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Simultaneous recording of brain activity by different neurophysiolo-
gical modalities can yield insights that reach beyond those obtained by
each technique individually, even when compared to those from the
post-hoc integration of results from each technique recorded sequen-
tially. Success in the endeavour of real-time multimodal experiments
requires special hardware and software as well as purpose-tailored
experimental design and analysis strategies.

Here, we review the key methodological issues in recording
electrophysiological data in humans simultaneously with magnetic
resonance imaging (MRI), focusing on recent technical and analytical
advances in the field. Examples are derived from simultaneous
electroencephalography (EEG) and electromyography (EMG) during
functional MRI in cognitive and systems neuroscience as well as in
clinical neurology, in particular in epilepsy and movement disorders.
We conclude with an outlook on current and future efforts to achieve
true integration of electrical and haemodynamic measures of neuronal
activity using data fusion models.
© 2007 Elsevier Inc. All rights reserved.
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Introduction

The emergence of a young research domain

Recording electrophysiological data simultaneously with func-
tional MRI (fMRI) has rapidly progressed technically as witnessed
by the number of related publications with related reviews of this
field already available (Salek-Haddadi et al., 2003; Gotman et al.,
2006; Ritter and Villringer, 2006; Herrmann and Debener, 2007).
The present review will limit itself to human studies using
simultaneous EEG/EMG/fMRI and focus on selected methodolo-
gical references that highlight the key principles in data acquisition
and analysis.

motivated by the clinical interest in mapping changes in neural
activity associated with epileptic discharges observed on surface
EEG onto images of brain anatomy (Ives et al., 1993). At first
glance, this may appear an indirect approach to this clinical
question where procedures to localize electrical sources of EEG
activity, possibly in conjunction with constraints derived from
individual anatomy, should provide a more straightforward
solution. Yet, while the temporal resolution of EEG is far more
adequate for tracking dysfunctional activity embedded into
physiological brain processes, the precision of fMRI in localizing
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with confidence the spatial topography of neural processes is
undeniably superior to that of EEG (Ives et al., 1993; Grova et al.,
2008). This drove epilepsy researchers to “marry the blind (EEG)
and the lame (fMRI)”. EEG is “blind” with respect to the
localization of sources, a handicap that arises from the so-called
inverse problem and transpires into the accuracy of spatial
localization and resolution. And fMRI is “lame” in that the
hemodynamic signal changes that it captures are delayed and
temporally dispersed with respect to the underlying neural events
and hence compromised with respect to temporal resolution
(Horwitz and Poeppel, 2002). While these two respective handi-
caps motivate the interest in combining the two modalities the
actual success of this combination required methodological
milestones including both MRI compatible EEG acquisition
hardware and artifact reduction algorithms (Lemieux et al., 1997;
Allen et al., 1998). Subsequent reports established the feasibility of
related studies on physiological human brain function, mainly of
event-related potentials (ERP), first interleaved with fMRI
(Bonmassar et al., 1999; Kruggel et al., 2000) and later – once
artifact correction algorithms ensured the necessary EEG quality
(Warbrick and Bagshaw, 2007) – during image acquisition (Becker
et al., 2005; Comi et al., 2005; Henning et al., 2005). From the
perspective of experimental design, both spontaneous interictal
EEG spikes and stimulus-driven evoked potentials fall into the
previously already well-established framework of event-related
fMRI studies. In another more recent field of application, however,
this methodology was extended to the study of ongoing EEG
activity, thus requiring continuous, high quality data across all
frequency bands of interest reaching from theta (Mantini et al.,
2007a,b; Sammer et al., 2007; Scheeringa et al., 2007), over alpha
(Goldman et al., 2001; Laufs et al., 2003a,b; Moosmann et al.,
2003; Feige et al., 2005; Laufs et al., 2006a,b,c; Mantini et al.,
2007a,b) and beta (Laufs et al., 2003a,b; Mantini et al., 2007a,b)
up to low gamma (in the cited publication about auditory activity
this relates to up to 40 Hz) activity (Giraud et al., 2007) rather than
good signal-to-noise ratio allowing the identification of individual
discrete events like interictal discharges (Allen et al., 1998).
Currently, brain activity patterns associated with ongoing electrical
brain activity have been studied from the awake resting state, all
the way to deep sleep (Goldman et al., 2001; Laufs et al., 2003a,b;
Moosmann et al., 2003; Kaufmann et al., 2006; Laufs et al., 2006a,
b,c; Horovitz et al., 2007; Laufs et al., 2007; Schabus et al., 2007).
Also, the recent interest in resting state brain activity has stimulated
multimodal EEG/fMRI studies since the additional information
provided by the EEG allows further interpretation of the resting
state fMRI data while not affecting the resting state in a way any
experimental manipulation would do. For example, the so-called
‘default mode’ (Raichle et al., 2001) set of brain areas could be
connected with EEG activity in different frequency bands (Laufs et
al., 2003a,b; Mantini et al., 2007a,b), was shown do be
dynamically active across different vigilance states (Laufs et al.,
2003a,b; Horovitz et al., 2007; Laufs et al., 2007) and suspension
of ‘default mode’ brain activity was suggested to occur during
interictal focal and generalized epileptic activity (Gotman et al.,
2005; Hamandi et al., 2006; Kobayashi et al., 2006; Laufs et al.,
2006a,b,c; De Tiege et al., 2007; Hamandi et al., 2008).

Recording of other biologically informative signals in combi-
nation with fMRI (with or without EEG) has been of interest since
the early days of fMRI (Ives et al., 1993; Hill et al., 1995;
Kleinschmidt et al., 1996; Warach et al., 1996; Lemieux et al.,
1997; Seeck et al., 1998) but seen wider progress more recently.
Two examples of such signals are the measurement of skin
conductance with respect to autonomous function (Patterson et al.,
2002; Nagai et al., 2004a,b) and electromyography (EMG) with
respect to motor behaviour (van Duinen et al., 2005; Richardson
et al., 2006; Post et al., 2007). Due to this body of experience and
published work, much of the required methodological development
is broadly available and sufficiently advanced to facilitate a broad
range of applications. Meanwhile, both hardware and software
have become more reliable, widely used, and commercially
available, thus reducing the time and expertise required to conduct
these studies.

Applications for multimodal imaging

Mapping epileptic zones formed a clinically relevant early
objective of EEG/fMRI (Gotman et al., 2006; Laufs and Duncan,
2007). Yet, this example contains two more generic aspects that
have been a driving force in the further evolution of simultaneous
multi-modal approaches joining electrophysiology and fMRI.

The first aspect relates to the fact that interictal epileptiform
activity (IEA) is in general unpredictable, not reliably induced by
external stimuli, and relatively short-lived. Hence, fMRI can only
localize the haemodynamic correlates of these spontaneous events
if they are simultaneously recorded (and detectable) on surface
EEG. In other words, the simultaneous electrophysiological
recording is necessary to generate the information required to
interrogate the fMRI data set in a sensitive, hypothesis-driven way.
If the EEG information of interest corresponds to prolonged states
and is relatively stable, EEG can be combined with functional
imaging methods with slower sampling, e.g. positron emission
tomography, as has been performed successfully in sleep studies
(Maquet, 2000). Yet, in many instances beyond epilepsy, the
electrophysiological effect of interest occurs only transiently at
fairly unpredictable timepoints. This extends for example to
pathologically enhanced EEG–EMG coherence in the study of
movement disorders (Richardson et al., 2006). Such scenarios
require the temporal resolution of fMRI in conjunction with a
technique that can simultaneously record the biological effect of
interest and thus inform the analysis of the fMRI time series data.
Of note, the intrinsic sluggishness of haemodynamic signals
recorded in fMRI means that the result of such an analysis will not
isolate the ‘pure’ correlate of the electrophysiological signal but
also its immediate origin and consequences. Again, this can be
illustrated by an example from epilepsy research where EEG/fMRI
can identify not only the (normally cortical) sources that generate
discharges but also the brain regions affected by interictal EEG
activity (Laufs and Duncan, 2007). This approach therefore allows
the delineation of ‘networks’ of IEA as well as secondary
functional consequences in brain regions which are not primarily
expressing, but are modulated by, the occurrence of epileptic
activity elsewhere (Gotman et al., 2005; Laufs et al., 2006a,b,c).
Such findings are an accomplishment that neither surface EEG nor
fMRI could reach individually.

Horovitz et al. introduced the idea of correlating the amplitude
of event-related potentials with fMRI data acquired in a separate
session (Horovitz et al., 2004). Simultaneous recordings allowed
the extension of this idea to the study of event-related single-trial
EEG signals (Debener et al., 2005; Eichele et al., 2005; Debener
et al., 2006; Benar et al., 2007). One might think that when neural
responses are elicited from carefully controlled external stimuli,
fMRI and EEG results might as well be obtained in separate
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sessions (Vitacco et al., 2002; Bledowski et al., 2004; Bledowski
et al., 2006), in contrast to intrinsically generated epileptic
discharges (Bledowski et al., 2004; Bledowski et al., 2006). The
benefit from separate modality acquisition is that it avoids one
modalityTs experimental set-up compromising the other. However,
the down-side is that off-line multimodal correlation can only
address that part of stimulus-related brain function which is
reproducible. For example, identical sensory stimulation cannot be
achieved and subjective experience and behaviour of the subject
cannot be expected (Debener et al., 2006). Observations of trial-by-
trial variability suggest a major contribution from non-reproducible
effects to single trial responses. This variability can be related to
state fluctuations (attention, mood, motivation) and can drift due to
time-dependent effects for reasons ranging from fatigue to
learning. If such effects are of interest, even if just to control
their impact, it appears useful to accept the limitations and
constraints from truly multimodal recording for the sake of
obtaining super-additive information from real-time trial-by-trial
correlation across the modalities applied.

Methodological aspects

While the previous section introduced some theoretical
considerations, the following sections will cover practical aspects
when planning and conducting a simultaneous multimodal
experiment. Firstly, the choice of hardware to provide patient
safety and comfort, while delivering high quality EEG and fMRI
data is discussed. Secondly, we examine the choice of post-
processing methods applied to the electrophysiological data for
scanner- and subject-induced artifact reduction.

