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Combining EEG and fMRI to investigate the post-movement

beta rebound
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The relationship between synchronous neuronal activity as measured

with EEG and the blood oxygenation level dependent (BOLD) signal as

measured during fMRI is not clear. This work investigates the

relationship by combining EEG and fMRI measures of the strong

increase in beta frequency power following movement, the so-called

post-movement beta rebound (PMBR). The time course of the PMBR,

as measured by EEG, was included as a regressor in the fMRI analysis,

allowing identification of a region of associated BOLD signal increase

in the sensorimotor cortex, with the most significant region in the post-

central sulcus. The increase in the BOLD signal suggests that the

number of active neurons and/or their synaptic rate is increased during

the PMBR. The duration of the BOLD response curve in the PMBR

region is significantly longer than in the activated motor region, and is

well fitted by a model including both motor and PMBR regressors. An

intersubject correlation between the BOLD signal amplitude associated

with the PMBR regressor and the PMBR strength as measured with

EEG provides further evidence that this region is a source of the

PMBR. There is a strong intra-subject correlation between the BOLD

signal amplitude in the sensorimotor cortex during movement and the

PMBR strength as measured by EEG, suggesting either that the motor

activity itself, or somatosensory inputs associated with the motor

activity, influence the PMBR. This work provides further evidence for

a BOLD signal change associated with changes in neuronal synchrony,

so opening up the possibility of studying other event-related oscillatory

changes using fMRI.
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Introduction

Recent work combining EEG and fMRI measurements (Gold-

man et al., 2002; Laufs et al., 2003a,b; Moosmann et al., 2003) has
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shown that spontaneous changes in alpha and beta power show

associated changes in BOLD activity. This suggests that there

should also be a BOLD change accompanying event-related

changes in oscillatory activity. Any associated BOLD signal

change could better localise the source of the oscillatory activity,

and the nature of the BOLD change (for example whether the

change is positive or negative) could give information on the

underlying physiological changes.

The BOLD signal is sensitive to changes in local blood flow,

blood volume and oxygen consumption, triggered by changes in

neuronal activation. Recent work suggests that the BOLD signal is

more sensitive to changes in synaptic input than to spiking output

(Logothetis et al., 2001). This is supported by earlier work which,

through the careful uncoupling of synaptic input from spiking

output, showed cerebral blood flow changes to be independent of

spiking output (Mathiesen et al., 1998). This link between the

BOLD signal and synaptic input is further supported by evidence

that one of the primary pathways for blood flow change is via the

vasodilatory action of nitric oxide, whose release is triggered by

glutamate release in the excitatory synapses (for review see

Attwell and Iadecola, 2002). Event-related changes in the

amplitude of oscillatory EEG activity are thought to be caused

by changes in synchrony of the underlying neuronal population

(Pfurtscheller and Lopes da Silva, 1999). It is not immediately

clear how changes in synchrony might cause a change in the

average synaptic activity of the neuronal population, and hence a

BOLD change, but several mechanisms can be envisaged. If

synchrony changes are accompanied by a change in the rate of

synaptic events per unit volume, or a change in the amount of

vasoactive substances released per synaptic event, then a BOLD

signal change would be expected.

One particularly strong event-related oscillatory phenomenon is

the post-movement beta rebound (PMBR), where a sharp increase

in EEG or MEG power is seen in the beta frequency range (i.e.,

around 20 Hz) following movement offset, with a maximum over

the contralateral sensorimotor cortex (Salmelin et al., 1995;

Pfurtscheller et al., 1996). Two studies, using MEG and EEG,

respectively, have localised the PMBR in primary motor cortex,

more specifically to the anterior bank of the central sulcus

(Salmelin et al., 1995; van Burik and Pfurtscheller, 1999). Other
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Fig. 1. The visual stimulus. The task was cued by a cross displayed on a

screen. Each trial consisted of 3–5 s of a white cross when the subjects

were instructed to blink, 5 s of a flashing coloured cross when finger

extensions were performed and 4 s of a black screen when the beta rebound

was expected to occur.
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studies using intracerebral recordings in human subjects, observe a

broader distribution of PMBR in both the pre- and post-central

gyrus (Crone et al., 1998; Ohara et al., 2000; Szurhaj et al., 2003),

the frontal medial cortex (Szurhaj et al., 2003) and in the

supplementary motor area (Ohara et al., 2000).

The functional significance of the PMBR is unclear. One

suggestion is that it represents an Fidling_ (Pfurtscheller et al.,

1996), or inhibition (Salmelin et al., 1995) of the motor network,

possibly by uncoupling the cell assembly that was formed during

the planning and execution of the movement. This is supported by

studies that locate the PMBR pre-centrally (in motor cortex), and

also evidence that the time of the maximum PMBR coincides with a

reduced excitability of motor cortex neurons as measured by TMS

(Chen et al., 1998). An alternative hypothesis is that the PMBR is

involved in sensory reafference, since it occurs after the movement

is completed. This is supported by studies showing a more post-

central location of the PMBR (in sensory cortex), and evidence that

passive movements (involving no motor cortex activity) produce a

PMBR of equal amplitude to active movements, and that this

PMBR is abolished on deafferentation (Cassim et al., 2001).

