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Abstract: The complementary strengths and weaknesses of established functional brain imaging methods
(high spatial, low temporal resolution) and EEG-based techniques (low spatial, high temporal resolution)
make their combined use a promising avenue for studying brain processes at a more fine-grained level.
However, this strategy requires a better understanding of the relationship between hemodynamic/
metabolic and neuroelectric measures of brain activity. We investigated possible correspondences be-
tween cerebral blood flow (CBF) as measured by [H2O]-PET and intracerebral electric activity computed
by Low Resolution Brain Electromagnetic Tomography (LORETA) from scalp-recorded multichannel EEG
in healthy human subjects during cognitive and pharmacological stimulation. The two imaging modalities
were compared by descriptive, correlational, and variance analyses, the latter carried out using statistical
parametric mapping (SPM99). Descriptive visual comparison showed a partial overlap between the sets
of active brain regions detected by the two modalities. A number of exclusively positive correlations of
neuroelectric activity with regional CBF were found across the whole EEG frequency range, including
slow wave activity, the latter finding being in contrast to most previous studies conducted in patients.
Analysis of variance revealed an extensive lack of statistically significant correspondences between brain
activity changes as measured by PET vs. EEG-LORETA. In general, correspondences, to the extent they
were found, were dependent on experimental condition, brain region, and EEG frequency. Hum. Brain
Mapp. 22:83–96, 2004. © 2004 Wiley-Liss, Inc.
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INTRODUCTION

The established functional brain imaging methods such as
Positron-Emission-Tomography (PET) and functional Mag-
netic Resonance Imaging (fMRI) are based on the detection
of the hemodynamic or metabolic sequelae of neural activa-
tion. One strength of both methods is their high spatial
resolution that, over the years, has been successfully driven
into the low mm range. On the down side, PET in particular
has poor temporal resolution in the range of 1 min for
[H2

15O]-PET and 30–45 min for [18F]-Deoxyglucose-PET.
Further, [H2O]-PET is indirect insofar as it does not directly
tap neuronal energy consumption but measures regional
cerebral blood flow (rCBF), which is taken to be proportional
to neuronal activity.

The disadvantages of CBF-PET are the advantages of the
EEG: The EEG directly measures neuronal activity in terms
of the electrical field produced by active neuronal popula-
tions (although it is not uniformly sensitive to all neural
activity, favoring synchronous sources close to the scalp
surface). Its temporal resolution is usually in the millisecond
range, but can be arbitrarily high in theory and is in practice
only limited by the sampling rate employed for data acqui-
sition. Until recently, EEG has not been able to compute
from the scalp-recorded voltages the intracerebral, three-
dimensional configuration of the neural sources, without
restricting the solution to a pre-selected (and typically,
small) number of sources. The difficulty with this “inverse
problem” is that there is no unique, non-ambiguous solution
to it, i.e., there are infinitely many possible configurations of
intracerebral neuroelectric generators that could have pro-
duced the electric field that is actually measured on the
scalp. Thus, any algorithm that solves the inverse problem
must necessarily be based on constraints imposed on the
problem. One such algorithm that has gained particular
attention recently is Low Resolution Brain Electromagnetic
Tomography (LORETA) [Pascal-Marqui et al., 1994; Pascual-
Marqui, 1999]. LORETA is based on the assumption that the
“smoothest” distribution of neuroelectric generators is the
most likely one, i.e., that the activity of neighboring neurons
is maximally correlated [Llinás, 1988; Haalman and Vaadia,
1997]. Although LORETA has localization power [Pascual-
Marqui, 1999], its spatial resolution is, unlike that of PET,
very low (�3–4 cm).

Given their different strengths and shortcomings, the
complementary use of PET/fMRI and EEG-LORETA is one
of the most promising strategies to approach a methodical
accuracy that will allow us to probe brain events at their
own temporal and spatial scale. Its success, however, is
dependent on an improved understanding of the relation-
ship between these different indexes of brain activity. Only
if we know what we measure, will we be able to integrate
knowledge from different imaging modalities into a more
comprehensive understanding of brain processes.

A number of previous studies have attempted to relate
measures of spontaneous EEG activity to cerebral blood flow
or metabolism [Buchsbaum et al., 1984; Guich et al., 1989;
Günther et al., 1997; Ingvar et al., 1976; Melamed et al., 1975;

Nagata et al., 1993; Obrist et al., 1963; Sulg et al., 1981; Szelies
et al., 1999]. However, most of these studies have been
conducted in psychiatric or neurologic patients whose brain
functions and anatomy may be different in crucial ways
from those of healthy subjects. Many early studies are fur-
ther limited by using only very rough spatial measurements
of brain activity (e.g., on the level of the whole brain or
single hemispheres). Even those studies that used more
fine-grained EEG and functional imaging measurements
were facing the fundamental problem of having to relate
intracerebral measures of blood flow or metabolism to extra-
cerebral measures of brain electric activity.

This problem has been partly avoided in recent combined
ERP and hemodynamic-based brain imaging studies
[Heinze et al., 1998; Menon et al., 1997; Opitz et al., 1999].
Typically, these studies have fitted a small number of intra-
cerebral equivalent dipoles to those brain regions where
activation had previously been found in PET/fMRI using
the same tasks and subjects. Although these studies have
generally produced meaningful results, they are neverthe-
less not fit to answer questions about the correspondence of
neuroelectric and hemodynamic measures, since they used
the hemodynamic results to constrain neuroelectrical source
localization, thus assuming an a priori correspondence be-
tween the two measures. Another drawback of this proce-
dure is that whereas single dipole fitting may be adequate
for localizing focal neural sources activated by sensory stim-
uli, it is generally unsuited for cognitive paradigms where
multiple distributed loci of activation are likely. This latter
case of distributed sources is adequately handled by
LORETA, as reported in independent validations of LORE-
TA’s localization properties [review in Pascual-Marqui et al.,
2002].