Hardware

The signal transduction chain of the electrophysiological signal
of interest (e.g. EEG, EMG, skin impedance) starts at the subjectTs
surface where electrodes make skin contact with the aid of a
conductive gel or paste (Fig. 1). The currents generated by
synchronously active and parallel oriented pyramidal neurons will
Fig. 1. Schematic of an EEG/fMRI experimental setup. EEG ring electrodes with
converge into a flat ribbon cable which connects to the battery-driven amplifier and
second amplifier and digitizer, e.g. for EMG recordings, may be positioned near th
clock via a synchronization device (frequency divider). A fibre optical cable trans
recording computer outside the scanner room. Vacuum cushions serve subject comf
and may be useful in bipolar recordings.
cause a potential between EEG electrodes which then generate
current flow detected by the amplifier which is digitised and
recorded. The signal is relayed between the electrode and amplifier
through wires. Either, these [metallic] wires reach from inside the
scanner bore to the outside of the electro-magnetically shielded
scanner room, in which case, conventional EEG amplification and
digitization hardware can be used (provided a sufficient amplitude
recording range and sampling rate can be obtained). Or, preferably,
the signal is amplified and digitized within or near the scanner bore
before leaving the scanner room through optical fibres (Allen et al.,
2000). This has the advantages of both increased signal fidelity and
patient safety. An interesting alternative is the use of the MR
receiver hardware to transmit the EEG signals via the MR scanner
receiver coil encoded alongside the MR signals (Van Audekerkea
et al., 2000; Hanson et al., 2006).

The induced artifact in the EEG is due to a complex
combination of factors including the field strength (and so
frequency), orientation, positioning of the recording equipment
relative to the RF coil, and the geometric relationship between the
magnetic field gradients relative to the electrophysiological
equipment. When measuring limb EMG, for example, increasing
distance between the recording locations and the magnet isocentre
does not necessarily translate into reduced artifact (despite
decreasing field strength) because the field homogeneity decreases
and hence motion will cause greater artifact than in the
homogenous field. Generally, artifact will increase with the
distance relative to the gradient direction and within the linear
part of the gradients be determined significantly by the distance
between measurement and reference electrode.

Subject safety issues pertain to current flow and heating within
the body that is normally greatest close to the electrodes. The time-
varying (switching) magnetic field gradients can induce voltages in
electrodes and leads. Where the subject provides significant
impedance within this circuit, current will flow within tissue
which in turn could potentially cause stimulation, electric shock
and tissue damage. Similarly, movement of an electric circuit
(loop) in the static magnetic field will cause current flow and could
cause injury via the same mechanisms (Lemieux et al., 1997).
current limiting safety resistors are woven into a cap. Their bundled wires
digitizer, which is usually positioned at the head end of the scanner bore (a

e subject's lower extremities). The digitizer is connected to the MRI scanner
mits the digitized electrophysiological signals through the wave guide to a
ort and can reduce subject motion. Twisting of wires has also been proposed
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Especially at higher field strengths, the MR sequence (and coil)
used in the presence of the multimodal recording equipment should
not lead to excess energy deposition (e.g. specific absorption rate,
Angelone et al., 2004; Angelone et al., 2006).

The primary safety risk is due to heating arising from the
interaction of the radio frequency (RF) fields used for MRI signal
excitation with the electrophysiology recording equipment. It
should be noted that no direct connections need to be present at RF
frequencies for low impedance loops to be formed that will have
current induced within them due to the RF fields. Maximum
heating will occur when a conductor is resonant at the frequency of
the RF field. It is important to realise that a single wire can be
resonant (effectively acting as an RF antenna) and cause dangerous
heating in nearby tissue, particularly at the ends of the wire where
the electric field is normally concentrated (Achenbach et al., 1997;
Dempsey et al., 2001; Pictet et al., 2002). Resonant lengths can
vary between tens of centimetres and several metres depending on
a number of factors including scanner frequency (i.e. field
strength), wire environment, shape and position. From this it
follows that careful choice and testing of leads and electrodes used
within an MRI scanner is necessary and inductance should be
reduced by minimising the length of wires and avoiding loops
(Ives et al., 1993; Lemieux et al., 1997; Goldman et al., 2000;
Dempsey et al., 2001; Lazeyras et al., 2001). Empirical evidence
(Baumann and Noll, 1999) and theoretical considerations suggest
that it is best to guide wires in close proximity to the axis around
which the gradient switching occurs, i.e. the z-axis of the scanner.
Such a geometry minimises the angle between the changing
magnetic field and the electrical conductor — and at the same time
avoids loop formation (Lazeyras et al., 2001). These advantages
outweigh the effect of the electrical field parallel to the z-axis as
long as the field decays quickly outside the (head) coil. In addition,
current limiting resistance will be of protective benefit and can be
implemented either by putting resistors close to the electrodes or
distributed within the leads (Lemieux et al., 1997; Dempsey et al.,
2001; Vasios et al., 2006).

Both reduced (non-optical) lead length and increased lead
impedance limit the induced amplitude of the artifact in the
recorded EEG. While these procedures reduce the required input
range of the amplifier, they also correspondingly reduce the signal.
Electrode caps help to keep wires in an optimized predefined
position (Baumann and Noll, 1999), without loops and direct
electrical contact yet bundled together. Twisting of all wires
together has been proposed with the idea that induced fields cancel
each other out (Goldman et al., 2000), but to work this assumes
very similar resistances of the conductors. Even if achieved in
practice, any remaining voltage difference would still be amplified.
Generally, cables should be fixed to protect them against motion,
such as gradient switching-generated vibrations (Thees et al.,
2003), by means of sandbags (dampening effect), tape or bandage
(Benar et al., 2003).

Materials should be non-ferrous (wires are mostly copper or
carbon), and all equipment introduced into the shielded MRI room
must not emit RF in the scanner frequency band (Ives et al., 1993)
such that scanner functionality, image quality and subject safety are
not compromised (Angelone et al., 2004; Angelone et al., 2006).
Obviously, the electrophysiology recording equipment needs to
remain operational within the MR scanner environment and during
scanner operation (Ives et al., 1993). A balance must be struck
between tolerable artifact on the images and practicality of the
materials used. In that respect, for example, gold electrodes have
been preferred over carbon electrodes (Krakow et al., 2000).
Sintered Ag/AgCl ring “floating” electrodes are also widely used
and include a surface mounted safety resistor. These electrodes i)
do not directly touch the skin, ii) have good artifact characteristics,
and iii) provide ease of use.

The amount of conductive agent used should be minimised, and
it should be tested for related image artifacts, especially within the
brain (Krakow et al., 2000; Bonmassar et al., 2001). Conversely,
signal alterations confined to the electrode positions themselves
may in fact be used for their localization. Finally, the entire
ensemble should be tested together, as the MRI ‘signal to noise
ratio’ (SNR) will be a function of ‘radio frequency (RF) coil
loading’ that is increased with the amount of conductive material
introduced into the RF scanner coil: in materials of high electrical
conductivity RF (involved in excitation and detection of the MR
signal) generates large surface current densities which act to screen
the RF field from the interior of the material and hence
compromise image quality. These currents also disturb the B1-
field within regions in close proximity to the conductor, and finally,
due to RF field-conductor interaction, the RF coil resistance
increases further reducing SNR. Specifically, shielding-effects of
multi electrode set-ups (Scarff et al., 2004) and altered B0 and/or B1

field homogeneity including that caused by EOG and ECG leads
can manifest in the human head (via flip angle reduction) and thus
may reduce the SNR of the images in areas of interest (Mullinger
et al., 2007).

Directing special effort at subject comfort is warranted for
increasing tolerance of the subject and thus also limiting head
motion. Using a vacuum head cushion (Benar et al., 2003) has
been found to minimise both motion-induced artifacts on the
images as well as motion-induced currents contaminating the
electrophysiological signal. This is especially important for patient
studies in general and when recording EMG which is highly
motion sensitive (Salek-Haddadi et al., 2003; Hamandi et al.,
2004). The use of sedative agents to suppress motion needs careful
consideration as ‘neuroactive’ substances can alter net synaptic
activity in a region-specific manner and thus fMRI signal intensity
(Bloom et al., 1999; Kleinschmidt et al., 1999; Iannetti and Wise,
2007). Depending on the study design, the administration of such
substances may confound the results such that observations can be
falsely attributed to the effect of interest while they may in fact be to
major parts caused by the pharmacologic agent (Ricci et al., 2004;
Iannetti and Wise, 2007). Under certain circumstances sedation
cannot always be avoided, e.g. when studying very young children
with fMRI (Jacobs et al., 2007), but valuable patient data sets
acquired without sedation can often be recovered if motion effects
are modelled sufficiently at the analysis stage (Lemieux et al., 2007).

EMG recordings during fMRI (Fig. 2) are particularly affected
by artifact induced by motion in the static field because even
during isometric contractions (i.e. muscle contraction without gross
limb movement) some degree of electrode movement in the field is
inevitable. Moreover, this artifact will tend to be grossly task-
correlated while still irregular and thus difficult to model (van
Duinen et al., 2005; Richardson et al., 2006; Post et al., 2007). In
these cases, true bipolar recordings are advantageous as artifact
common to closely positioned electrodes is already reduced prior
to correction (Goldman et al., 2000; Richardson et al., 2006). If
required for polygraphic measurements, other physiological data
can be recorded such as respiration and pulse oximetry in addition
to the various electrophysiological measurements (Laufs et al.,
2007). Respective pneumatic and optic devices are provided by



Fig. 2. Sample of EEG and EMG data acquired simultaneously with fMRI at 3T (A) before and (B) after MRI artifact subtraction. Both EEG and EMG data were
recorded using surface ring electrodes including a 5 kΩ safety resistor. Data are shown from a right central electrode position (EEG, C4 referenced to FCz, 10–20
system) and the left abductor digiti minimi (ltADM, bipolar EMG, muscle belly vs. phalangeal epiphysis, twisted wires). Twenty-five coronal slices (acquisition
start of the first slice indicated by the vertical Scan Start markers) were acquired covering the motor cortex, cerebellum and basal ganglia using an echo planar
imaging sequence (TR=1500 ms+1100 ms gap, TE=30 ms, 3.75×3.75×4 mm3 voxels). A 50-year-old male with cortical myoclonus was studied; in this
example data set, both EEG and EMG quality were sufficient for EEG–EMG and EMG–EMG coherence analyses and back-averaging to be carried out (not
shown). Data were acquired by M. Richardson and H. Laufs at the National Society for Epilepsy in Chalfont, St. Peter, Buckinghamshire, UK in collaboration
with Peter Brown, ION, University College London, UK. Note that the artifact on the bipolar EMG channel is small in comparison to the EMG signal even before
(A) artifact subtraction, which yet needs improvement.
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most scanner manufacturers and thus do not require special
consideration of MR-compatibility.