The timing of the PMBR makes it well suited to investigate

whether there is a BOLD signal change associated with event-

related oscillatory activity. The peak in oscillatory power occurs

approximately 1 s after movement offset and has a duration of

approximately 2 s (Neuper and Pfurtscheller, 2001). The PMBR is

hence independent in time of movement-related activity and should

be detectable as a broadening of the BOLD response.

In the present study, subjects performed repetitive index finger

flexions at different rates, for fixed durations, while their EEG and

fMRI BOLD signals were measured. The time course of the

PMBR, as measured by EEG, is included as a regressor in the

fMRI analysis and so can be used to identify any regions with

associated BOLD signal change. Given the recent evidence of a

BOLD signal change associated with spontaneous changes in beta

power (Laufs et al., 2003a,b), we also expect there to be a BOLD

signal change associated with an event-related oscillation such as

the PMBR. This will provide further evidence that oscillatory

changes can lead to changes in blood flow, and so open up a new

avenue for combining EEG and fMRI data. The spatial resolution

of fMRI is superior to either EEG or MEG, and so our study should

provide more precise localisation of the PMBR, giving further

insight into its possible function.
Methods

Subjects

Six healthy, right-handed volunteers (four female, two male,

age range 21–33) participated in the study after giving written

informed consent. None had any neurological impairment, had

experienced any neurological trauma or had used neuroleptics. All

subjects were paid a small fee for their participation.

Design and procedure

The task was to perform right index finger extensions at three

different rates (1 Hz, 2 Hz and a single finger-extension) cued by

a flashing cross on a screen (Fig. 1). The different movement

rates potentially improve the power of the study because they

make it possible to investigate parametric variations in both the
motor and putative PMBR responses. The flashing cross was

colour-coded for each movement type to aid in the quick

realisation of which extension rate to perform. Subjects were

instructed to extend their finger until it made sustained contact

with a button fixed above the finger, which was used to record

movement onsets and offsets. Movement duration was 5 s

followed by 4 s of a black screen when the subjects were

instructed not to blink, and finally a white cross was displayed for

between 3 and 5 s (randomly jittered between 3, 3.5, 4, 4.5 and

5 s) during which the subjects could blink. Twenty-five trials of

each of the three movement rates were randomly interleaved,

giving a measurement time of 15 min. This was repeated three

times, giving a total measurement time of approximately 50 min.

The EEG measurements were performed both outside and inside

the MRI scanner (during continuous, simultaneous scanning)

using the same stimulus equipment. Four subjects performed the

measurement first inside the scanner and then outside, with the

order reversed for the other two subjects.

EEG recordings

EEG was acquired using the MRI-compatible BrainAmp MR

(Brainproducts, Munich, Germany) EEG amplifier and the Brain-

Cap electrode cap (Falk Minow Services, Herrsching-Breitbrunn,

Germany) with sintered Ag/AgCl ring electrodes 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 250-Hz hardware filter was placed

between the electrode cap and the EEG amplifier. The EEG was

recorded with a 0.3 s time constant and a 70 Hz low-pass filter (for

recordings outside the scanner only), and was continuously

sampled at 500 Hz (outside the MR scanner) or at 5 kHz (inside

the MR scanner). All recordings were done with the Brain Vision

Recorder software (Brainproducts).

Image acquisition

MRI measurements were performed using a 3 T Trio whole-

body scanner (Siemens, Erlangen, Germany). A birdcage resonator

was used for RF transmission and signal reception. The maximal

gradient strength was 40 mT/m. Images were acquired using a

standard gradient-echo EPI sequence (TR 2 s including 56 ms dead

time, TE 36 ms, 27 slices, isotropic voxels of 3.5 mm resolution)

covering the whole brain. A 3D MPRAGE (Mugler and Brooke-

man, 1990) sequence with 2 mm isotropic resolution was used for

the anatomical scan.
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EEG data analysis

Artefact correction for EEG data recorded inside the scanner

For the EEG data recorded within the MRI environment, the

scan and pulse artefacts were corrected along the lines described by

Allen et al. (1998, 2000), using Brain Vision Analyzer software

(Brainproducts). For the correction of scan artefacts, a pulse from

the MR scanner marked the onsets of contaminated EEG segments.