But one of the most serious limitations of previous multi-
modal imaging studies is the fact that measurements of the
two modalities have not been made simultaneously. Al-
though efforts were usually made to keep experimental
setting and subjects constant, the interval between the mea-
surements of the two modalities sometimes ranged up to
several weeks. Thus, even if there was a one-to-one corre-
spondence between neuroelectric and hemodynamic mea-
sures, considerable variance between non-simultaneous re-
cordings could still be expected due to the fact that the same
brain at two points in time will never be in identical states.
Put differently, the very question of the degree of cross-
modality correspondence can only be answered conclu-
sively using simultaneous multi-modal measurement of one
single brain. In the particular case of drug administration
studies such as the present one, an added advantage of
simultaneous recording is the fact that the number of drug
administrations can be minimized. Also, sequential record-
ings would always raise concern whether the findings might
not reflect or at least be confounded by habituation.

In attempting to avoid major limitations of earlier work,
the present study aimed at clarifying the relationship be-
tween measures of brain activity obtained by [H2O]-PET and
EEG-LORETA. To this end, [H2O]-PET and EEG were simul-
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taneously recorded in 16 healthy subjects. Since previous
studies indicated that the correspondence between imaging
modalities is contingent upon experimental condition [e.g.,
Puce et al., 1995], we conducted our measurements during
four conditions involving cognitive and pharmacological
activation. EEG data were submitted to analysis with
LORETA to assess the intracerebral distribution of neuro-
electric activity. To maximize comparability between neuro-
electric and hemodynamic measurements, the EEG signal
was averaged over the 1-min period of PET acquisition. We
thereby made the assumption that the most natural ap-
proach to establishing potential correspondences between
the two methods was to operate them at the same temporal
resolution, which in this case was dictated by the inherently
low resolution of [H2O]-PET. However, the high temporal
resolution of EEG was still exploited for computing the FFT
up to 30 Hz, which requires sampling points at least at about
16-msec intervals. The observed spatial patterns of brain
activity during each condition as well as the differences
between the conditions were visually and statistically com-
pared on several levels. Importantly, the present analysis
was done without prior hypotheses regarding the number,
location, and/or strength of expected neural sources during
any of the conditions.

SUBJECTS AND METHODS

Subjects

The study included 16 healthy volunteers (6 women, 10
men; mean age � 26.0 years, SD � 2.5 years), students
recruited at the University of Zurich. At study entry, sub-
jects were screened by psychiatric interview and somatic
examinations including electrocardiogram, blood and urine
analysis. Exclusion criteria were: major medical disorder,
abnormal ECG, history of drug abuse, psychiatric disorder
(either personal or in first-degree relatives), and pregnancy.
All subjects gave their written consent after being informed
by a written and oral description of the aim of the study, the
procedures involved, and the effects and possible risks of
MDMA administration. The study was carried out in accor-
dance with the Declaration of Helsinki and approved by the
Ethics Committee of the University Hospital of Psychiatry,
Zurich.

Experimental Protocol

Subjects were examined during two pharmacological and
two cognitive conditions. The pharmacological stimulation
involved the administration of a single oral dose of 1.7
mg/kg 3,4-methylenedioxymethamphetamine (MDMA) or
placebo in a double-blind, randomized, and counter-bal-
anced fashion. The cognitive stimulation consisted (1) of the
“A-X version” of the Continuous Performance Test (CPT)
[Van Leeuwen et al., 1998] that requires the subject to key-
press after the occurrence of the letter sequence A-X on the
screen (the target), and (2) of an appropriate “control task,”
i.e., a stimulus condition that was identical to the CPT except

that the target letters were omitted from the displayed stim-
ulus material, and the subject was asked to merely observe
the screen. Thus, each subject participated in a total of four
conditions, given by the factorization of the two stimulation
categories: Placebo/Control-Task, Placebo/CPT, MDMA/
Control-Task, and MDMA/CPT. In each condition, the EEG
and cerebral blood flow using [H2

15O]-PET were simulta-
neously recorded for one minute.

EEG Measurements and Processing

The EEG was recorded from 31 electrodes that were ap-
plied according to the international 10/20 system (FP1/2,
FPZ, F3/4, F7/8, FZ, FT9/10, FC5/6, T3/4, T5/6, TP9/10,
C3/4, CZ, CP5/6, P3/4, PZ, PO9/10, O1/2, OZ). A further
electrode was placed below the left eye to record eye move-
ments. Both F3 and F4 served as common recording refer-
ence electrodes. The recordings were done using a 32-chan-
nel system (Neurofile System, Nihon Kohden), a sampling
rate of 256 samples/sec and a 1–50 Hz bandpass filter. The
EEG data were screened off-line for eye, muscle, movement,
and technical artifacts. Two-second epochs of artifact free
EEG were used for further analyses. If three or fewer EEG
channels contained artifacts, they were interpolated, other-
wise the epoch was rejected. If fewer than 10 sec of EEG
within one recording session was acceptable, the subject was
omitted from further analysis. After artifact screening, the
EEG data from 10 subjects each in the Placebo-Control Task
and MDMA-Control Task condition, 14 subjects in the Pla-
cebo-CPT condition, and 12 subjects in the MDMA-CPT
condition were available for further analysis. Regarding the
paired comparisons, 9 subjects were available for the com-
parison between placebo and MDMA during the control
task, and 12 during the CPT, while 10 subjects were available
for the comparison between the control task and the CPT
during placebo, and 7 during MDMA. On the average across
subjects, 31.9 sec of data (range: 14–46 sec) for the Placebo/
Control-Task condition, 32.5 sec (22–64 sec) for the Placebo/
CPT condition, 22.2 sec (14–46 sec) for the MDMA/Control-
Task condition, and 23.5 sec (10–48 sec) for the MDMA/
CPT condition were available for analysis. Spatial DC offset
was removed (average reference recomputation). Since EEG
spectral frequency bands reflect different functions and be-
have statistically independently, further analysis was per-
formed separately in the following seven bands [Kubicki et
al., 1979]: Delta (1.5–6 Hz), Theta (6.5–8 Hz), Alpha1 (8.5–10
Hz), Alpha2 (10.5–12 Hz), Beta1 (12.5–18 Hz), Beta2 (18.5–21
Hz), and Beta3 (21.5–30 Hz). All epochs were submitted to
FFT. For each condition, frequency band, and electrode po-
sition, mean power was computed and averaged across
subjects.