Raw data quality remains essential despite sophisticated
gradient and pulse artifact reduction algorithms. The generic set-
up outlined above thus needs to be adapted to and optimized for
every scanner, electrophysiological recording equipment and site.
One should also consider switching off the scanner cooling pump
and AC power sockets in the room to avoid these additional artifact
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sources. Finally, synchronization of EEG sampling with the MR
sequence vastly improves the effectiveness of MRI artifact
reduction methods (Mandelkow et al., 2006). For their correction
to work gradient artifacts must not exceed the amplitude range of
the amplifier, the latter additionally requiring suitable signal-to-
noise recording characteristics (see below). Special care should be
taken during electrode preparation since relatively high skin-
electrode impedances, which can still yield good data quality when
the MR scanner is not running, will become detrimental to signal
quality once scanning is underway.

MR-compatible EEG amplifiers should allow sampling of the
electrophysiological signal including the gradient artifact at a high
temporal rate and within a large amplitude range. The temporal
resolution – unless perfect synchronization is warranted between
the scanner and the recording equipment (Anami et al., 2003;
Mandelkow et al., 2006) – is required because of the high slew
rates of MRI sequences, and a large amplitude input range in order
to avoid clipping of the signal and allow artifact reduction (see
below). Widely used amplifiers permit MR-synchronized recording
of 128 or more data channels at 5000 Hz with a dynamic amplitude
range of ±3.2 mV to ±325 mV and respective resolution (16-bit
sampling); noise characteristics b1 uVpp, 125 dB common mode
Fig. 3. Schematic of preprocessing stages of MRI and pulse artifact affected EEG
“interleaved” fMRI acquisition at 1.5 Twith about 3 s of imaging per acquired volum
after channel-wise subtraction of a template MRI artifact obtained by averaging; (C
(solid line) via subtraction of an ECG-locked sliding average. Note “contribution”
and O2. These may be missed at the stage of panel B, i.e. before pulse artifact reduc
at FCz; EKG=Electrokardiogramme.
rejection, switchable 10 MΩ/10 GΩ input impedance. With such
an amplifier, conventional echo planar imaging sequences for
blood oxygen level-dependent (BOLD) contrast and arterial spin
labelling (ASL) have been successfully applied at up to 3 T
(Hamandi et al., 2008). No human EEG/fMRI studies have yet
been published for higher field strengths, but safety evaluation and
experiments carried out in non-human primates suggest that
respective studies in humans may follow in due course (Angelone
et al., 2004; Angelone et al., 2006; Schmid et al., 2006; Vasios
et al., 2006).

Artifact reduction algorithms

Understanding how artifacts arise is the key to designing
artifact reduction algorithms. Three types of artifacts in electro-
physiological recordings originate specifically from the MR
scanner. All these unavoidable artifacts manifest themselves as
induced voltages that add linearly to the EEG signal and thus
threaten to obscure the biological signal of interest (Fig. 3). The
three artifact types arise from: 1) MRI scanning (‘imaging
artifact’): This is usually the largest in amplitude (in the order of
mV) but the most stable over time (Allen et al., 2000). Its origin
. (A) Segment (10 s) of a 32 channel electrophysiological recording during
e followed by a gap in scanning of about 1 s duration; (B) the same segment
) identical segment (dotted lines) after channel-wise pulse artifact reduction
of the pulse artifact to the 12 Hz sinusoidal alpha oscillations in channels O1
tion. Electrode labels according to the international 10–10 system, reference
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has already been discussed above: the time varying electromag-
netic fields induce currents resulting in artificial voltages in the
recorded electrophysiological data; 2) cardiac pulsation (‘pulse
artifact’) (Allen et al., 1998): This is thought to be due to heart
beat-related movements (systolic pulsation) of the head or of
electrodes adjacent to blood vessels, or of the blood itself caused
by systolic acceleration and abrupt diastolic directional change of
blood flow in large body vessels and – arguably (Nakamura et al.,
2006) – due to fluctuations of the Hall-voltage due to the pulsatile
arterial blood flow (Ellingson et al., 2004); 3) the amplitude and
topography of the previous artifact types are affected, and the
constant nature – which is the crucial basis for most artifact
subtraction strategies – of 1) is compromised by subject motion,
any change in position of the metallic recording components in the
static field (Hill et al., 1995), drift of the electrode impedances and
of the MR scanner magnetic field gradients that change by a small
amount over time predominantly due to gradient heating.

The scanner-generated imaging artifact is theoretically the
easiest one to remove owing to its periodicity. All currently
available artifact subtraction methods exploit this regularity to
varying degrees. However, since the regularity is not perfect,
neither are the correction algorithms. Due to the scanner artifactTs
huge amplitude compared to the biological EEG signal (about a
factor of 1000 for a standard set-up), even slight imperfections of
the artifact correction leave EEG activity hard to visualise. In the
absence of the perfect algorithm, depending on the purpose of the
study, different approaches may be more or less suitable than others.

The principle of the first MRI scanner artifact reduction
method was based on determining a template artifact waveform by
time-locked averaging time-locked to the periodic MR-acquisition
(Sijbers et al., 1999; Allen et al., 2000). This procedure is based on
the rationale that those components of the recorded signal, which
are not time-locked to image acquisition, should average to zero.
Because of the additive property of the theoretically constant
imaging artifact, averaging results in a template which can be
subtracted from the data and thus recover the biological signal
(and noise). Artifact drifts can be partly addressed by sliding
average formation and subsequent linear filtering and, theoreti-
cally, adaptive noise cancellation (Allen et al., 2000; Wan et al.,
2006).

These methods cannot entirely make up for asynchrony
between the MR sequence and electrophysiology data sampling:
despite EEG sampling rates of several kHz, MR slew rates at the
order of several hundred T/m/s and gradient strengths of several
dozen mT/m will result in very subtle temporal jitter and in turn
compromise template accuracy. Digital up-sampling by interpola-
tion of the recorded data and subsequent re-alignment of the
segments before averaging (Allen et al., 2000), or grouping of
segments to form several average ‘families’ based on correlation
criteria (BrainVision Analyzer, Brainproducts, Munich, Germany)
further improve correction quality — and can be performed online.
But ideally EEG sampling should be a priori time-locked to the
MR scanner and the TR an exact multiple of the sampling interval
(Mandelkow et al., 2006).

A fixed temporal relation between EEG and MRI sampling is
also a prerequisite for the ‘stepping stone’ technique, the idea of
which is to avoid sampling EEG during periods of magnetic field
gradient switching in the MRI pulse sequence but constrain
sampling to periods without gradient switching where no related
artifact is induced (Anami et al., 2003). However, this criterion
imposes a constraint on the MRI sequences that can be used.
Nonetheless further subsequent artifact correction is required, and
continuous EEG is not obtained (Anami et al., 2003). Other
approaches to imaging artifact correction have been suggested that
also rely on the (a priori knowledge of the) specific sequence-
related artifact shape (Hoffmann et al., 2000; Garreffa et al., 2003;
Wan et al., 2006), its determination using principle component
analysis (Negishi et al., 2004; Niazy et al., 2005) and subsequent
respective artifact fitting and filtering steps. Combining different
methods can prove very efficient (Niazy et al., 2005) however the
correction of artifacts in EMG signals currently remains challen-
ging (van Duinen et al., 2005; Richardson et al., 2006; Post et al.,
2007), and algorithms will have to be developed accounting for
artifact as a function of both electromagnetic field changes and
simultaneous relative subject (electrode) movement therein.

The pulse artifact often requires more attention than the
imaging artifact: it can be very subtle with an amplitude in the
range of the biological signals (Allen et al., 1998). Non-invasive
manipulation of this artifact for its exploration is difficult, but
studying it at different field strengths demonstrated that the pulse
artifact adds a spatio-temporally complex, non-stationary signal to
the EEG (Debener et al., 2007a,b). Depending on the planned
analysis, reducing the pulse artifact may not be required at all –
despite its contribution to a broad frequency range –, for example,
where discrete features such as IEA need to – and can readily – be
identified on the EEG standing out clearly from the background
(Benar et al., 2003). However, automated IEA detection algorithms
may be compromised (Siniatchkin et al., 2007), and frequency
analysis can be impaired by pulse artifact (Laufs et al., 2003a,b).

Methods for pulse artifact subtraction very much resemble
those discussed above for the imaging artifact: due to its periodic
nature, the average subtraction approach can be applied (Allen
et al., 1998). However, the periodicity of this biological artifact is
subject to heart rate variability and drift artifacts, leading to greater
instability of the pulse artifact compared to the imaging artifact.
This is the reason why a sliding average approach with or without
additional weighting is beneficial (Allen et al., 1998; Sijbers et al.,
1999; Goldman et al., 2000; Ellingson et al., 2004) or the use of
several artifact templates per channel (Niazy et al., 2005). Again,
similar approaches to the average artifact subtraction have been
suggested, for example measuring pulsatile motion (and not the
ECG itself) directly with a piezoelectric transducer before
regressing it out (Bonmassar et al., 2002; Ellingson et al., 2004)
or adding an additional, wavelet-based de-noising step after the
average template subtraction (Kim et al., 2004).

All averaging methods critically rely on the exact detection of
corresponding instances of the cardiac cycle, such that averaging
results in an accurate template (Negishi et al., 2004). Here,
sophisticated QRS or “R-peak” detection methods (Meyer et al.,
2006) developed for automatic ECG processing are of use, but
those relying on the typical morphology of the ECG waveform
may fail because of the distorted ECG shape inside a strong
magnetic field. Due to physiologically (Snisarenko, 1978) and
psychologically induced (Michal et al., 2007) changes in heart rate,
the length of the template to subtract will vary and should fit the
shortest beat-to-beat period of the correction epoch. The amplitude
of the artifact reflects the strength of the pulse wave, and the
template should thus be centred such that it encompasses the part
of the cardiac cycle most strongly affecting the electrophysiolo-
gical data. The delay between the detected ECG feature and the
amplitude ‘centre of mass’ obviously varies and can be determined
empirically, e.g. ~0.2 s average delay when the QRS complex has



Fig. 4. Analytical perspective on the integration of electrophysiological and
haemodynamic data. Across all neural processes, only a fraction is reflected
by EEG, fMRI and behaviour. Some neural processes will manifest in EEG
and behaviour (1) or fMRI and behaviour (2). Of the neural processes
reflected in both EEG and fMRI there may also be measurable behavioural
manifestations (4) or not (3). In both cases, 3 and 4, however, the correlation
between EEG and fMRI is direct in that there is a common substrate of
neural activity. If behaviour is related to neural processes that also manifest
in EEG (1) and fMRI (2) independently, yet without being the identical
processes at the source of EEG and fMRI effects, this situation can still result
in an indirect but meaningful correlation between fMRI and EEG.
Simultaneous multi-modal experiments benefit from situations where
common neural processes are at the origin of EEG and fMRI signals but
the most benefit is derived when these neural processes cannot be monitored
by or recalibrated to behaviour (3). The difficulty in using either technique,
EEG or fMRI, for predicting or constraining results in the other lies in the
uncertainty as to whether one is recording data from situations 3 or 4 or from
a joint situation of 1 and 2. In the latter case, prediction and constraint are not
justified because the neural processes recorded in the two modalities are
non-identical.
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been marked in healthy young adults (Allen et al., 1998). However,
if a different part of the ECG is marked, the delay needs to be
defined individually and ideally automatically. One practical way
to achieve this is to calculate the smoothed global field power
(Skrandies, 1990) only for those channels containing above
average artifact power and to determine the temporal midpoint
between the local minima bordering the global field power
maximum (documented within and implemented as “CBC
Parameters” [2006] in BrainVision Analyzer, Brain Products,
Munich, Germany).