The intervals from volume scan onset to volume scan offset were

averaged, and their means were subtracted from each individual

interval. In addition to the adaptive filtering, inherent to the

subtraction method, a 35-Hz low-pass filter was applied to the data,

after which the EEG was down-sampled to 500 Hz. For the

correction of pulse artefacts, a similar subtraction procedure was

used, following identification of the R peaks in the ECG data.
Fig. 2. Time– frequency analysis of the EEG data for one subject (subject 1) both ou

from electrode C3. The PMBR can be clearly seen in all 3 conditions. The second

range, which are used to create the PMBR regressor. The third row shows the topog

PMBR is located in the contralateral sensorimotor cortex.
Analysis of the beta rebound

This analysis was applied to the EEG data recorded both

outside the scanner and inside the scanner following artefact

correction as detailed above. In order to quantify the PMBR, the

EEG data collected during the performance of the movement task

were segmented with respect to movement offset (defined as the

time at which the response button was released). EEG segments

ranging from 1 s before to 4 s after movement offset were baseline-

corrected (from 1 s before movement offset to movement offset),

and segments containing residual scanner, pulse, eye movement or

other artefacts were excluded from further analysis.

For a time–frequency analysis of the EEG data, we used a

multi-taper approach (Mitra and Pesaran, 1999). Power was

analysed between 1 and 60 Hz, in 1-Hz steps, as a function of

time and frequency using a sliding window technique. Window
tside (a) and inside (b) the scanner. Top row: time– frequency representation

row shows the extracted waveforms (profiles) over the selected frequency

raphy of the PMBR for each condition. For all six subjects, the source of the



Fig. 4. Regressors for the general linear model used within regions of

interest. There are 3 motor regressors and 3 PMBR regressors. All

regressors are scaled to uniform amplitude. The fitted beta weights

(hbs, etc.) will then reflect the amplitude of the MRI signal that is associated

with each regressor. Each regressor is convolved with a Gaussian HRF.
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lengths were adapted to the different frequencies so as to contain 7

cycles. This yields a time–frequency resolution trade-off similar to

that obtained with Morlet wavelets. Multi-tapers were chosen to

concentrate spectral energy over frequency bands that widened

with increasing frequency, such that for a given frequency,

concentration was over a band of T1/5 of that frequency.

Power changes were then expressed as the absolute change in

power (in AV2/Hz) relative to the 1-s pre-offset baseline. It was not

possible to use a pre-movement baseline, as is standard practice,

since these data were contaminated by artefacts due to blinking.

This will result in an increase in the amplitude of the PMBR

compared to previously published results, due to beta desynchro-

nisation during movement. For each subject, we determined,

through visual inspection of the time–frequency representations

(see Fig. 2a, top row) at electrode C3 (i.e., overlying the

contralateral sensorimotor cortex), the frequency band that best

characterised the PMBR. Power changes at electrode C3 were

averaged within these subject-specific frequency bands, and the

resulting profiles (see Fig. 2a, middle row) were used as regressors

in the fMRI analysis. The integral of the PMBR profile was

calculated for use as a measure of the Fstrength_ of the PMBR EEG

signal. We refer to this as FPMBR strength_.

fMRI data analysis

Standard MRI pre-processing was carried out using BrainVoy-

ager (Brain Innovation, Maastricht) including motion correction,

slice time correction, spatial and temporal smoothing and trans-

formation into Talairach space. Four regressors were used in a

general linear model: three motor regressors corresponding to the

three extension rates (onsets and offsets of the movement block

determined from the button presses), and a PMBR regressor

constructed from the averaged PMBR profiles (Fig. 3). For group

analysis, the PMBR regressor was scaled according to the strength

of each subject’s PMBR. The relative amplitudes of the independ-

ent regressors (i.e., PMBR regressor compared to the motor

regressors) are unimportant since they will only influence the beta

weight of each regressor (h1, h2, etc. in Fig. 3) but not the

statistical significance of the BOLD signal associated with each
Fig. 3. Regressors for the general linear model, shown for 50 s of typical

data. There are three motor regressors and one PMBR regressor that is

composed of the average PMBR profiles as measured outside the scanner

(see Fig. 4a middle row), with the relative amplitudes of each profile

preserved. The motor regressors represent blocks of movement rather than

individual finger extensions, with onset and offset determined by the first

press and final release of the response button for each movement block. For

group analysis, the amplitude of the PMBR regressor is scaled for each

subject according to the maximum power of his or her rebound. Each

regressor is convolved with a Gaussian HRF.
regressor. The regressors were convolved with a Gaussian

haemodynamic response function (HRF) with a delay of 4.5 s

and dispersion of 4.7 s2 (equivalent to a full width half maximum

(FWHM) of 5 s) (Rajapakse et al., 1998).

The model was used in both individual and group analyses to

identify regions where all three movements account for significant

variance in the MRI data (Fmotor regions_), and also where the

PMBR regressor accounts for significant variance in the MRI data

(FPMBR regions_).
In any PMBR regions identified, a second general linear model

is used to establish the amplitude of the MRI response associated

with each particular PMBR condition. In this second model, there

were six regressors: three motor regressors as before and three

PMBR regressors, corresponding to the rebounds following each

extension rate (Fig. 4). All PMBR regressors were normalised to the

same maximum amplitude so that the beta weights (hbs, hbm, hbf
in Fig. 4) fitted during the analysis will indicate the amplitude of the

MRI signal associated with each particular PMBR regressor. We

refer to the BOLD response associated with the PMBR regressor as

the FPMBR BOLD activity_ (and FPMBR BOLD amplitude_ refers
to the associated beta weight) and likewise Fmotor BOLD activity_
for signal associated with the motor regressor.