LORETA

LORETA was used to compute the intracortical distribu-
tion of the electric activity from the surface EEG data [Pas-
cal-Marqui et al., 1994; Pascual-Marqui, 1999]. LORETA
computes current density at each voxel in the solution space
as the linear, weighted sum of the scalp electric potentials
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[Pascual-Marqui, 1995]. It solves the inverse problem based
on the assumption that the smoothest of all possible activity
distributions is the most plausible one. This assumption is
supported by electrophysiology, where neighboring neuro-
nal populations show highly correlated activity [Haalman
and Vaadia, 1997; Llinás, 1988]. Thus, EEG-LORETA results
in solutions where neighboring voxels have maximally sim-
ilar activity. Regardless of the electrophysiological validity
of the smoothness constraint, LORETA has been shown to be
capable of correct 3-D localization, although with blurring,
i.e., low resolution [Pascual-Marqui, 1999].

The utilized version of LORETA employed a three-shell
spherical head model registered to the Talairach human
brain atlas [Talairach and Tournoux, 1988] available as dig-
itized MRI from the Brain Imaging Center, Montreal Neu-
rologic Institute. The registration between spherical and Ta-
lairach head geometry used the realistic EEG electrode
coordinates reported by Towle et al. [1993]. The LORETA
solution space was restricted to the cortical gray matter and
hippocampus in the Talairach atlas as defined by the corre-
sponding digitized Probability Atlas available from the
Brain Imaging Center, Montreal Neurologic Institute. A total
of 2,394 voxels at 7-mm spatial resolution were produced
under this neuroanatomical constraint. There was one 3-D
LORETA image for each subject for each condition and
frequency band. These images will be called “raw activity
images.” Details on the use of LORETA to compute gener-
ators of EEG frequency components can be found in Frei et
al. [2001].

PET

[H2
15O]-PET scans were performed on a General Electric

Advance PET scanner in 3-D-acquisition mode. For each
subject and condition, two 1-min scans were obtained, and
cerebral blood flow (CBF) was measured as the accumulated
counts during scan time. Mean doses of 400–500 MBq ra-
dioactivity per scan were administered through an indwell-
ing catheder. The resulting images were processed using the
statistical parametric mapping software (SPM99). Individual
scans were realigned, normalized to the same Talairach
coordinate system as the LORETA images (the “MN305”
brain), and smoothed with a gaussian filter of 15 mm
FWHM [Friston et al., 1996]. The resulting images will be
called “raw activity images.”

Comparison between CBF-PET and EEG-LORETA

The present data was subjected to five levels of analysis.
On each level, a comparison was made between PET and
EEG-LORETA. For the 5 levels this comparison included:

1. Raw activity images for each condition
2. Correlations between raw activity images for each con-

dition
3. Unfiltered t-images showing differences between pairs

of conditions
4. Brain areas showing statistically significant differences

between pairs of conditions

5. Correlations between images of differences between
pairs of conditions

These different levels of analysis are graphically depicted
in Figure 1.

Figure 1.
Top: Comparisons between conditions performed within each
imaging modality separately (PET and LORETA). Bottom: The
different levels of analysis to compare results across imaging
modalities (PET vs. LORETA, shown as superposed layers). Levels
1 and 2: comparison of raw images; levels 3–5: comparison of
differences images. See text for further explanation.
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Level 1: Raw Activity Images

Images of raw activity for each condition were visually
compared between PET and EEG-LORETA. The lower end
of the activity spectrum was removed from the images by
compressing the color scale by 75%. This procedure left only
a number of separate, clearly identifiable blobs of peak brain
activity to be easily compared across image modalities. The
purpose of this analysis was to allow for a rough, qualitative
overview of the extent to which CBF and electric brain
activity may coincide.

Level 2: Correlations Between
Raw Activity Images

Correlations between PET and EEG-LORETA raw ac-
tivity images were computed for each condition. This
procedure included the computation of Pearson’s corre-
lation coefficients for each corresponding pair of voxels
over the entire brain volume. The resulting correlation
images were thresholded at a level that corresponded to a
statistically significant correlation at P � 0.05 for the
number of subjects available for the respective condition
(this threshold was close to r � 0.6 for all conditions). In
order to enhance the detection of patterns of correlations,
no correction for multiple testing was applied.

Level 3: Unfiltered t-Images of Differences
Between Conditions

For each PET and EEG-LORETA, statistical differences
between pairs of conditions as shown in Figure 1, were
computed as images of t-values. For PET, the t-statistic was
computed using statistical parametric mapping (SPM99) and
an ANOVA design with proportional scaling used to control
for variance in global activity. For LORETA, a pseudo t-
statistic was computed, as previously described [Frei et al.,
2001], using a non-parametric randomization approach as
proposed by Holmes et al. [1996]. The pseudo t-statistic was
based on images of log-transformed power normalized to a
common global activity level, which has a similar effect as
the proportional scaling procedure applied to the PET im-
ages. Thus, similar relative measures of activity were used
for PET and LORETA. Neither PET nor EEG-LORETA t-
images were thresholded, in order to allow the visual detec-
tion of patterns of similarity that may lie or extend below
levels of statistical significance.