Other methods use channel-wise ECG-locked temporal PCA
(Negishi et al., 2004; Niazy et al., 2005), or PCA of representative
epochs of data building a spatial filter to remove pulse-artifact
related components (Benar et al., 2003). The question of the
selection and refinement of the components to remove is a problem
inherent to data driven approaches. Similarly for ICA, that can be
used to further process the averaged pulse-contributed signal
(Nakamura et al., 2006) or to determine and remove related
components (Benar et al., 2003; Niazy et al., 2005; Srivastava
et al., 2005; Nakamura et al., 2006; Mantini et al., 2007a,b). Again,
combining different approaches can be advantageous (Debener
et al., 2007a,b), but because of the non-stationarity of the signal,
the use of statistical procedures such as ICA and PCA is limited
(Debener et al., 2007a,b).

In principle, the quality of different pulse and imaging artifact
correction methods can be evaluated by looking at signal to noise
measures, or, in the context of a specific application, by seeing
whether a signal property is preserved, such as the known
topography of an event related potential component (Debener
et al., 2007a,b). Nevertheless, it would be very difficult to prove
superiority of one artifact subtraction method over another, as the
outcome depends not only on the quality criteria applied but also
on whether all methods in question have been optimally applied.
For example, methods not requiring exact triggers (e.g. scan onset
markers or ECG feature markers) may seemingly outperform those
which are dependent on accurate timing signals, when reliable
synchronization has not been achieved. It is thus reasonable to
select or further develop one of the existing methods for artifact
subtraction based on the individual needs and data (Grouiller et al.,
2007). Because of the additive nature of all artifacts to the
biologically generated electrical field, average artifact subtraction
techniques are a priori valid; in addition, they are unbiased,
computationally efficient and can be performed online (Allen et al.,
2000). The latter feature is for instance relevant in the context of
electrophysiological biofeedback fMRI investigations extending
existing work in this area (Nagai et al., 2004a,b).

Analysis strategies

Importantly, fMRI measures the haemodynamic changes
associated with synaptic activity (Logothetis et al., 2001; Heeger
and Ress, 2002; Shmuel et al., 2006) while EEG measures the
electrical field of a subset of (neuronal) cells on the scalp. The
exact relationship between these measurements remains to be
determined. Accordingly, so far, two main perspectives have been
used to integrate fMRI and EEG data; firstly, using fMRI to better
determine the source of the measured electrical EEG signal and
secondly, trying to find the common neural “origin” of both the
EEG and fMRI signals in a broader sense (Fig. 4). The first
approach is usually based on averaged EEG event related
responses used with fMRI-derived activations to constrain EEG
source localization. The second relates more generally to the
identification of a functional state of the brain associated with the
EEG features that can be used to interrogate the simultaneously
measured fMRI data, e.g. in the form of an EEG-based general
linear model. It has been shown in generalised, and to some extent
focal epilepsy (Gotman et al., 2006; Laufs et al., 2006a,b,c), as
well as in ongoing background EEG activity, that fMRI signal
changes can reflect associated changes in brain function char-
acterised by EEG, e.g. attentional state (Laufs et al., 2003a,b). This
is opposed to EEG-correlated fMRI activations representing the
electrical sources of the measured EEG phenomena.

We chose to present three approaches to combining electro-
physiology with fMRI based on previous work (Horwitz and
Poeppel, 2002; Kilner et al., 2005): integration through i)
prediction; ii) constraints; iii) fusion with forward models. i)
Particularly under largely uncontrolled experimental conditions
such as stimulus- and task-free relaxed wakefulness or sleep,
spontaneous physiological as well as pathological brain activity
can be studied with electrophysiologically-informed fMRI: The
electrophysiological data is used to predict variance in the fMRI
data (forward model from the electrophysiological data to fMRI).
For example IEA or sleep spindles are identified on the EEG to
define events or epochs in an fMRI analysis (Gotman et al., 2006;
Laufs et al., 2007). Similarly, continuous EEG/EMG information,
e.g. in the frequency domain, can be correlated with fluctuations in
the ongoing fMRI activity (Salek-Haddadi et al., 2003; Menon and
Crottaz-Herbette, 2005; Richardson et al., 2006; Ritter and
Villringer, 2006). More sophisticated EEG pre-processing has
allowed the generation of predictors for fMRI analysis from single
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trial ERP data (Eichele et al., 2005; Debener et al., 2006; Bagshaw
and Warbrick, 2007). This approach is an excellent example of a
paradigm-controlled experiment in which EEG data adds informa-
tion beyond that inherent in the paradigm, in distinction to
combined EEG/fMRI studies not requiring simultaneous multi-
modal recordings (Bledowski et al., 2006). In addition, electro-
physiological data can be used not only to model factors which
confound the fMRI data such as cardiac activity and respiration
(Glover et al., 2000; Liston et al., 2006; Laufs et al., 2007) but also
“mental confounds”, i.e. uncontrolled variability in brain activity
during task performance, for example related to alertness (Henning
et al., 2006; Laufs et al., 2006a,b,c; Scheeringa et al., 2007). An
‘inverse mapping’ approach has been applied where fMRI data
from a region of interest was correlated with EEG frequency bands
in order to identify the specificity of their contribution to an effect
observed in the fMRI data (Laufs et al., 2003a,b). ii) Focal fMRI
activations (e.g. in response to a known paradigm) can be used to
constrain source estimates of the electrophysiological data (Dale et
Fig. 5. Integrative EEG/fMRI symmetrical fusion model. Recent advances in unde
provided a framework within which to develop sophisticated biophysical models
common aetiology. More precisely, evolution and observation equations encoding
motivated using both physiological and physical facts. Increasing experimental ev
resultant of both its intrinsic and extrinsic connectivity. Dynamic causal models
NeuroImage 19, 1273–1302] relying on neural masses [Jansen, B.H., Rit, V.G.,
mathematical model of coupled cortical columns. Biol. Cybern. 73, 357–366] m
activity of the active neural populations [Kiebel, S.J., Garrido, M.I., Friston, K.J.,
connections. NeuroImage 36, 571–580]. On this common basis, both the EEG/Me
assumed to be an instantaneous measure of the electrical potential generated by th
which has been propagated (and spread) through the head tissues [Baillet, S., Moshe
Proc. Mag., 18: 14–30]. On the other hand, the fMRI data seem to be related to a
[Logothetis, N.K., Pauls, J., Augath, M., Trinath, T., Oeltermann, A., 2001. Neuro-
157]. This response is the final consequence of a slow cascade of both metabolic and
between brain electrical activity, metabolism and hemodynamics: application to th
[K.J. Friston, A. Mechelli, R. Turner, and C.J. Price. Nonlinear responses in fMRI:
12:466–477, 2000] and [J. Riera, X. Wan, J.C. Jimenez, and R. Kawashima. Nonline
25, 2006]. Inversion of such an integrative model for EEG and fMRI might then
extrinsic connectivity structure.
al., 2000; Phillips et al., 2002; Daunizeau et al., 2005; Im and Lee,
2006), mainly applied in ERP research. In clinical applications,
BOLD signal changes could be used to inform EEG source
modelling, but it has to be kept in mind that the two modalities do
not measure exclusively identical phenomena: it has become clear
that although a subset of IEA-related fMRI activations partly
overlap with IEA sources (Benar et al., 2006), [whole brain] fMRI
signal changes can in addition reflect network activity and global
brain state changes that are likely a consequence and not the source
of the IEA (Gotman et al., 2005; Laufs et al., 2006a,b,c). iii) The
goal of a fusion approach is to utilise both electrical and
haemodynamic measurements simultaneously and symmetrically
in spatio-temporal assessment of brain function (Kilner et al., 2005;
Daunizeau et al., 2007). Because the aforementioned EEG/fMRI
combination strategies rely on the introduction of constraints
derived from a preliminary analysis of fMRI into the EEG source
reconstruction problem (Liu et al., 1998; Babiloni et al., 2003)
these approaches are said to be asymmetrical. In other words, they
rstanding physiological mechanisms at different spatiotemporal scales have
that permit an integration of different imaging modalities, each sharing a
the relationship between bioelectric and hemodynamic mesostates can be

idences have shown that the dynamical behaviour of an active region is the
[Friston, K.J., Harrison, L., Penny, W., 2003. Dynamic causal modelling.
1995. Electroencephalogram and visual evoked potential generation in a
ay then seem an appropriate framework for deriving models of bioelectric
2007. Dynamic causal modelling of evoked responses: The role of intrinsic
g and fMRI data can be predicted. On the one hand, the EEG scalp data is
e activity of a subpopulation of active neural masses (the pyramidal cells),
r, J.C., et Leahy, R.M. (2001b). Electromagnetic brain mapping. IEEE Sign.
temporally over-smoothed response to mostly presynaptic neuronal activity
physiological investigation of the basis of the fMRI signal. Nature 412, 150–
hemodynamic events [Aubert, A. et Costalat, R. (2002). A model of coupling
e interpretation of functional neuroimaging. Neuroimage, 17: 1162–1181],
the Balloon model, Volterra kernels, and other hemodynamics. Neuroimage,
ar local electrovascularcoupling. I: A theoretical model. Hum. Brain Mapp.,
provide us with the key components of both neuronal activity and intrinsic/
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do not consider EEG and fMRI data sets as equivalent and do not
analyze them jointly (Trujillo-Barreto et al., 2001). Importantly, a
potential discrepancy between bioelectric and haemodynamic
activities will result in an estimation bias affecting the cortical
current density (Ahlfors and Simpson, 2004). Therefore, several
authors have proposed assessing the relevance of the fMRI-derived
prior information regarding the electrophysiology data itself, so as
to choose between the fMRI-constrained and non-constrained
current density estimates (Daunizeau et al., 2005; Mattout et al.,
2006).Symmetrical fusion approaches (Fig. 5) require the explicit
definition of the common neuronal process that elicits both EEG
and fMRI signals (Fig. 4). This entails building a forward model
that encompasses our knowledge about the link between neural and
surface bioelectric and haemodynamic signal changes (Logothetis
et al., 2001; Shmuel et al., 2006; Daunizeau et al., 2007). The first
steps towards true symmetrical electrophysiologic–haemodynamic
data information fusion is currently grounded in compound neural
masses and haemodynamics models (Riera et al., 2005; Babajani
and Soltanian-Zadeh, 2006; Sotero et al., 2007).