The average BOLD signal time course in each region of interest

was also found. This was calculated in terms of the percentage

BOLD increase with respect to a baseline set between 5 and 3 s

before movement offset.
Results

EEG results

All six subjects showed a PMBR for all three movement

conditions, with peak frequency varying between 15 and 25 Hz

(mean 20 Hz). The EEG data recorded inside the scanner were not

of sufficient quality for use in the analysis, with approximately five

times less signal to noise than that recorded outside the scanner.

However, for two out of six subjects (subjects 1 and 4), the

rebound could be identified inside the scanner and it was found to

be qualitatively the same as that recorded outside the scanner (Fig.

2). This suggests that the PMBR was stable between the two



Fig. 5. Parameterisation of the PMBR with stimulus condition. The integral

of the PMBR profile for the three movement conditions (fast, medium and

slow) is shown for all six subjects. The three conditions changed the

strength of the PMBR differently across subjects. However, the slow

movement condition always produced the lowest PMBR power. Subject 1

has an unusually large EEG response. The error bars show the standard

error in the mean, calculated using a jack-knife procedure on the single

trials of each condition. Each subject is identified with a colour (given

under the chart), which is consistently used in subsequent figures.
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measurements for all subjects. Support for this comes from studies

showing high reproducibility of the PMBR in individual subjects

over time (see e.g., Pfurtscheller and Lopes da Silva, 1999). On

this basis, we chose to use the higher quality data from outside the

scanner in our analysis.

Fig. 5 shows that while different movement conditions did

manipulate the strength of the PMBR, the variation within each
Fig. 6. Regions ofmotor activation.Motor activation regions over all six subjects, ov

voxels highlight regions where all three motor regressors accounted for significant

(Bonferroni corrected) and panel b shows the most significant region, which is loc
subject was small. However, the average power of the rebound

varied strongly between subjects, allowing intersubject compar-

isons of the PMBR. Similar topography (row three of Fig. 2) of the

rebound was observed across all subjects and conditions.

Motor BOLD activity

Fig. 6 shows the results of the group analysis, highlighting

regions where all three motor regressors account for significant

variance in the fMRI data. By increasing the threshold of activation

(Fig. 6b), it can be seen that the most significant region is located

on the anterior bank of the Fomega-shaped_ part of the central

sulcus, with Talairach coordinates (�33 �28 51). Previous studies

confirm this to be the location of the motor hand area (Yousry et

al., 1997).

The duration of the motor BOLD response (averaged over the

three conditions) was consistent across subjects and regions. The

BOLD response from the focus of motor activation in each

individual subject has a mean FWHM of 6.5 s and standard

deviation of 0.3 s across subjects. Within the activated motor

region (excluding the PMBR region), the duration of the BOLD

response was measured in six regions of 125 mm3 for each subject.

The duration was found to be very stable, with a mean standard

deviation of the FWHM of 0.2 s (standard deviation 0.07 s across

subjects).

Fig. 7 shows the correlation of the motor BOLD amplitude

within the focus of the motor region (yellow region on Fig. 6b)

with the PMBR strength as measured by EEG. Fig. 7a shows that

there is no significant correlation across subjects, i.e., subjects with

generally high PMBR strength do not show a generally high

BOLD response in the motor region (the weak correlation seen in

Fig. 7a disappears on removal of the outlying subject, subject 1).
erlaid on the anatomical image of one subject in Talairach space. The coloured

variance in the MRI signal. Panel a shows significant regions with P < 0.05

ated in the central sulcus with Talairach coordinates (�33 �28 51).



Fig. 7. Correlations between motor BOLD activity and PMBR strength in the motor region. The amplitude of the MRI response in the motor region (given by

the beta weight of the motor regressor) for all subjects (each shown with a different colour) and all conditions is correlated against the PMBR strength, as

measured with EEG. The weak correlation seen in the original data (a) disappears on removal of the outlying subject. However, on normalisation of both the

MRI and the EEG response, a very strong correlation is seen within individual subjects (coefficient of determination r2 = 0.78, P < 0.0001). The significance of

correlation was determined using a two-tailed t distribution.
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However, by normalising both measurements to the average

response for each subject, it is possible to consider the correlation

over the three conditions within each subject. This shows a strong

correlation (Fig. 7b) between motor BOLD activity and the PMBR.