Level 4: Images of Statistically Significant
Differences Between Conditions

On this level of analysis, the t-images were assessed for
statistical significance. For PET, statistical inferences were
based on an ANOVA model using proportional scaling of
the data to adjust for differences in global activity levels, and
were corrected for multiple testing. For statistical inference
in LORETA, the randomized pseudo t-images were thresh-
olded at the conventional 5% probability level. For both
methods, inferences were based on single voxel intensities

(“voxel statistics”) and spatial extent (“cluster statistics”).
PET and EEG-LORETA images of relative activity were then
visually compared for correspondences in both location and
direction of brain activity changes.

Level 5: Correlations Between Difference Images

Pearson’s correlations between PET and EEG-LORETA
difference images were computed for each of the four pairs
of difference between conditions. Again, voxel-by-voxel cor-
relation coefficients were computed and the resulting corre-
lations were thresholded at a statistical level of significance
of P � 0.05 (uncorrected for multiple comparisons).

Note that since PET and EEG-LORETA produce incom-
mensurable measures of brain activity, a direct statistical or
quantitative comparison between the two imaging modali-
ties is not possible for the analyses in levels 1, 3, and 4. Only
the correlation analyses of levels 2 and 5 can be quantitative.

Substance

Racemic MDMA (3, 4-methylenedioxymethamphetamine)
was obtained through the Swiss Federal Health Office
(BAG), Department of Pharmacology and Narcotics, Bern,
from EPROVA AG, Schaffhausen, and prepared as capsules
(10 and 50 mg) at the Pharmacy of the Kantonsspital, Lu-
zern, Switzerland. The use of MDMA was approved by the
Swiss Federal Health Office, Berne.

RESULTS

Level 1: Raw Activity Images

Figure 2 shows PET and EEG-LORETA raw activity im-
ages for the Placebo/Control-Task condition. In PET, areas
of peak CBF were the medial frontal, anterior and posterior
cingulate, parietal, temporal and medial occipital cortices,
and the thalamus (which does not belong to the solution
space of LORETA). EEG-LORETA showed peak electrical
activity in the medial and lateral occipital cortex in all fre-
quency bands. Beta2 and �3 contained additional peak ac-
tivity in the medial and lateral frontal cortex and the anterior
cingulate, which was not evident in the alpha bands and less
so in the delta, theta, and �1 bands. The �3 band, and less so
�2, also contained bilateral temporal activity peaks. In com-
parison, activity measured by PET and EEG-LORETA over-
lapped in the medial prefrontal cortex, the anterior cingu-
late, medial occipital, and bilateral temporal cortex. Activity
unique to PET was revealed in the posterior cingulate and
parietal cortex. Activity unique to EEG-LORETA was found
in lateral occipital cortex. The results were basically identical
in the other three conditions (not shown).

Level 2: Correlations Between
Raw Activity Images

Images of correlations between raw activity as measured
by PET vs. EEG-LORETA were available for all four condi-
tions: Placebo/Control-Task, Placebo/CPT, MDMA/Con-
trol-Task, and MDMA/CPT.
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Placebo/Control-Task (Fig. 3). In this condition, only positive
correlations between CBF and brain electric activity were
present. The most extensive correlations were observed in the
beta bands, where areas of correlation included the bilateral
fronto-temporal cortices, the central frontal and cingulate cor-
tices, the subgenual cortex, and the right posterior temporal
cortex in the �3 band. Correlations in the theta and alpha bands
were evident in the left and right frontal cortex.

Placebo/CPT: No significant correlations were present in
this condition.

MDMA/Control-Task (Fig. 3): Again, only positive correla-
tions were present and were most pronounced in the �2 and
�3 bands. These bands showed extensive correlations in-

volving the occipital and parietal cortices. The delta and
theta bands showed correlations in the anterior cingulate.
An additional area of correlation in the delta band was seen
in the right temporal cortex.

MDMA/CPT: No significant correlations were present in
this condition.

In summary, only positive correlations between CBF as
measured by [H2O]-PET and neuroelectric activity as mea-
sured by EEG-LORETA were found. No correlations were
present in those conditions that involved cognitive stimula-
tion by a Continuous Performance Test.

Since there might be concern about the relatively short
duration of the analyzed EEG data, the data analysis of this
level 2 was re-done, doubling the minimal required period
of usable EEG to 20 sec. This increased the length of the
available EEG to 27–37 sec, depending on the experimental
condition. On the whole, the results were very similar to
those with the 10-sec requirement; they showed the same
complete lack of negative correlations for all four conditions.
Regarding positive correlations, the results for two of the
four conditions (Placebo-Control Task and Placebo-CPT)
were nearly identical. The results of the MDMA-CPT condi-
tion were similar, but �2 and �3 showed central frontal
correlations where previously there were none. In the
MDMA-Control condition, positive correlations for �2 and
�1 differed from the original results, while those for delta
and theta were similar but more extensive. Beta2 and �3
showed virtually identical correlations. In conclusion, al-
though there are some differences to the original analysis,
these do not have a major impact on the results and their
interpretation.

Level 3: Unfiltered t-Images of Differences
Between Conditions

Four sets of t-images were available for each PET and
EEG-LORETA, corresponding to the four pairs of differ-
ences between conditions: Placebo/Control-Task minus
MDMA/Control-Task, Placebo/CPT minus MDMA/CPT,
Placebo/Control-Task minus Placebo/CPT, and MDMA/
Control-Task minus MDMA/CPT. The first two pairs reveal
drug-related differences, the latter two pairs reveal task-
related differences in brain activity.