Naturally, any EEG/fMRI fusion procedure which may be
qualified as a ‘model-based’ approach (as is any symmetrical
fusion approach) will suffer from the usual limitation of modelling:
refutability. Whether the assumptions of the model are satisfied or
not in a given experimental context is a question in itself. There is a
subtle balance between the assumptionTs plausibility, and the
interpretation power of any model. The tighter the prior belief
regarding the underlying causes of the observations, the more
stringent the interpretations of the data. However, the more
exploratory the data analysis, the more flexible the posterior
opinion regarding the unknown causes of the observations. A
promising way of dealing with that issue is information-theoretic
model comparison. Probabilistic inference methods already exist
that furnish model accuracy measures (model marginal likelihood/
evidence), which allows one to select models in a principled way.
Along these lines, an increasing number of Bayesian model
comparison methods have already been applied to the various
modalities of neuroimaging data analysis (Penny et al., 2004;
Trujillo-Barreto et al., 2004; Daunizeau et al., 2005; Penny et al.,
2006; Behrens et al., 2007; Jbabdi et al., 2007; Kiebel et al., 2008;
Stephan et al., 2007). In the context of EEG/fMRI symmetrical
fusion, model comparison may be a way to both selecting the more
plausible neuro-vascular coupling scenarios and quantifying the
uncertainty about them.

Summary and outlook

The potential to study “spontaneous”, i.e. task-unrelated
neuronal events and their haemodynamic correlates is a unique
feature of non-invasive multimodal electrophysiology and fMRI
recordings in humans. Other advantages in contrast to recording
different modalities separately include the avoidance of order
effects and guaranteed identical sensory stimulation and subjective
experience respectively as well as identical behaviour. The main
technical challenges have been successfully addressed both in
terms of acquisition and post-processing of the inevitably artifact-
laden data. EMG recordings are feasible but await further
improved artifact reduction methods dealing with motion in the
field. Analytically, we expect the next milestone to be i) the
refinement and in vivo validation of data fusion models, which
should optimally utilise the information obtained by multi-modal
imaging studies and ii) the identification of candidate neuronal and
haemodynamic (un-)coupling processes and their disambiguation.
Intracranial EEG and fMRI have been simultaneously acquired in
animal studies, and this approach leads the way to empirically
determining the bioelectric-haemodynamic coupling function
(Logothetis et al., 2001; Shmuel et al., 2006). This next technical
milestone for investigations of the human brain is already being
addressed by related safety studies and simulations (Georgi et al.,
2004; Boucousis et al., 2007; Carmichael et al., 2007a,b). For
obvious ethical reasons the only comparable human data that could
possibly be obtained would be acquired in patient populations.
Although the prerequisite technical and safety studies remain to
prove that this is feasible, some related studies with implanted deep
brain stimulator electrodes appear promising (Georgi et al., 2004;
Phillips et al., 2006). Even if obtained in patients, these data could
provide information about physiological processes that would be at
least as interesting as observations of the specific pathology and
that would be invaluable for the validation of models required for
symmetric EEG/fMRI fusion.

Acknowledgments

We thank Rachel Thornton for scientific input and helpful
comments on the manuscript. HL receives funding from the
Deutsche Forschungsgemeinschaft (LA 1452/3-1) and the Bun-
desministerium für Bildung und Forschung, JD from the Marie
Curie Intra-European research fellowship programme, DWC from
a grant from the Medical Research Council (MRC grant number
G0301067), and AK from the Volkswagen Foundation and the
Institut du Cerveau et de la Moelle epiniere.

References

Achenbach, S., Moshage, W., Diem, B., Bieberle, T., Schibgilla, V.,
Bachmann, K., 1997. Effects of magnetic resonance imaging on cardiac
pacemakers and electrodes. Am. Heart J. 134 (3), 467–473.

Ahlfors, S.P., Simpson, G.V., 2004. Geometrical interpretation of fMRI-
guided MEG/EEG inverse estimates. NeuroImage 22 (1), 323–332.

Allen, P.J., Polizzi, G., Krakow, K., Fish, D.R., Lemieux, L., 1998.
Identification of EEG events in the MR scanner: the problem of pulse
artifact and a method for its subtraction. NeuroImage 8 (3), 229–239.

Allen, P.J., Josephs, O., Turner, R., 2000. A method for removing imaging
artifact from continuous EEG recorded during functional MRI. Neuro-
Image 12 (2), 230–239.

Anami, K., Mori, T., Tanaka, F., Kawagoe, Y., Okamoto, J., Yarita, M.,
Ohnishi, T., Yumoto, M., Matsuda, H., Saitoh, O., 2003. Stepping stone
sampling for retrieving artifact-free electroencephalogram during
functional magnetic resonance imaging. NeuroImage 19 (2 Pt 1),
281–295.

Angelone, L.M., Potthast, A., Segonne, F., Iwaki, S., Belliveau, J.W.,
Bonmassar, G., 2004. Metallic electrodes and leads in simultaneous
EEG–MRI: specific absorption rate (SAR) simulation studies. Bioelec-
tromagnetics 25 (4), 285–295.

Angelone, L.M., Vasios, C.E., Wiggins, G., Purdon, P.L., Bonmassar, G.,
2006. On the effect of resistive EEG electrodes and leads during 7 T
MRI: simulation and temperature measurement studies. Magn. Reson.
Imaging 24 (6), 801–812.

Babajani, A., Soltanian-Zadeh, H., 2006. Integrated MEG/EEG and fMRI
model based on neural masses. IEEE Trans. Biomed. Eng. 53 (9),
1794–1801.

Babiloni, F., Babiloni, C., Carducci, F., Romani, G.L., Rossini, P.M.,
Angelone, L.M., Cincotti, F., 2003. Multimodal integration of high-
resolution EEG and functional magnetic resonance imaging data: a
simulation study. NeuroImage 19 (1), 1–15.



525H. Laufs et al. / NeuroImage 40 (2008) 515–528
Bagshaw, A.P., Warbrick, T., 2007. Single trial variability of EEG and fMRI
responses to visual stimuli. NeuroImage 38 (2), 280–292.

Baumann, S.B., Noll, D.C., 1999. A modified electrode cap for EEG
recordings in MRI scanners. Clin. Neurophysiol. 110 (12), 2189–2193.

Becker, R., Ritter, P., Moosmann, M., Villringer, A., 2005. Visual evoked
potentials recovered from fMRI scan periods. Hum. Brain Mapp. 26 (3),
221–230.

Behrens, T.E., Berg, H.J., Jbabdi, S., Rushworth, M.F., Woolrich, M.W.,
2007. Probabilistic diffusion tractography with multiple fibre orienta-
tions: what can we gain? NeuroImage 34 (1), 144–155.

Benar, C., Aghakhani, Y., Wang, Y., Izenberg, A., Al-Asmi, A., Dubeau, F.,
Gotman, J., 2003. Quality of EEG in simultaneous EEG–fMRI for
epilepsy. Clin. Neurophysiol. 114 (3), 569–580.

Benar, C.G., Grova, C., Kobayashi, E., Bagshaw, A.P., Aghakhani, Y.,
Dubeau, F., Gotman, J., 2006. EEG–fMRI of epileptic spikes:
concordance with EEG source localization and intracranial EEG.
NeuroImage 30 (4), 1161–1170.

Benar, C.G., Schon, D., Grimault, S., Nazarian, B., Burle, B., Roth, M.,
Badier, J.M., Marquis, P., Liegeois-Chauvel, C., Anton, J.L., 2007.
Single-trial analysis of oddball event-related potentials in simultaneous
EEG–fMRI. Hum. Brain Mapp. 28 (7), 602–613.

Bledowski, C., Prvulovic, D., Hoechstetter, K., Scherg,M.,Wibral,M., Goebel,
R., Linden, D.E., 2004. Localizing P300 generators in visual target and
distractor processing: a combined event-related potential and functional
magnetic resonance imaging study. J. Neurosci. 24 (42), 9353–9360.

Bledowski, C., Cohen Kadosh, K., Wibral, M., Rahm, B., Bittner, R.A.,
Hoechstetter, K., Scherg, M., Maurer, K., Goebel, R., Linden, D.E.,
2006. Mental chronometry of working memory retrieval: a combined
functional magnetic resonance imaging and event-related potentials
approach. J. Neurosci. 26 (3), 821–829.

Bloom, A.S., Hoffmann, R.G., Fuller, S.A., Pankiewicz, J., Harsch, H.H.,
Stein, E.A., 1999. Determination of drug-induced changes in functional
MRI signal using a pharmacokinetic model. Hum. Brain Mapp. 8 (4),
235–244.

Bonmassar, G., Anami, K., Ives, J., Belliveau, J.W., 1999. Visual evoked
potential (VEP) measured by simultaneous 64-channel EEG and 3T
fMRI. NeuroReport 10 (9), 1893–1897.

Bonmassar, G., Hadjikhani, N., Ives, J.R., Hinton, D., Belliveau, J.W., 2001.
Influence of EEG electrodes on the BOLD fMRI signal. Hum. Brain
Mapp. 14 (2), 108–115.

Bonmassar, G., Purdon, P.L., Jaaskelainen, I.P., Chiappa, K., Solo, V.,
Brown, E.N., Belliveau, J.W., 2002. Motion and ballistocardiogram
artifact removal for interleaved recording of EEG and EPs during MRI.
NeuroImage 16 (4), 1127–1141.

Boucousis, S., Cunningham, C.J., Goodyear, B., Federico, P., 2007. Safety
and Feasibility of Using Implanted Depth Electrodes for Intracranial
EEG–fMRI at 3 Tesla. ISMRM–ESMRMB Joint Annual Meeting in
Berlin.

Carmichael, D.W., Pinto, S., Limousin-Dowsey, P., Thobois, S., Allen, P.J.,
Lemieux, L., Yousry, T., Thornton, J.S., 2007a. Functional MRI with
active, fully implanted, deep brain stimulation systems: safety and
experimental confounds. NeuroImage 37 (2), 508–517.