PMBR BOLD activity

Fig. 8 shows the results of the group analysis, highlighting

regions where the PMBR regressor accounts for a significant

degree of variance in the fMRI data. A region of positive

correlation can be seen in the left sensorimotor cortex, which we

identify as the source of the PMBR. The region of significant

activation (P < 0.05, Bonferroni corrected) encompasses both

motor cortex and somatosensory cortex (Fig. 8a). Increasing the
Fig. 8. Regions of PMBR activation. PMBR activation regions over all six subjec

coloured voxels highlight regions where the PMBR regressor accounted for significa

(Bonferroni corrected). Panel b shows themost significant PMBR region (red) alongs

the focus of motor activity is in the central sulcus and the focus of the PMBR is in
threshold of significance (Fig. 8b) shows the most significant

region of PMBR BOLD activity (red) in relation to the focus of

motor BOLD activity (yellow). It can be seen that the focus of the

PMBR activation is located in the post-central sulcus, with

Talairach coordinates (�51 �31 49).

Individual analysis revealed a region with significant positive

correlation with the PMBR regressor in three out of the six subjects

(P < 0.05, Bonferroni corrected). These three subjects (subjects 1, 2

and 3) were those with the largest PMBR as measured with EEG.

The location of this region in each of these three subjects is

consistently found in the post-central sulcus as shown in Fig. 9. The

Bonferroni correction is quite conservative, so we considered the

effect of lowering the threshold of activation on the remaining three

subjects. All three subjects showed a discrete region of positive
ts, overlaid on the anatomical image of one subject in Talairach space. The

nt variance in theMRI signal. Panel a shows significant regions with P < 0.05

ide themost significantmotor region (yellow) from Fig. 6b. It can be seen that

the post-central sulcus, with Talairach coordinates (�51 �31 49).



Fig. 9. Individual regions of PMBR activation. PMBR activation regions from three individual subjects (subjects 1, 2 and 3), overlaid on the anatomical image

from each individual subject. The coloured voxels highlight regions where the PMBR regressor accounted for significant variance in the MRI signal. In each

case, the focus of the PMBR activity is in the lateral part of the post-central sulcus. The central sulcus is marked with an arrow.
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correlation in the sensorimotor cortex (P < 0.00001, uncorrected),

with two located post-centrally and one in the central sulcus.

Figs. 8 and 9 also show several regions with a significant signal

decrease during the PMBR, in the midline and widespread in the

occipital cortex. The signal in the occipital cortex can be explained

by the time course of the visual stimulus (see Fig. 1). During the 4 s

post-movement over which the PMBR occurs, the screen was

blank, whereas at all other times, there was a cross present. The

absence of visual stimulation over this period can account for the

negative correlation seen in the occipital cortex. The midline

regions showed no significant correlation with the PMBR strength,

suggesting that these regions are not involved in the PMBR.

To check that the results are not dominated by the single subject

with the largest EEG response (subject 1), the analysis was

repeated using only the remaining five subjects. Fig. 10 shows

significant PMBR activation (P < 0.05, Bonferroni corrected) for

the five-subject analysis in light blue. The five-subject analysis

also located PMBR activity in the post-central sulcus, but more

anterior and inferior to the six-subject analysis (red).

Fig. 11 shows the average signal time course from the regions of

PMBR activation in the three subjects shown in Fig. 9 (i.e., the
average signal from each subject in their individually activated

region), averaged over all conditions. This can be compared to the

time course for motor activation taken from the individual motor

regions of these three subjects. It can be seen that the signal in the

PMBR region extends for approximately 2 s longer (the FWHM is

approximately 1 s longer) than the signal in the focus of motor

activation, suggesting a contribution from both the movement and

the PMBR in this region. The divergence of the BOLD signals from

the two regions begins approximately 1 s prior to movement offset.

We believe that this reflects the different motor response in the two

regions, but does not exclude a later PMBR component in the PMBR

region. Fig. 11 also shows the average model signal curves from

these three subjects, using the appropriate regressors convolved with

a Gaussian HRF. Fig. 11a shows modelling using standard

parameters (Gaussian HRF with delay time 4.5 s and dispersion

4.7 s2), whereas Fig. 11b uses a shorter delay time (4.0 s), which

appears to provide a better fit. The signal from the motor region is

well-modelled by motor regressors alone (orange line), whereas a

model with both motor and PMBR regressors fits the data in the

PMBR region well (blue line). Re-analysis using the delay time of

4.0 s identified very similar activated regions (but with higher



Fig. 10. Five-subject region of PMBR activation. The region of PMBR activation for a five-subject group analysis (excluding subject 1 with the largest PMBR

as measured with EEG) is shown in light blue. The results are shown at significance level P < 0.05 (Bonferroni corrected), and are displayed alongside the most

significant six-subject PMBR region (red) from Fig. 8b and the most significant motor region (yellow) from Fig. 6b. The focus of the five-subject PMBR region

has Talairach coordinates (�56 �26 43).
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significance as to be expected) but showed no meaningful change in

the results of the subsequent correlation analysis, and hence the

standard parameters were employed throughout.

Correlations between BOLD activity and PMBR strength within

the PMBR region

Fig. 12 shows the correlations of the BOLD amplitude within

the PMBR region (red region on Fig. 8b) with the PMBR strength.

In this region, both the motor regressors and the PMBR regressors

account for significant variance in the data, so both the early motor

component of the BOLD signal and the later PMBR component are

considered. For this analysis, the second general linear model (Fig.