Placebo-Control-Task minus MDMA/Control-Task (Fig. 4):
The PET image showed a striking uniform decrease in CBF
over the whole brain volume during MDMA compared to
placebo. A similar extensive deactivation was evident in the
EEG-LORETA images for the theta and �1 band. The delta
band showed a weak left-sided decrease, paired with a right
temporo-occipital increase in electrical activity. The �2 band
showed extensive decreases and increases restricted to the
left fronto-temporal cortex. The beta bands were dominated
by increased anterior and posterior activity and negligible
decreases.

Placebo-CPT minus MDMA/CPT: Again, the PET image
showed a global uniform decrease in CBF during MDMA.
In EEG-LORETA, slow wave activity in the delta and
theta bands was largely decreased with the exception of

Figure 2.
Brain activity during the control task after administration of a
placebo, shown in transverse, coronal, and sagittal view. Top
row: CBF as measured by [H2O]-PET. Following rows: Neuro-
electric activity as computed by LORETA for seven frequency
bands. Brighter hues indicate stronger activity. Images are sliced at
z � 22 mm (transverse), y � �26 mm (coronal), and x � 0 mm
(sagittal), with the coordinate origin located at the anterior
commissure.
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weak temporal and occipital increases. The � bands were
characterized by ventral frontal and temporal increases
and posterior decreases. The beta bands were dominated
by pronounced frontal and occipital increases, with de-
creases confined to the cingulate cortex. Thus, the pattern
of a global unidirectional change as evident in the PET
image was not reflected in any EEG frequency band.

Placebo/Control-Task minus Placebo/CPT (Fig. 4): The PET
image showed a rather complex pattern of CBF changes,
with CPT-related increases mainly in the occipital and left
ventral prefrontal cortex, and a marked decrease in the right
temporal cortex, and less pronounced decreases in the left
temporal and dorsal frontal cortex. In EEG-LORETA, activ-
ity changes in the delta band were small, with some in-
creases in dorsal frontal and occipital cortex. The theta band
was dominated by global activation. Both alpha and beta
bands showed increased activity in the anterior brain, and
decreased activity in posterior regions.

MDMA/Control-Task minus MDMA/CPT: The CPT-related
pattern of changes of CBF was similar to the previous one.
Increases dominated in the occipital and frontal cortices, and
decreases were strongest in the right posterior temporal, and
less so in the left temporal cortex. Interestingly, a similar,
although smaller, “cold spot” of peak decreases in the right
posterior temporal cortex was seen in the EEG-LORETA
images of the delta, �1, �1, and �3 bands. Otherwise, the
delta band showed weak changes dominated by a strip of
deactivation in the parietal and posterior cingulate cortex.
Large, but weak increases and decreases in medial central
cortex were seen in the theta band. The �1 band showed
weak occipital and medial parietal decreases and right
fronto-temporal increases in electrical activity. In contrast,
�2 was weakly, but uniformly activated. All beta bands were
similar in showing left fronto-temporal and medial central
activation (including the cingulate cortex) and right-sided
temporo-occipital deactivation, which extended to fronto-

Figure 3.
Correlations between CBF and neuroelectric activity in the differ-
ent frequency bands during the control task under placebo (left)
and MDMA (right). Positive correlations above the significance
threshold of r � 0.6 are shown in red. No negative correlations
emerge. Except for the delta band, images are sliced at z � 22 mm

(transverse), y � �26 mm (coronal), and x � 0 mm (sagittal), with
the coordinate origin located at the anterior commissure. The
delta band transverse views are sliced at z � �14 mm in order to
better show the regions of correlations.
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temporal regions in the �2 and �3 bands. The overall pattern
of changes seen in PET was not mirrored in any EEG fre-
quency band.

Level 4: Images of Statistically Significant
Differences Between Conditions

When comparing PET with EEG-LORETA results, we will
only consider overlapping activity changes of similar size,
which may indicate a specific correspondence between PET
and EEG-LORETA activity changes. We do not attempt to
give a strict definition of the “similar size” criterion, since

such strictness seems premature at this point and might
unnecessarily obscure the detection of potentially important
correspondences. We also report overlapping changes in
opposite directions, since it may well be that an increase in
CBF corresponds to a decrease in electrical activity in some
frequency range and vice versa.

In general, although many changes in brain activity could
be observed in both imaging modalities, there were very few
correspondences between the modalities that were region-
specific. Table I lists, for each of the four comparisons be-
tween conditions, the cortical brain regions that showed

Figure 4.
Color-coded images showing the differences between placebo and
MDMA during the control task (left) and the difference between
the control task and the CPT during placebo (right), expressed as
t-value distribution. Orange of increasing intensity indicates in-
creasing positive t-values, blue of increasing intensity indicates
increasing negative t-values. Top rows: CBF as measured by PET.
Following rows: Neuroelectric activity as computed by

LORETA. The LORETA t-images of different frequency bands are
scaled to a common maximum to make them directly comparable.
PET images are sliced at z � 22 mm (transverse), y � �26 mm
(coronal), and x � 0 mm (sagittal), with the coordinate origin
located at the anterior commissure. LORETA images are sliced at
the anterior commissure.
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significant changes in rCBF (PET) and neuroelectric activity
(EEG-LORETA). The only specific regional correspondences
between PET and EEG-LORETA activity changes were

found for the beta frequency band. During the control task,
both CBF and neuroelectric activity in the �2 band were
decreased by MDMA in the posterior cingulate (Brodman

TABLE I. Brain areas of statistically significant change between pairs of experimental conditions for
both PET and LORETA

Region

PET

P Region Band

LORETA

Px y z x y z

Placebo/control task vs. MDMA/control task
Plac � MDMA

L Orbitofrontal (B11) �18 26 �16 0.05 Whole brain, except central frontal, posterior
cingulate, mediodorsal prefrontal

�2 0.02a

R Occipital (B31) 20 �72 28 0.009 Whole brain, except central frontal, posterior
cingulate, parietal, left temporoo-ccipital,
right fusiform