Carmichael, D.W., Thornton, J.S., Allen, P., Lemieux, L., 2007b. Safety of
Localising Intracranial EEG Electrodes Using MRI. ISMRM–
ESMRMB Joint Annual Meeting in Berlin.

Comi, E., Annovazzi, P., Silva, A.M., Cursi, M., Blasi, V., Cadioli, M.,
Inuggi, A., Falini, A., Comi, G., Leocani, L., 2005. Visual evoked
potentials may be recorded simultaneously with fMRI scanning: a
validation study. Hum. Brain Mapp. 24 (4), 291–298.

Dale, A.M., Liu, A.K., Fischl, B.R., Buckner, R.L., Belliveau, J.W., Lewine,
J.D., Halgren, E., 2000. Dynamic statistical parametric mapping:
combining fMRI and MEG for high-resolution imaging of cortical
activity. Neuron 26 (1), 55–67.

Daunizeau, J., Grova, C., Mattout, J., Marrelec, G., Clonda, D., Goulard, B.,
Lina, J.M., Benali, H., 2005. Assessing the relevance of fMRI-based
prior in the EEG inverse problem: a Bayesian model comparison
approach. IEEE Trans. Signal Process. 53, 3461–3472.
Daunizeau, J., Grova, C., Marrelec, G., Mattout, J., Jbabdi, S., Pélégrini-
Issac, M., Lina, J.M., Benali, H., 2007. Symmetrical event-related
EEG/fMRI information fusion in a variational Bayesian framework.
NeuroImage 36 (1), 69–87.

Debener, S., Ullsperger, M., Siegel, M., Fiehler, K., von Cramon, D.Y.,
Engel, A.K., 2005. Trial-by-trial coupling of concurrent electroence-
phalogram and functional magnetic resonance imaging identifies
the dynamics of performance monitoring. J. Neurosci. 25 (50),
11730–11737.

Debener, S., Ullsperger, M., Siegel, M., Engel, A.K., 2006. Single-trial
EEG–fMRI reveals the dynamics of cognitive function. Trends Cogn.
Sci. 10, 558–563.

Debener, S., Mullinger, K.J., Niazy, R.K., Bowtell, R.W., 2007a. Properties of
the ballistocardiogram artefact as revealed by EEG recordings at 1.5, 3 and
7 T static magnetic field strength. Int. J. Psychophysiol. [2007 Jul 12,
Electronic publication ahead of print. doi:10.1016/j.ijpsycho.2007.05.015].

Debener, S., Strobel, A., Sorger, B., Peters, J., Kranczioch, C., Engel, A.K.,
Goebel, R., 2007b. Improved quality of auditory event-related potentials
recorded simultaneously with 3-T fMRI: removal of the ballistocardio-
gram artefact. NeuroImage 34 (2), 587–597.

Dempsey, M.F., Condon, B., Hadley, D.M., 2001. Investigation of the
factors responsible for burns during MRI. J. Magn. Reson. Imaging 13
(4), 627–631.

De Tiege, X., Harrison, S., Laufs, H., Boyd, S.G., Clark, C.A., Gadian,
D.G., Neville, B.G., Vargha-Khadem, F., Cross, H.J., 2007. Impact
of interictal secondary-generalized activity on brain function in
epileptic encephalopathy: an EEG–fMRI study. Epilepsy Behav. 11
(3), 460–465.

Eichele, T., Specht, K., Moosmann, M., Jongsma, M.L., Quiroga, R.Q.,
Nordby, H., Hugdahl, K., 2005. Assessing the spatiotemporal evolu-
tion of neuronal activation with single-trial event-related potentials
and functional MRI. Proc. Natl. Acad. Sci. U. S. A. 102 (49),
17798–17803.

Ellingson, M.L., Liebenthal, E., Spanaki, M.V., Prieto, T.E., Binder, J.R.,
Ropella, K.M., 2004. Ballistocardiogram artifact reduction in the
simultaneous acquisition of auditory ERPS and fMRI. NeuroImage 22
(4), 1534–1542.

Feige, B., Scheffler, K., Esposito, F., Di Salle, F., Hennig, J., Seifritz, E.,
2005. Cortical and subcortical correlates of electroencephalographic
alpha rhythm modulation. J. Neurophysiol. 93 (5), 2864–2872.

Garreffa, G., Carni, M., Gualniera, G., Ricci, G.B., Bozzao, L., De Carli, D.,
Morasso, P., Pantano, P., Colonnese, C., Roma, V., Maraviglia, B., 2003.
Real-time MR artifacts filtering during continuous EEG/fMRI acquisi-
tion. Magn. Reson. Imaging 21 (10), 1175–1189.

Georgi, J.C., Stippich, C., Tronnier, V.M., Heiland, S., 2004. Active deep
brain stimulation during MRI: a feasibility study. Magn. Reson. Med. 51
(2), 380–388.

Giraud, A.L., Kleinschmidt, A.K., Poeppel, D., Lund, T.E., Frackowiak, R.,
Laufs, H., 2007. Endogenous cortical rhythms determine cerebral
specialization for speech perception and production. Neuron 56 (6),
1127–1134.

Glover, G.H., Li, T.Q., Ress, D., 2000. Image-based method for retro-
spective correction of physiological motion effects in fMRI: RETRO-
ICOR. Magn. Reson. Med. 44 (1), 162–167.

Goldman, R.I., Stern, J.M., Engel Jr., J., Cohen, M.S., 2000. Acquiring
simultaneous EEG and functional MRI. Clin. Neurophysiol. 111 (11),
1974–1980.

Goldman, R.I., Stern, J.M., Engel Jr., J., Cohen, M.S., 2001. Tomographic
mapping of alpha rhythm using simultaneous EEG/fMRI. NeuroImage
13, S1291.

Gotman, J., Grova, C., Bagshaw, A., Kobayashi, E., Aghakhani, Y., Dubeau,
F., 2005. Generalized epileptic discharges show thalamocortical
activation and suspension of the default state of the brain. Proc. Natl.
Acad. Sci. U. S. A. 102 (42), 15236–15240.

Gotman, J., Kobayashi, E., Bagshaw, A.P., Benar, C.G., Dubeau, F., 2006.
Combining EEG and fMRI: a multimodal tool for epilepsy research.
J. Magn. Reson. Imaging 23 (6), 906–920.

http://dx.doi.org/doi:10.1016/j.ijpsycho.2007.05.015


526 H. Laufs et al. / NeuroImage 40 (2008) 515–528
Grouiller, F., Vercueil, L., Krainik, A., Segebarth, C., Kahane, P., David, O.,
2007. A comparative study of different artefact removal algorithms for
EEG signals acquired during functional MRI. NeuroImage 38 (1),
124–1237.

Grova, C., Daunizeau, J., Kobayashi, E., Bagshaw, A.P., Lina, J.-M.,
Dubeau, F., Gotman, J., 2008. Concordance between distributed EEG
source localization and simultaneous EEG–fMRI studies of epileptic
spikes. NeuroImage 39 (2), 755–774.

Hamandi, K., Salek-Haddadi, A., Fish, D.R., Lemieux, L., 2004. EEG/
functional MRI in epilepsy: The Queen Square Experience. J. Clin.
Neurophysiol. 21 (4), 241–248.

Hamandi, K., Salek-Haddadi, A., Laufs, H., Liston, A., Friston, K., Fish,
D.R., Duncan, J.S., Lemieux, L., 2006. EEG–fMRI of idiopathic and
secondarily generalized epilepsies. NeuroImage 31 (4), 1700–1710.

Hamandi, K., Laufs, H., Noth, U., Carmichael, D.W., Duncan, J.S.,
Lemieux, L., 2008. BOLD and perfusion changes during epileptic
generalized spike wave activity. NeuroImage 39 (2), 608–618.

Hanson, L.G., Skimminge, A., Lund, T.E., Hanson, C.G., 2006. Encoding of
EEG in MR images. NeuroImage (HBM abstract) 31 (S1), S131.

Heeger, D.J., Ress, D., 2002. What does fMRI tell us about neuronal
activity? Nat. Rev., Neurosci. 3 (2), 142–151.

Henning, S., Merboldt, K.D., Frahm, J., 2005. Simultaneous recordings of
visual evoked potentials and BOLD MRI activations in response to
visual motion processing. NMR Biomed. 18 (8), 543–552.

Henning, S., Merboldt, K.D., Frahm, J., 2006. Task- and EEG-correlated
analyses of BOLD MRI responses to eyes opening and closing. Brain
Res. 1073–1074, 359–364.

Herrmann, C.S., Debener, S., 2007. Simultaneous recording of EEG and BOLD
responses: a historical perspective. Int. J. Psychophysiol. [2007 Jul 10,
Electronic publication ahead of print. doi:10.1016/j.ijpsycho.2007.06.006].

Hill, R.A., Chiappa, K.H., Huang-Hellinger, F., Jenkins, B.G., 1995. EEG
during MR imaging: differentiation of movement artifact from
paroxysmal cortical activity. Neurology 45 (10), 1942–1943.

Hoffmann, A., Jager, L., Werhahn, K.J., Jaschke, M., Noachtar, S., Reiser,
M., 2000. Electroencephalography during functional echo-planar
imaging: detection of epileptic spikes using post-processing methods.
Magn. Reson. Med. 44 (5), 791–798.

Horovitz, S.G., Rossion, B., Skudlarski, P., Gore, J.C., 2004. Para-
metric design and correlational analyses help integrating fMRI and
electrophysiological data during face processing. NeuroImage 22 (4),
1587–1595.

Horovitz, S.G., Fukunaga, M., de Zwart, J.A., van Gelderen, P., Fulton, S.C.,
Balkin, T.J., Duyn, J.H., 2007. Low frequency BOLD fluctuations
during resting wakefulness and light sleep: a simultaneous EEG–fMRI
study. Hum. Brain Mapp. [2007 Jun 27, Electronic publication ahead of
print. doi:10.1002/hbm.20428].

Horwitz, B., Poeppel, D., 2002. How can EEG/MEG and fMRI/PET data be
combined? Hum. Brain Mapp. 17 (1), 1–3.

Iannetti, G.D., Wise, R.G., 2007. BOLD functional MRI in disease and
pharmacological studies: room for improvement? Magn. Reson.
Imaging 25 (6), 978–988.

Im, C.H., Lee, S.Y., 2006. A technique to consider mismatches between
fMRI and EEG/MEG sources for fMRI-constrained EEG/MEG source
imaging: a preliminary simulation study. Phys. Med. Biol. 51 (23),
6005–6021.