4) is used to find the beta weights of all six regressors in the PMBR

region. As was found in the motor region, the motor BOLD

amplitude shows no correlation with PMBR strength across

subjects (Fig. 12a), but a strong correlation within subjects (Fig.

12b), found by normalising the data. However, the PMBR BOLD

amplitude, reflecting the later component of the BOLD signal,

shows opposite behaviour with no significant correlation within

subjects (Fig. 12d), but a significant correlation across subjects

(Fig. 12c, this correlation has the same significance on removal of

the outlier, subject 1). To correct for the fact that the data points are
Fig. 11. The BOLD signal in the activated regions. The BOLD signal curve averag

region (red) and the PMBR region (black; regions as shown in Fig. 9). The percenta

3 s before movement offset. The error bars show the standard error across all m

regressors convolved with a Gaussian HRF, and the blue line is the model signal w

Gaussian HRF with a delay time of 4.5 s and dispersion of 4.7 s2 (as used in the ana

same dispersion. This shorter delay time provides a better fit to the data.
not independent, we averaged the data over all conditions for each

subject; the correlation remained significant (P < 0.05). This

shows that subjects with a generally high PMBR strength also have

a generally high PMBR BOLD amplitude.
Discussion

We have found evidence for a BOLD signal change associated

with the PMBR. The signal is located post-centrally, in agreement

with the hypothesis that the PMBR is more related to sensory

afference than to inhibition of the motor cortex. We have also

shown that BOLD signal changes during movement correlate with

the PMBR, suggesting an influence of motor cortex activity, or

somatosensory input on the subsequent PMBR. We will now

discuss this evidence in more detail.

Evidence for a BOLD signal increase associated with the PMBR

Figs. 8 and 9 show evidence for the existence of a BOLD signal

change associated with the PMBR. The region of significant

activation (P < 0.05, Bonferroni corrected) extends over both the

motor cortex and somatosensory cortex. For group results over all
ed across all conditions and three subjects (subjects 1, 2 and 3) for the motor

ge BOLD increase is calculated with respect to a baseline set between 5 and

easurements. The orange line shows the model signal using only motor

hen using both motor and beta regressors. Panel a shows the results using a

lysis) and panel b shows the results with a shorter delay time of 4.0 s and the



Fig. 12. Correlations between BOLD activity and PMBR strength in the PMBR region. Correlations between the EEG power and the beta weights of the motor

regressor (a, b) and the PMBR regressor (c, d) in the PMBR region of the group analysis (red, Fig. 8b) are shown across all subjects and conditions. There is no

significant correlation across subjects for the motor response (a), but there is a strong correlation within each subject across the three conditions, as shown in

the normalised data (b). The BOLD activity associated with the PMBR regressor shows the opposite behaviour, with a significant correlation with the EEG

power across subjects (c), but no correlation within each subject across conditions (d). Note that the normalised results show only 5 subjects due to the

difficulty in normalising the data from the subject with a negative MRI beta weight (subject 6). The significance of correlation was determined using a two-

tailed t distribution.
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six subjects and individual results in five subjects, the most

significant region of PMBR activation is found in the contralateral

post-central sulcus. Re-analysis on removal of the subject with the

strongest PMBR (subject 1) showed a similar pattern of BOLD

activation (Fig. 10), indicating that the group result is not

dominated by this subject.

The PMBR BOLD amplitude is significantly correlated with

PMBR strength across subjects (Fig. 12c), supporting the

identification of this region as the focus of the rebound. This

positive correlation, and the relative timing of this BOLD

component, suggests that the PMBR BOLD signal and the PMBR

as measured by EEG are measurements of the same underlying

neuronal activity. While each subject shows quite a different

baseline beta power (due to different sources of noise at the beta

frequency during the experiment), the PMBR strength is a measure

of power change, which should reflect the increase in number and/

or degree of synchronisation of the underlying neurons. If the

neurovascular coupling between the underlying PMBR activity and

the PMBR BOLD is similar in each subject, this should then be

reflected as a correlation between PMBR BOLD amplitude and

PMBR strength both within and across subjects. While there was a

significant intersubject correlation between the PMBR BOLD

amplitude and PMBR strength, this relationship was not main-

tained within individual subjects. The intersubject differences in

PMBR strength are larger than the intra-subject differences, so it

appears that the parameterisation of the PMBR was not large
enough to test the relationship within individual subjects given the

noise in the BOLD data.

Since the region of PMBR is located within a broad region of

motor activation (Fig. 6a), it is important that the contribution from

the motor and PMBR regressors can be distinguished. Central to

this is the dispersion parameter of the HRF, which we chose

carefully in consideration of previous research (4.7 s2, equivalent

to a FWHM of 5 s; Rajapakse et al., 1998). This value is the same

as that suggested by Glover (1999), and is similar to the 4.7 s

FWHM suggested by Soltysik et al. (2004). It can be seen (Fig. 11)

that the chosen dispersion value does appear to correctly model our

data. The BOLD response in the PMBR region has a FWHM of

approximately 1 s longer than in the motor region (Fig. 10), as

predicted by the model including both a motor and a PMBR

regressor (Fig. 10, blue line).

