
ferent regressors (block protocol and EEG regressor) cap-
tured activations from the same number of regions in
somatosensory cortex.

The correlation between the BOLD signal associated
with the EEG regressor provides further evidence that
sensory motor region is a source of the EEG.

Topographic maps are probably sensitive to MRI arti-
facts, despite the filtering different MRI effects may affect
the EEG maps. Gradient effects can induce a diffuse EEG
signal increase that may mask slight EEG changes during a
motor task (Menon and Crottaz-Herbette 2005). Hand
movements themselves could induce slow activity over the
scalp electrodes that is more evident under a gradient
effect. Generally, because the BCG artifact becomes larger
from occipital to the frontal sites (Allen et al. 1998) it could
have affected responses in frontal regions in most of our
subjects. After we subtracted MRI artifacts the brain
oscillatory activity nevertheless persisted during both
experimental conditions, rest and active movement.

Overall our findings in this study and our previous study
(Formaggio et al. 2008b) suggest that investigating the
correlation between brain oscillatory activities and BOLD
activity recorded during fMRI recording is a suitable
method for studying movement in healthy subjects and in
patients. Using combined EEG-fMRI in healthy subjects is
an important research tool that provides new information
on the neural activity underlying the hemodynamic chan-
ges (BOLD signals). We reported the results of EEG/fMRI
combination for the evaluation of the underlying neural
correlates in terms of fine functional cortical topography
(fMRI) and fine time course of the activation (EEG) and
related modulation of alpha rhythms.

These findings must nevertheless be interpreted care-
fully because the fMRI signal is an indirect measure of
synaptic activities or action potentials from cortical neu-
rons. fMRI signals arise from the so-called BOLD effect
(De Yoe et al. 1994; Kim and Ugurbil 1997; Ogawa et al.
1998), characterized by an excellent spatial resolution (1—
2 mm) but limited temporal resolution (TR timing
correlated).

We conclude that wavelet energy reflects the degree of
synchronization in brain rhythm generators and we
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investigate brain oscillatory activity in time during fMRI
recording. During EEG signal processing, quantifying
wavelet energy—a measure indicating the degree of syn-
chronization in brain rhythm generators—helps to clarify
possible sources of movement-related brain activation.
Using the time course of the oscillatory activity we provide
information on the relationship between EEG recordings
and the fMRI results. This relationship is quantitatively
described by fMRI activation maps, obtained using a
regression analysis. This new approach enables the study of
dynamic properties of motor processing relating to hemo-
dynamic response.

In healthy subjects, fMRI topographic maps correlate
closely with EEG energy findings. In the study of functional
deficits in patients with motor disorders, the wavelet-based
technique could help to analyze brain responses more reli-
ably and may also tell us more about their dynamics.
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