Ives, J.R., Warach, S., Schmitt, F., Edelman, R.R., Schomer, D.L., 1993.
Monitoring the patient's EEG during echo planar MRI. Electroence-
phalogr. Clin. Neurophysiol. 87 (6), 417–420.

Jacobs, J., Kobayashi, E., Boor, R., Muhle, H., Stephan, W., Hawco, C.,
Dubeau, F., Jansen, O., Stephani, U., Gotman, J., Siniatchkin, M., 2007.
Hemodynamic responses to interictal epileptiform discharges in child-
ren with symptomatic epilepsy. Epilepsia. 48 (11), 2068–2078.

Jbabdi, S., Woolrich, M.W., Andersson, J.L., Behrens, T.E., 2007. A
Bayesian framework for global tractography. NeuroImage 37 (1),
116–129.

Kaufmann, C., Wehrle, R., Wetter, T.C., Holsboer, F., Auer, D.P.,
Pollmacher, T., Czisch, M., 2006. Brain activation and hypothalamic
functional connectivity during human non-rapid eye movement sleep: an
EEG/fMRI study. Brain 129 (Pt 3), 655–667.

Kiebel, S.J., Daunizeau, J., Phillips, C., Friston, K.J., 2008. Variational
Bayesian inversion of the equivalent current dipole model in EEG/MEG.
NeuroImage 39 (2), 728–741.

Kilner, J.M., Mattout, J., Henson, R., Friston, K.J., 2005. Hemodynamic
correlates of EEG: a heuristic. NeuroImage 28 (1), 280–286.

Kim, K.H., Yoon, H.W., Park, H.W., 2004. Improved ballistocardiac artifact
removal from the electroencephalogram recorded in fMRI. J. Neurosci.
Methods 135 (1–2), 193–203.

Kleinschmidt, A., Obrig, H., Requardt, M., Merboldt, K.D., Dirnagl, U.,
Villringer, A., Frahm, J., 1996. Simultaneous recording of cerebral blood
oxygenation changes during human brain activation by magnetic
resonance imaging and near-infrared spectroscopy. J. Cereb. Blood
Flow Metab. 16 (5), 817–826.

Kleinschmidt, A., Bruhn, H., Kruger, G., Merboldt, K.D., Stoppe, G.,
Frahm, J., 1999. Effects of sedation, stimulation, and placebo on cerebral
blood oxygenation: a magnetic resonance neuroimaging study of
psychotropic drug action. NMR Biomed. 12 (5), 286–292.

Kobayashi, E., Bagshaw, A.P., Grova, C., Dubeau, F., Gotman, J., 2006.
Negative BOLD responses to epileptic spikes. Hum. Brain Mapp. 27 (6),
488–497.

Krakow, K., Allen, P.J., Symms, M.R., Lemieux, L., Josephs, O., Fish, D.R.,
2000. EEG recording during fMRI experiments: image quality. Hum.
Brain Mapp. 10 (1), 10–15.

Kruggel, F., Wiggins, C.J., Herrmann, C.S., von Cramon, D.Y., 2000.
Recording of the event-related potentials during functional MRI at 3.0
Tesla field strength. Magn. Reson. Med. 44 (2), 277–282.

Laufs, H., Duncan, J.S., 2007. Electroencephalography/functional MRI in
human epilepsy: what it currently can and cannot do. Curr. Opin. Neurol.
20 (4), 417–423.

Laufs, H., Kleinschmidt, A., Beyerle, A., Eger, E., Salek-Haddadi, A.,
Preibisch, C., Krakow, K., 2003a. EEG-correlated fMRI of human alpha
activity. NeuroImage 19 (4), 1463–1476.

Laufs, H., Krakow, K., Sterzer, P., Eger, E., Beyerle, A., Salek-Haddadi, A.,
Kleinschmidt, A., 2003b. Electroencephalographic signatures of atten-
tional and cognitive default modes in spontaneous brain activity fluc-
tuations at rest. Proc. Natl. Acad. Sci. U. S. A. 100 (19), 11053–11058.

Laufs, H., Hamandi, K., Salek-Haddadi, A., Kleinschmidt, A.K., Duncan,
J.S., Lemieux, L., 2006a. Temporal lobe interictal epileptic discharges
affect cerebral activity in “default mode” brain regions. Hum. Brain
Mapp. 28 (10), 1923–1932.

Laufs, H., Holt, J.L., Elfont, R., Krams, M., Paul, J.S., Krakow, K.,
Kleinschmidt, A., 2006b. Where the BOLD signal goes when alpha EEG
leaves. NeuroImage 31 (4), 1408–1418.

Laufs, H., Lengler, U., Hamandi, K., Kleinschmidt, A., Krakow, K., 2006c.
Linking generalized spike-and-wave discharges and resting state brain
activity by using EEG/fMRI in a patient with absence seizures. Epilepsia
47 (2), 444–448.

Laufs, H., Walker, M.C., Lund, T.E., 2007. “Brain activation and
hypothalamic functional connectivity during human non-rapid eye
movement sleep: an EEG/fMRI study”—its limitations and an
alternative approach. Brain 130 (Pt 7), e75.

Lazeyras, F., Zimine, I., Blanke, O., Perrig, S.H., Seeck, M., 2001.
Functional MRI with simultaneous EEG recording: feasibility and
application to motor and visual activation. J. Magn. Reson. Imaging 13
(6), 943–948.

Lemieux, L., Allen, P.J., Franconi, F., Symms, M.R., Fish, D.R., 1997.
Recording of EEG during fMRI experiments: patient safety. Magn.
Reson. Med. 38 (6), 943–952.

Lemieux, L., Salek-Haddadi, A., Lund, T.E., Laufs, H., Carmichael, D.,
2007. Modelling large motion events in fMRI studies of patients with
epilepsy. Magn. Reson. Imaging 25 (6), 894–901.

Liston, A.D., Lund, T.E., Salek-Haddadi, A., Hamandi, K., Friston, K.J.,
Lemieux, L., 2006. Modelling cardiac signal as a confound in EEG–
fMRI and its application in focal epilepsy studies. NeuroImage 30 (3),
827–834.

http://dx.doi.org/doi:10.1016/j.ijpsycho.2007.06.006
http://dx.doi.org/doi:10.1002/hbm.20428


527H. Laufs et al. / NeuroImage 40 (2008) 515–528
Liu, A.K., Belliveau, J.W., Dale, A.M., 1998. Spatiotemporal imaging of
human brain activity using functional MRI constrained magnetoence-
phalography data: Monte Carlo simulations. Proc. Natl. Acad. Sci.
U. S. A. 95 (15), 8945–8950.

Logothetis, N.K., Pauls, J., Augath, M., Trinath, T., Oeltermann, A., 2001.
Neurophysiological investigation of the basis of the fMRI signal. Nature
412 (6843), 150–157.

Mandelkow, H., Halder, P., Boesiger, P., Brandeis, D., 2006. Synchronization
facilitates removal of MRI artefacts from concurrent EEG recordings and
increases usable bandwidth. NeuroImage 32 (3), 1120–1126.

Mantini, D., Perrucci, M.G., Cugini, S., Ferretti, A., Romani, G.L., Del
Gratta, C., 2007a. Complete artifact removal for EEG recorded during
continuous fMRI using independent component analysis. NeuroImage
34 (2), 598–607.

Mantini, D., Perrucci, M.G., Del Gratta, C., Romani, G.L., Corbetta, M.,
2007b. Electrophysiological signatures of resting state networks in the
human brain. Proc. Natl. Acad. Sci. U. S. A. 104 (32), 13170–13175.

Maquet, P., 2000. Functional neuroimaging of normal human sleep by
positron emission tomography. J. Sleep Res. 9 (3), 207–231.

Mattout, J., Phillips, C., Penny, W.D., Rugg, M.D., Friston, K.J., 2006. MEG
source localization under multiple constraints: an extended Bayesian
framework. NeuroImage 30 (3), 753–767.

Menon, V., Crottaz-Herbette, S., 2005. Combined EEG and fMRI studies of
human brain function. Int. Rev. Neurobiol. 66, 291–321.

Meyer, C., Fernandez Gavela, J., Harris, M., 2006. Combining algorithms in
automatic detection of QRS complexes in ECG signals. IEEE Trans. Inf.
Technol. Biomed. 10 (3), 468–475.

Michal, M., Roder, C., Mayer, J., Lengler, U., Krakow, K., 2007. Spon-
taneous dissociation during functional MRI experiments. J. Psychiatr.
Res. 41 (1–2), 69–73.

Moosmann, M., Ritter, P., Krastel, I., Brink, A., Thees, S., Blankenburg, F.,
Taskin, B., Obrig, H., Villringer, A., 2003. Correlates of alpha rhythm in
functional magnetic resonance imaging and near infrared spectroscopy.
NeuroImage 20 (1), 145–158.

Mullinger, K., Debener, S., Coxon, R., Bowtell, R., 2007. Effects of
simultaneous EEG recording on MRI data quality at 1.5, 3 and 7 Tesla.
Int. J. Psychophysiol. [2007 Aug 7, Electronic publication ahead of
print. doi:10.1016/j.ijpsycho.2007.06.008].

Nagai, Y., Critchley, H.D., Featherstone, E., Fenwick, P.B., Trimble, M.R.,
Dolan, R.J., 2004a. Brain activity relating to the contingent negative
variation: an fMRI investigation. NeuroImage 21 (4), 1232–1241.

Nagai, Y., Critchley, H.D., Featherstone, E., Trimble, M.R., Dolan, R.J.,
2004b. Activity in ventromedial prefrontal cortex covaries with
sympathetic skin conductance level: a physiological account of a
“default mode” of brain function. NeuroImage 22 (1), 243–251.

Nakamura, W., Anami, K., Mori, T., Saitoh, O., Cichocki, A., Amari, S.,
2006. Removal of ballistocardiogram artifacts from simultaneously
recorded EEG and fMRI data using independent component analysis.
IEEE Trans. Biomed. Eng. 53 (7), 1294–1308.

Negishi, M., Abildgaard, M., Nixon, T., Constable, R.T., 2004. Removal of
time-varying gradient artifacts from EEG data acquired during
continuous fMRI. Clin. Neurophysiol. 115 (9), 2181–2192.

Niazy, R.K., Beckmann, C.F., Iannetti, G.D., Brady, J.M., Smith, S.M.,
2005. Removal of FMRI environment artifacts from EEG data using
optimal basis sets. NeuroImage 28 (3), 720–737.

Patterson II, J.C., Ungerleider, L.G., Bandettini, P.A., 2002. Task-
independent functional brain activity correlation with skin conductance
changes: an fMRI study. NeuroImage 17 (4), 1797–1806.