It is possible that the broadening of the BOLD signal in this

region merely reflects a broader HRF and is not related to the

PMBR. While there is some variability in the width of the HRF

between regions, we would not expect it to be as large as 1 s.

Indeed, across the activated motor region, the FWHM had a

standard deviation of only 0.2 s. Furthermore, this explanation

cannot account for the correlation between PMBR strength and

PMBR BOLD activity across subjects. It is important to note that,

unlike the PMBR BOLD component (Fig. 12c), the motor BOLD

amplitude in this region does not show intersubject correlation

(Fig. 12a), strengthening the argument that there are two
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independent, but overlapping components of BOLD activity in this

region, rather than a single motor response with a more dispersed

HRF than in the primary motor cortex.

Involvement of the sensorimotor cortex in generation of the PMBR

Fig. 7b shows a strong intra-subject correlation between the

BOLD motor amplitude in the motor cortex and the PMBR

strength. That is, within each subject, the motor cortex activity

strongly predicts the strength of the subsequent PMBR. This

suggests that the motor cortex is involved in the generation of the

PMBR, a notion supported by previous work showing a correlation

between PMBR strength and motor cortex activity through varying

the external load during a movement (Stancak et al., 1997), or

increasing the size of the muscle activated (Pfurtscheller et al.,

1998). There are of course other factors that could be correlated

with the motor activity that could instead be influencing the

PMBR. For example, the faster movement conditions associated

with a greater motor activity are also likely to have increased

somatosensory input. This is supported by the fact that the

movement-related signal in the sensory cortex (Fig. 12b) also

correlated strongly with the PMBR. Previous work showing that

passive movements produce a PMBR of equal amplitude to active

movements, supports an afferent influence on the PMBR (Cassim

et al., 2001). Our results cannot distinguish between the influence

of motor efferents or somatosensory afferents on the PMBR.

The effect of parameterisation

The effect of parameterisation with the three movement con-

ditions was to show a relation between PMBR strength and BOLD

amplitude on an individual level for the motor BOLD response, with

a strong correlation between motor BOLD amplitude and the PMBR

strength (Fig. 7b), but not for the PMBRBOLD response (Fig. 12d).

The differing effect of parameterisation in the two cases can be

explained by considering the different sources of the BOLD activity

and their relative contrast to noise ratios. The motor BOLD activity

has a higher CNR than the PMBR BOLD activity, due to both the

intrinsic higher contrast of the motor BOLD signal and the possible

noisier coupling between oscillatory PMBR activity and the BOLD

signal than that between motor activity and the BOLD signal.

Location and function of the beta rebound

Group analysis of all six subjects showed significant PMBR

activation over both the motor cortex and somatosensory cortex,

with the focus of activation located post-centrally. Analysis of

individual data showed a post-central focus of PMBR activation

for the three subjects with the strongest rebound. This is in contrast

to the predominantly central or pre-central location found in a

previous work using EEG and MEG (Salmelin et al., 1995; van

Burik and Pfurtscheller, 1999). However, in one of these studies

(van Burik and Pfurtscheller, 1999), the PMBR was located post-

centrally in the somatosensory cortex for one out of only three

subjects studied. Data from intracerebral recordings show a PMBR

in both pre- and post-central regions, in closer agreement with our

findings (Crone et al., 1998; Ohara et al., 2000; Szurhaj et al.,

2003). One of these studies (Crone et al., 1998) also identified the

strongest PMBR to be post-central.

The MEG study (Salmelin et al., 1995) identified both a 10 Hz

(mu) and a 20 Hz rebound, with the 10 Hz rebound located as post-
central but also strongly bilateral. It seems unlikely that we are

sensitive to this mu rebound since, although post-central, there is

no evidence for bilateral activity in our data. Furthermore,

inspection of the time–frequency representations of the EEG data

shows that only half of the subjects have a mu rebound, and this

generally has a different time course to the beta rebound. In only

one case (subject 3) is it possible that the beta rebound is a

harmonic of the mu rebound. We do not therefore believe that the

reported PMBR BOLD activity is a correlate of the mu rebound.

Our results may be biased towards central locations of the

PMBR due to choice of C3 as the electrode from which to extract

the GLM regressors for the fMRI analysis. Future work adopting a

similar approach of using EEG signal as a regressor for fMRI

analysis could consider using average signal from a number of

electrodes, or multiple regressors from a number of electrodes.