�3 0.03a

L Inferior occipital (B18) �20 �84 �8 0.05
L Occipital (B17) �12 �88 4 0.05
Plac � MDMA
R Insula (B13) 50 10 4 0.001 L Parietal supramarginal (B40) �3 0.03a

L Amygdala/L Cingulate (B34) �14 �2 �12 0.03
R Paracentral lobule (B31) 2 �26 44 0.004
Anterior cingulate (B24) 0 2 32 0.004
L Anterior cingulate (B24) �4 8 28 0.006
R Anterior cingulate (B32) 4 8 40 0.006
Posterior cingulate (B31) 0 �28 36 0.007 Posterior Cingulate (B31/23) �2 0.02a

R Superior frontal (B6) 10 �12 �64 0.05
R Anterior cingulate (B24) 2 �8 36 0.05

Placebo/CPT vs. MDMA/CPT
Plac � MDMA

L Inferior occipital (B18) �20 �82 �8 0.004 L Inferior occipital (B18/19) �3 �38 �38 �13 0.05b

L Prefrontal, L temporal, occipital �3 0.006a

R Anterior cingulate (B32) 16 38 �4 0.001 L Ventrolateral prefrontal, R orbitofrontal, R
anterior temporal, R dorsomedial
prefrontal, anterior cingulate

�2 0.01a

R Medial frontal (B10) 8 62 0 0.02
L Fusiform gyrus �44 �8 �24 0.02

Plac � MDMA
R paracentral lobule (B31) 2 �20 44 0.001 Temporal, occipital, central frontal, cingulate �2 0.01a

Medial frontal (B6) 0 �8 52 0.001 L Posterior superior temporal (B39) �2 �52 �60 29 0.05b

R Anterior cingulate (B24) 4 �2 44 0.001
L Anterior superior temporal

(B22)
�50 �2 4 0.001

R Anterior superior temporal
(B22)

52 0 4 0.001

Placebo/control task vs. Placebo/CPT
Control � CPT

L Orbitofrontal (B11) �40 36 �22 0.001 R Inferior parietal (B40) � 60 �46 43 0.05b

L Dorsoventral prefrontal (B10) �28 62 �6 0.001 R Inferior parietal (B40) � 0.012a

L Superior occipital (B19) �30 �82 24 0.03 L Medial temporal (B21) 	 �59 �4 �20 0.05b

Whole brain, except L fusiform, L temporo-
occipital

	 0.002a

L Occipital (B17/18) �2 �90 2 0.04 Temporal, frontal �1 0.001a

L Pre-/postcentral �44 �22 62 0.05 R Prefrontal, central frontal, cingulate, R
temporal, L inferior temporal

�2 0.031a

R Insula �3 39 �11 1 0.05b

Medial prefrontal, R temporal, R insula,
posterior cingulate

�3 0.01a

Control � CPT
L Medial frontal (B11) �22 36 �8 0.002 L Precuneus, L fusiform 	 0.002a

L Inferior frontal (B9) �32 18 28 0.001 Posterior cingulate, occipital �1 0.001a

L Medial front (B46) �32 18 18 0.001 L Occipital �2 0.031a

R Inferior frontal (B45) 56 16 6 0.001
R Frontal (B8) 18 14 42 0.004
R Precentral B44 52 12 12 0.004
R Anterior cingulate (B24) 16 6 44 0.004
R Medidal frontal (B6) 12 �2 58 0.001
L Insula (B13) �34 22 8 0.001
R Anterior superior temporal

(B22)
58 10 �2 0.001

MDMA/control task vs. MDMA/CPT
Control � CPT (no significant changes)

R Dorsomedial prefrontal (B10) 14 68 8 0.05
L Anterior cingulate (B32) �14 30 18 0.05
L Superior frontal (B9) �14 46 34 0.05
L Medial occipital (B18/19) �30 �86 10 0.001

Control � CPT (no significant changes)
R temporal pole (B36) 26 �6 �32 0.001
R Medial temporal (B39) 46 �72 14 0.001
R Transveral temporal (B41) 48 �26 14 0.007
R Superior temporal (B22) 54 �24 2 0.007
R Insula (B13) 44 �26 22 0.007

a Cluster statistics; b voxel statistics (see Methods section).
Areas in boldface within sections indicate changes in PET and LORETA in corresponding brain areas of similar size, either in uniform or
opposite direction. Note that Talairach coordinates cannot be given for LORETA results based on cluster statistics.
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area 31) compared to placebo. During the CPT, there was a
common MDMA-induced increase in CBF and electric ac-
tivity in the �3 band in the left inferior occipital cortex
(Brodman area 18). Finally, during placebo, the CPT in-
creased CBF, but decreased neuroelectric activity in the be-
ta2 band in the left occipital cortex. No other overlaps of
comparable extent were observed.

Level 5: Correlations Between Difference Images

Placebo/Control-Task Minus MDMA/Control-Task (Fig. 5):
Similar positive correlations were found for the delta and
theta frequency range, including mainly the bilateral poste-
rior temporal cortex. A negative correlation was found in the
delta band in the left dorsolateral prefrontal cortex. Negative
correlations were also dominant in the �1/2 frequency range
in the dorsal prefrontal cortex. In the �3 band, this negative
correlation was still present in a small area of dorsal pre-

frontal cortex, but additional positive correlations in the left
temporal cortex were observed.

Placebo/CPT Minus MDMA/CPT: Strikingly, the only result
found was a negative correlation in the right dorsal frontal
cortex in the �2 band.