Penny, W.D., Stephan, K.E., Mechelli, A., Friston, K.J., 2004. Comparing
dynamic causal models. NeuroImage 22 (3), 1157–1172.

Penny, W., Flandin, G., Trujillo-Barreto, N.J., 2006. Spatio-temporal models
for fMRI. In: Friston, J.A.K., Kiebel, S., Nichols, T., Penny, W. (Eds.),
Statistical Parametric Mapping: The Analysis of Functional Brain
Images. Elsevier, London.

Phillips, C., Rugg, M.D., Friston, K.J., 2002. Anatomically informed basis
functions for EEG source localization: combining functional and
anatomical constraints. NeuroImage 16 (3 Pt 1), 678–695.
Phillips, M.D., Baker, K.B., Lowe, M.J., Tkach, J.A., Cooper, S.E., Kopell,
B.H., Rezai, A.R., 2006. Parkinson disease: pattern of functional
MR imaging activation during deep brain stimulation of subthalamic
nucleus—initial experience. Radiology 239 (1), 209–216.

Pictet, J., Meuli, R., Wicky, S., van der Klink, J.J., 2002. Radiofrequency
heating effects around resonant lengths of wire in MRI. Phys. Med. Biol.
47 (16), 2973–2985.

Post, M., van Duinen, H., Steens, A., Renken, R., Kuipers, B., Maurits, N.,
Zijdewind, I., 2007. Reduced cortical activity during maximal bilateral
contractions of the index finger. NeuroImage 35 (1), 16–27.

Raichle, M.E., MacLeod, A.M., Snyder, A.Z., Powers, W.J., Gusnard, D.A.,
Shulman, G.L., 2001. A default mode of brain function. Proc. Natl.
Acad. Sci. U. S. A. 98 (2), 676–682.

Ricci, G.B., De Carli, D., Colonnese, C., Di Gennaro, G., Quarato, P.P.,
Cantore, G., Esposito, V., Garreffa, G., Maraviglia, B., 2004. Hemo-
dynamic response (BOLD/fMRI) in focal epilepsy with reference to
benzodiazepine effect. Magn. Reson. Imaging 22 (10), 1487–1492.

Richardson, M.P., Grosse, P., Allen, P.J., Turner, R., Brown, P., 2006. BOLD
correlates of EMG spectral density in cortical myoclonus: description of
method and case report. NeuroImage 32 (2), 558–565.

Riera, J., Aubert, E., Iwata, K., Kawashima, R., Wan, X., Ozaki, T., 2005.
Fusing EEG and fMRI based on a bottom-up model: inferring activation
and effective connectivity in neural masses. Philos. Trans. R. Soc. Lond.,
B Biol. Sci. 360 (1457), 1025–1041.

Ritter, P., Villringer, A., 2006. Simultaneous EEG–fMRI. Neurosci.
Biobehav. Rev. 30 (6), 823–838.

Salek-Haddadi, A., Friston, K.J., Lemieux, L., Fish, D.R., 2003. Studying
spontaneous EEG activity with fMRI. Brain Res. Brain Res. Rev. 43 (1),
110–133.

Sammer, G., Blecker, C., Gebhardt, H., Bischoff, M., Stark, R., Morgen, K.,
Vaitl, D., 2007. Relationship between regional hemodynamic activity
and simultaneously recorded EEG-theta associated with mental
arithmetic-induced workload. Hum. Brain Mapp. 28 (8), 793–803.

Scarff, C.J., Reynolds, A., Goodyear, B.G., Ponton, C.W., Dort, J.C.,
Eggermont, J.J., 2004. Simultaneous 3-T fMRI and high-density recording
of human auditory evoked potentials. NeuroImage 23 (3), 1129–1142.

Schabus, M., Dang-Vu, T.T., Albouy, G., Balteau, E., Boly, M., Carrier, J.,
Darsaud, A., Degueldre, C., Desseilles, M., Gais, S., Phillips, C.,
Rauchs, G., Schnakers, C., Sterpenich, V., Vandewalle, G., Luxen, A.,
Maquet, P., 2007. Hemodynamic cerebral correlates of sleep spindles
during human non-rapid eye movement sleep. Proc. Natl. Acad. Sci.
U. S. A. 104 (32), 13164–13169.

Scheeringa, R., Bastiaansen, M.C., Petersson, K.M., Oostenveld, R., Norris, D.
G., Hagoort, P., 2007. Frontal theta EEG activity correlates negatively with
the defaultmode network in resting state. Int. J. Psychophysiol. [2007 Jul 12,
Electronic publication ahead of print. doi:10.1016/j.ijpsycho.2007.05.017].

Schmid, M.C., Oeltermann, A., Juchem, C., Logothetis, N.K., Smirnakis,
S.M., 2006. Simultaneous EEG and fMRI in the macaque monkey at 4.7
Tesla. Magn. Reson. Imaging 24 (4), 335–342.

Seeck, M., Lazeyras, F., Michel, C.M., Blanke, O., Gericke, C.A., Ives, J.,
Delavelle, J., Golay, X., Haenggeli, C.A., de Tribolet, N., Landis, T.,
1998. Non-invasive epileptic focus localization using EEG-triggered
functional MRI and electromagnetic tomography. Electroencephalogr.
Clin. Neurophysiol. 106 (6), 508–512.

Shmuel, A., Augath, M., Oeltermann, A., Logothetis, N.K., 2006. Negative
functional MRI response correlates with decreases in neuronal activity in
monkey visual area V1. Nat. Neurosci. 9 (4), 569–577.

Sijbers, J., Michiels, I., Verhoye, M., Van Audekerke, J., Van der Linden, A.,
Van Dyck, D., 1999. Restoration of MR-induced artifacts in simulta-
neously recorded MR/EEG data. Magn. Reson. Imaging 17 (9),
1383–1391.

Siniatchkin, M., Möller, F., Jacobs, J., Stephani, U., Boor, R., Wolff, S.,
Jansen, O., Siebner, H., Scherg, M., 2007. Spatial filters and automated
spike detection based on brain topographies improve sensitivity of
EEG–fMRI studies in focal epilepsy. NeuroImage 37 (3), 834–843.

Skrandies, W., 1990. Global field power and topographic similarity. Brain
Topogr. 3 (1), 137–141.

http://dx.doi.org/doi:10.1016/j.ijpsycho.2007.06.008
http://dx.doi.org/doi:10.1016/j.ijpsycho.2007.05.017


528 H. Laufs et al. / NeuroImage 40 (2008) 515–528
Snisarenko, A.A., 1978. The cardiac rhythm during waking and the various
periods of sleep. Hum. Physiol. 4 (1), 79–83.

Sotero, R.C., Trujillo-Barreto, N.J., Iturria-Medina, Y., Carbonell, F.,
Jimenez, J.C., 2007. Realistically coupled neural mass models can
generate EEG rhythms. Neural Comput. 19 (2), 478–512.

Srivastava, G., Crottaz-Herbette, S., Lau, K.M., Glover, G.H., Menon, V.,
2005. ICA-based procedures for removing ballistocardiogram artifacts
from EEG data acquired in the MRI scanner. NeuroImage 24 (1), 50–60.

Stephan, K.E., Weiskopf, N., Drysdale, P.M., Robinson, P.A., Friston, K.J.,
2007. Comparing hemodynamic models with DCM. NeuroImage 38 (3),
387–401.

Thees, S., Blankenburg, F., Taskin, B., Curio, G., Villringer, A., 2003.
Dipole source localization and fMRI of simultaneously recorded data
applied to somatosensory categorization. NeuroImage 18 (3), 707–719.

Trujillo-Barreto, N.J., Martinez, E., Melie-Garcia, L., Valdés-Sosa, P.A.,
2001. Bayesian model for fMRI and EEG/MEG neuroimage fusion. Int.
J. Bioelectromagn. 3 (1), available at http://ijbem.k.hosei.ac.jp/2006-/
volume3/number1/valdesosa/index.htm.

Trujillo-Barreto, N.J., Aubert-Vazquez, E., Valdés-Sosa, P.A., 2004.
Bayesian model averaging in EEG/MEG imaging. NeuroImage 21 (4),
1300–1319.

Van Audekerkea, J., Peeters, R., Verhoye, M., Sijbers, J., Van der Linden, A.,
2000. Special designed RF-antenna with integrated non-invasive carbon
electrodes for simultaneous magnetic resonance imaging and electro-
encephalography acquisition at 7 T. Magn. Reson. Imaging 18 (7),
887–891.

van Duinen, H., Zijdewind, I., Hoogduin, H., Maurits, N., 2005. Surface
EMG measurements during fMRI at 3T: accurate EMG recordings after
artifact correction. NeuroImage 27 (1), 240–246.

Vasios, C.E., Angelone, L.M., Purdon, P.L., Ahveninen, J., Belliveau, J.W.,
Bonmassar, G., 2006. EEG/(f)MRI measurements at 7 Tesla using a new
EEG cap (“InkCap”). NeuroImage 33 (4), 1082–1092.

Vitacco, D., Brandeis, D., Pascual-Marqui, R., Martin, E., 2002.
Correspondence of event-related potential tomography and functional
magnetic resonance imaging during language processing. Hum. Brain
Mapp. 17 (1), 4–12.

Wan, X., Iwata, K., Riera, J., Kitamura, M., Kawashima, R., 2006.
Artifact reduction for simultaneous EEG/fMRI recording: adaptive
FIR reduction of imaging artifacts. Clin. Neurophysiol. 117 (3),
681–692.

Warach, S., Ives, J.R., Schlaug, G., Patel, M.R., Darby, D.G., Thangaraj, V.,
Edelman, R.R., Schomer, D.L., 1996. EEG-triggered echo-planar
functional MRI in epilepsy. Neurology 47 (1), 89–93.

Warbrick, T., Bagshaw,A.P., 2007. Scanning strategies for simultaneous EEG–
fMRI evoked potential studies at 3 T. Int. J. Psychophysiol. [2007 Jul 12,
Electronic publication ahead of print. doi:10.1016/j.ijpsycho.2007.05.014].

http://ijbem.k.hosei.ac.jp/2006-/volume3/number1/valdesosa/index.htm
http://ijbem.k.hosei.ac.jp/2006-/volume3/number1/valdesosa/index.htm
http://dx.doi.org/doi:10.1016/j.ijpsycho.2007.05.014

	Recent advances in recording electrophysiological data simultaneously with magnetic resonance i.....
	Introduction
	The emergence of a young research domain
	Applications for multimodal imaging

	Methodological aspects
	Hardware
	Artifact reduction algorithms
	Analysis strategies
	Summary and outlook
	Acknowledgments
	References