Earlier studies locating the PMBR in the motor area (Salmelin

et al., 1995; van Burik and Pfurtscheller, 1999) are compatible with

the hypothesis that the PMBR reflects an active uncoupling of the

motor network. Our results are not directly compatible with this,

since we locate the PMBR post-centrally; a region which receives

sensory input. On close inspection, the focus of our PMBR

activation is in, or close to, the hand representation area in the

somatosensory cortex (Maldjian et al., 1999; Francis et al., 2000),

an area that is closely related to the motor hand area at a functional

level. This supports the hypothesis that the PMBR reflects

movement-related somatosensory processing (Cassim et al.,

2001; Alegre et al., 2002). This activity in the somatosensory

region could then still act to inhibit the motor cortex via cortico-

cortical projections between the somatosensory and motor cortex,

explaining the finding of reduced excitability of motor cortex

neurons during this period (Chen et al., 1998).

The physiological basis for a BOLD signal increase

The increase in MRI signal with increased EEG beta power

suggests that there is an increase in the mean rate of synaptic

activity in the local neuronal population during the PMBR

compared to resting baseline, and that this increase scales with

beta power. This could be due to an increase in the mean rate of

synaptic activity per unit volume, an increase in the amount of

vasoactive substance released per synaptic event, or a combination

of both. A number of recent modelling papers (Chawla et al., 1999,

2000; Jensen et al., 2005) suggest a link between increased

synchrony and increased mean firing rate of local neuronal

populations. If the region has reciprocal connections from the

excitatory neurons, then an increase in mean firing rate will be

coupled to an increase in mean synaptic activity (as is generally

seen; Heeger et al., 2000), leading to a BOLD signal increase.

One paper looking specifically at beta oscillations (Jensen et al.,

2005), suggests that it is the inhibitory interneurons which maintain

the oscillations, with the sparse firing of excitatory cells time-

locked to the rhythm of these inhibitory interneurons. The

increased activity of the inhibitory neurons could increase the

BOLD signal, although evidence for a link between inhibitory

activity and the BOLD signal is currently inconclusive (Waldvogel

et al., 2000; Attwell and Iadecola, 2002).

In support of our findings, recent work investigating event-

related changes in the gamma band (Foucher et al., 2003) also

showed increased BOLD signal with increases in gamma power.

Results at lower frequency bands show the opposite behaviour,

with BOLD signal decreases following increased synchronisation
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in the delta band during sleep (Czisch et al., 2004), and the alpha

band during rest (Goldman et al., 2002; Laufs et al., 2003a,b;

Moosmann et al., 2003). Increased synchronisation in the beta

band during rest showed both regions of increased and decreased

BOLD, but predominantly increased BOLD (Laufs et al., 2003a,b).

Our results therefore fit in with the general pattern of BOLD

increases associated with increased synchronisation in higher

frequency beta and gamma bands, but decreases at lower

frequencies.

A further study showed an increased BOLD signal response to

two tasks that evoked decreases in beta power (Singh et al., 2002).

However, as the authors mention, the decrease in power they saw in

the beta band may have been accompanied by increased power in a

higher frequency band, which could be the cause of the BOLD signal

increase. Furthermore, it does not necessarily follow that the

processes involved in an active desynchronisation of activity are

the same as those producing increased synchronisation. Note that,

although the power of our PMBR may be overestimated due to beta

suppression during our baseline, this suppression cannot be the

cause of the PMBR BOLD signal change which is due to activity

change after movement offset. Any BOLD change due to pre-offset

beta suppression would not be expected to extend beyond the motor

activation. In addition, we found no correlation (P > 0.4) between

pre-offset suppression and PMBR BOLD amplitude.

Simultaneous versus separate EEG and fMRI recordings

In this work, we attempted to record event-related oscillations

simultaneously with MRI, which has only previously been

achieved with interleaved recordings (Foucher et al., 2003).

Compared to recordings from outside the scanner, the noise inside

the scanner is increased five-fold, with the PMBR only visible in 2

out of 6 subjects (Fig. 2). The extra noise is caused by the presence

of the scanning and pulse artefacts, which have not been

completely removed. However, for this particular study, involving

averaging of data across many trials, the use of data recorded in

separate sessions is acceptable. We believe that this general

procedure of combining EEG and fMRI data from separate

sessions could provide useful information in a number of event-

related studies. If the effect under study is believed to be stable

over time, there may be little or no benefit from a simultaneous

measurement, which will compromise data quality.
Conclusion

In this work, we attempted to identify a BOLD correlate of beta

synchronisation following movement offset (the PMBR). By

including an extra PMBR regressor in our general linear model,

we have identified a region of PMBR BOLD activity in the

sensorimotor cortex, with the most significant region close to the

hand representation area in the post-central sulcus. In this region,

the BOLD signal is extended in time compared to the region of

motor activation, and the intersubject PMBR BOLD amplitude is

shown to be positively correlated with PMBR strength. In addition,

we found that BOLD activity during movement is strongly

correlated with the PMBR EEG activity within individual subjects,

suggesting an influence of motor cortex activity, or afferent

somatosensory input on the subsequent PMBR.

More generally, our results show that event-related changes in

oscillatory activity have an associated BOLD signal change. This
work opens the way for similar combined EEG and fMRI studies

of other event-related oscillatory behaviour.
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