Placebo/Control-Task minus Placebo/CPT (Fig. 5): Positive
correlations were clearly dominant in this comparison. No
correlations were present in the delta band. The theta band
showed positive correlations in the medial and left parietal
cortex, the left temporo-occipital and right temporal cortex.
Both the �1 and �2 band showed extensive bilateral positive
correlations in the parietal and occipital cortex. In the �1
band, the area of correlation extended to the (bilateral) dor-
sal frontal cortex. Beta2 was dominated by a positive corre-
lation in the medial and left dorsolateral prefrontal cortex,
while �3 showed a positive correlation in the medial and left
parieto-occipital cortex.

Figure 5.
PET-LORETA correlations between images of difference between
the control task and the CPT during placebo (left), between
placebo and MDMA during the control-task (middle), and be-
tween control task and the CPT during MDMA (right). Red colors
indicate positive, blue colors indicate negative supra-threshold

correlations (r � 0.6). Images are sliced at z � 22 mm (trans-
verse), y � �26mm (coronal), and x � 0 mm (sagittal), with the
coordinate origin located at the anterior commissure. The trans-
vers delta and theta band images in the middle display are sliced at
z � � 8 mm to better show regions of correlations.
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MDMA/Control-Task Minus MDMA/CPT (Fig. 5): Interest-
ingly, negative correlations dominated this comparison.
Again, no correlation was found in the delta band. A nega-
tive correlation in the medial prefrontal cortex was seen in
the theta band. The � bands showed some small positive
correlations in the left dorsolateral prefrontal cortex. Exten-
sive areas of negative correlation were found in the prefron-
tal cortex and anterior cingulate in the beta frequency range.

DISCUSSION

This study compared measurements of brain activity re-
corded simultaneously by [H2O]-PET and EEG-LORETA,
using different levels of analysis. Comparing raw activity
between PET and EEG-LORETA in four different conditions,
we found both overlapping as well as modality-specific,
unique regions of brain activity. This indicates, unsurpris-
ingly, that there may be no one-to-one correspondence be-
tween CBF and neuroelectric activity. A quantified assesse-
ment of the relationship between CBF and neuroelectric
activity using correlation analysis showed localized positive
correlations between CBF and electric activity in the delta,
theta, and beta frequency bands. The positive relationship
observed in the beta band is consistent with results from
previous studies, and is in the expected direction given the
common interpretation of beta as excitatory activity. The
positive correlation of CBF with theta activity in the anterior
cingulate is consistent with a similiar correlation of theta
activity with glucose consumption in a combined FDG-PET/
EEG-LORETA study [Pizzagalli et al., 2003]. The positive
relationship of CBF with delta band activity, however, is in
the opposite direction to many earlier combined EEG and
hemodynamic/metabolic studies, which have contributed to
the interpretation of delta as inhibitory activity. Part of the
explanation for this discrepancy may be that the large ma-
jority of these studies have been conducted in neurologic
patients [Nagata, 1988; Szelies et al., 1999; Valladares-Neto
et al., 1995], whose functional neuroanatomy may be se-
verely abnormal. In fact, the few studies in normal subjects
show correlations in opposite directions to those in patients
[Rainville et al., 1999] or an entire lack of correlations
[Buchan et al., 1997; Obrist et al., 1963]. It has been suggested
that this lack of correlations might be due to small variability
in normal brain activity, preventing the detection of possible
correlations. This explanation has some plausibility in the
case of delta activity, which is largely absent during relaxed
wakefulness in healthy adults.

Our data, however, do not support a general lack of
correspondence between slow wave activity and CBF in
normals. Rather, they demonstrate that correspondences are
present but do not generally coincide with those found in
patients. This may indicate that delta activity plays a differ-
ent role in the normal compared to the pathological brain.
There is evidence that delta activity in normal subjects is not
exclusively inhibitory, as it has been associated with atten-
tion to internal processing and reaction time during mental
tasks. In addition, hemodynamic changes as measured by
PET and fMRI might not only reflect excitatory but also

inhibitory activity, resulting in positive correlations between
EEG delta and hemodynamic/metabolic activity even if
delta were largely inhibitory.

Interestingly, no significant correlations were present in
the two conditions involving the CPT task, suggesting that
cognitive activation by the CPT may uncouple CBF from
neuroelectric activity or that there is too little variance in
brain activity during the CPT for any correlations to emerge.
Comparing the PET/EEG-LORETA correlations between
the other two conditions (involving the control task) re-
vealed that, although correlations were in the same direc-
tion, they were largely found in different brain areas. The
general conclusion is that correlations between PET and
EEG-LORETA are both task- and region-dependent.

Considering the t-images of difference between pairs of
conditions, it is evident that within each imaging modality,
the two images of differences across tasks (for both drug
conditions) and the two images of difference across drugs
(for both task conditions) are very similar. Comparing t-
images across imaging modalities, however, revealed little
in the way of PET/EEG-LORETA correspondences that
would be consistent across the four different comparisons
between pairs of conditions. Even within a given compari-
son between a pair of conditions, neuroelectric activity
changes in a given frequency band and brain region some-
times were in the same direction as CBF changes, whereas
they were in the opposite direction in another brain region
in the same frequency band. A limited PET/EEG-LORETA
correspondence may hold for the two comparisons across
drug conditions. Here, a striking global decrease of CBF was
matched by similarly widespread (though not completely
global) decreases in the slow wave and � bands and in-
creases in the beta bands. This correspondence did not hold,
however, for the two comparisons across task conditions.
Again, the conclusion is that PET/EEG-LORETA correspon-
dences, as far as they exist, are dependent on task, region,
and frequency band. A similar point emerges from the com-
parison of the images of statistically significant differences
between pairs of conditions: the very few PET/EEG-
LORETA correspondences that were present did not gener-
alize across different pairs of conditions.

The quantitative assessment of correlations between
changes in CBF and neuroelectric activity further supports
the notion of task-, region-, and frequency-dependence of
PET/EEG-LORETA correspondences. Beta band changes
correlated positively or negatively with CBF changes, de-
pending on the comparison and brain region examined.
Alpha and theta changes correlated positively with CBF
changes in only one of the four comparisons (Placebo/
Control-Task vs. Placebo/CPT). Similarly, delta and theta
changes correlated positively with CBF changes in only one
comparison (Placebo/Control-Task vs. MDMA/Control-
Task). The lack of PET/EEG-LORETA correlations in the
comparison involving the two CPT conditions (Placebo/
CPT vs. MDMA/CPT) may reflect the lack of PET/EEG-
LORETA correlations within each of the two conditions.

� Co-Registration of [H2O]-PET and EEG-LORETA �

� 93 �



One major strength of the present study compared to most
previous work is the simultaneous multi-modal recording.
Simultaneous recording is the only way to ensure that mea-
surement modalities tap one and the same brain state, and is
thus a prerequisite for a conclusive answer to the question of
cross-modality correspondence. One difficulty arises when
considering that simultaneous recording is obviously much
easier to achieve for combined EEG/PET studies than for
combined EEG/fMRI studies because of the gross interfer-
ence in EEG data from the MRI scanner. The latter co-
recordings, however, are preferable since fMRI has superior
temporal resolution in the range of one to several seconds.
The necessary methodology presently becomes available
[e.g., Allen et al., 2000; Lemieux et al., 2001].

A second strength of this study is the use of an intracranial
measure of neuroelectric activity, based on the LORETA
algorithm. Apart from limiting the solution space to the
cortex and hippocampus, LORETA makes no a priori as-
sumptions about the number and location of neuroelectrical
sources, thus producing source configurations that are more
realistic, in particular for cognitive studies. Very recently,
Vitacco et al. [2002] have used LORETA to address the issue
of cross-modality correspondence in a combined ERP/fMRI
study using a complex visual language task. Although mea-
surements of the two modalities were separated by 1 to 3
weeks, they found reasonable agreement in terms of the
distance between peak activations detected by the two mo-
dalities (average distance 14.5 mm). The match was signifi-
cant in half of the ten subjects, indicating a lack of strict
one-to-one correspondence. The part of the present analysis
most comparable with the analysis used by Vitacco et al.
[2002] is the comparison between the statistically significant
changes produced by EEG-LORETA and PET (analysis level
4). Here it would seem that the results from Vitacco and
colleagues show much stronger correspondence between
neuroelectric and hemodynamic signals than our study, as
evidenced by the almost complete lack of common signifi-
cant cross-modal activations found in our study. Upon
closer examination, however, it becomes evident that apart
from the use of LORETA, the two studies are difficult to
compare. We used [H2O]-PET whilst Vitacco et al. [2002]
used fMRI, which may have a different signal-to-noise ratio.
We temporally integrated brain signals over one minute,
whereas Vitacco et al. averaged only over half a second of
data. Our analysis was based on EEG signals not time-
locked to stimulus onset, while time-locked ERPs were used
by Vitacco et al. [2002]. Relative to EEG signals, ERPs have
different spatial, temporal, and spectral characteristics that
may lead to different detectability on the scalp. Finally, we
used a simple attentional task whereas Vitacco et al. [2002]
used a more complex semantic decision task.

In this context, the general question arises to what extent
the observed relative paucity of cross-modal correspon-
dence is due to a genuine lack of correspondence between
measures of neuroelectric and hemodynamic brain activity
or to methodological shortcomings of our study. Concerning
the latter possibility, it may be that our methods to compare

EEG and PET have been inadequate, or that temporal data
integration over one minute involving inter-individual vari-
ation in duration and sampling of EEG epochs may have
obscured real cross-modal correspondences that might have
been evident at a finer time scale. The fact that LORETA has
very low spatial resolution, in part due to the use of ony 31
electrodes, further limits the potential correspondences de-
tectable by our approach. Regarding the different levels of
analysis, the correlation analyses are the most direct way of
comparing modalities and, therefore, probably most reliable
in revealing true cross-modality correspondences. The com-
parison of SPM-type statistical inferences across modalities
involves more intervening steps of data processing and may
introduce sources of divergence that are not present in the
original data. But there are also many inherent differences
between neuroelectric and hemodynamic measures (as also
suggested by EEG-fMRI comparisons) [e.g., Laufs et al.,
2003] and thus there are many conceivable instances where
the two measures may diverge. In general, the two measures
may have different signal-to-noise ratios, and thus different
sensitivities to real activations. Specific circumstances may
produce an EEG/ERP signal without hemodynamic signa-
ture (e.g., brief, transient neural events, or changes in oscil-
latory or spectral properties without net hemodynamic
changes), or a hemodynamic signal without EEG/ERP sig-
nature (e.g., deep electric sources, cancellation of electric
sources, or increases in non-synchronous neural activity).

CONCLUSION

To the extent that EEG-LORETA has been and continues
to be validated as correctly localizing cortical neuroelectric
activity [see, e.g., Lavric et al., 2001; Pizzagalli et al., 2000;
Steger et al., 2001; Thut et al., 2000; Waberski et al., 2001;
Winterer et al., 2001], our present findings show extensive
positive correlations of CBF with high-frequency beta activ-
ity, more circumscribed positive correlations with slow
wave delta and theta activity, and little correlation with
medium-frequency � activity in normal subjects during cog-
nitive non-engagement. These correlations were lost, how-
ever, during a state of cognitive activation, indicating either
uncoupling or reduced variability of CBF and neuroelectric
activity. There were almost no common significant peak
changes in the two imaging modalities as revealed by sta-
tistical parametric mapping. In general, correspondences
found between PET and EEG-LORETA measurements in
normal subjects were task/condition-, frequency-, and re-
gion-dependent. These multiple dependencies indicate that
there are no generally applicable rules of thumb connecting
measures of brain electric activity with cerebral blood flow.
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