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In this perspectives article we highlight the advantages of simultaneous acquisition of electroencephalography
(EEG) and functional magnetic resonance imaging (fMRI). As MRI moves towards using ultra-high magnetic
fields in the quest for increased signal-to-noise, the question ariseswhether combined EEG–fMRImeasurements
are feasible atmagnetic fields of 7 T and higher.We describe the challenges ofMRI–EEG at 1.5, 3, 7 and 9.4 T and
review the proposed solutions. In an outlook, we discuss further developments such as simultaneous trimodal
imaging using MR, positron emission tomography (PET) and EEG under the same physiological conditions in
the same subject.
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Introduction

The two cardinal tasks of imaging in neuroscience are the assessment
of structure and function. Magnetic resonance imaging (MRI) is a
non-invasive imaging technique that can be used to study a wide
ence and Medicine 4, INM4,
Fax: +49 2461 611919.

rights reserved.
range of ages from new born child to the elderly. Longitudinal studies
can be performed to monitor structural changes in the brain due to
healthy neurodevelopment and ageing or due to interventions such as
training, medication or neurosurgery. Voxel-based morphometry and
diffusion tensor imaging (DTI) (Basser et al., 1994)with high spatial res-
olution provide a detailed look into the structure of the brain for the in-
vestigation of awide range of diseases, such as epilepsy (Braakman et al.,
2012), Alzheimer's disease (Kilimann et al., in press; Yang et al., 2012),
Parkinson's disease (Cochrane and Ebmeier, 2013), Tourette syndrome
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(Neuner et al., 2010a), bipolar disorder (Selvaraj et al., 2012) and schizo-
phrenia (Kuswanto et al., 2012). For studying functional aspects of the
brain, functional magnetic resonance imaging (fMRI) has successfully
been applied in the assessment of myriad cognitive, emotional and so-
cial tasks (Cabeza and Nyberg, 2000; Huettel, 2012; Neuner et al.,
2007, 2010b; Ochsner et al., 2012; Rushworth et al., 2013; Shah et al.,
2001). However, the main drawback of fMRI is its dependence on the
blood oxygenation level dependent (BOLD) effect (Ogawa et al., 1993).
The BOLD effect is the signal change observed due to the change in
blood oxygenation in response to localised neuronal activity. The time-
scale of the BOLD response is on the order of seconds after the neuronal
activity, which results in a low functional temporal resolution.

Electroencephalography (EEG) assesses neuronal function on a milli-
second time scale (Makeig et al., 2004;Michel andMurray, 2012). Despite
the fact that EEG is awell established and routinely used tool for diagnos-
tic and research purposes, there is currently no clear understanding of
how the measured scalp EEG signals represent the spatiotemporal orga-
nization of the underlying neuronal activity. It has long been proposed
that scalp EEG signals depend on a) the amplitudes and b) on the spatial
synchronization of underlying neural activity. In simultaneous intracrani-
al and surface EEG experiments inmonkeys,Musall et al. investigated this
question (Musall et al., in press). They reported that trial-by-trial fluctua-
tions in EEG power are the result of a linear combination of local field po-
tentials (LFPs) and interelectrode temporal synchrony. Musall and co-
workers gave particular emphasis to the fact that a potential dissociation
between EEG and fMRI signals could be due to neural synchrony (Buzsáki
andDraguhn, 2004;Meltzer et al., 2009;Musall et al., in press; Nunez and
Silberstein, 2000; Yeşilyurt et al., 2010). They discuss that synchroniza-
tion among a large population of neurons could be less metabolically de-
manding and therefore could explain an increase in the EEG signal
accompanied by a decrease in BOLD signal (Musall et al., in press).

Recently, the simultaneous acquisition of fMRI and EEG data has
been developed to synergistically combine their good spatial and tem-
poral resolutions, respectively (Huster et al., 2012; Laufs et al., 2008;
Neuner et al., 2010b). The development of simultaneous fMRI and EEG
was initially driven by clinical needs in pharmaco-resistant epilepsy pa-
tients undergoing pre-neurosurgical assessment (Ives et al., 1993;
Thornton et al., 2010a, 2010b; Vulliemoz et al., 2011). Simultaneous
fMRI and EEG permits the investigation of a scientific or clinical question
in one individual at the same time under exactly the same physiological
and technical conditions. It is particularly desirable in experimental de-
signswhen a parallel paradigmmight evoke confounding effects, for ex-
ample in pharmacological challenges or in paradigms relying on novelty
effects. The simultaneous approach is also important for the investiga-
tion of resting state functional connectivity (Biswal et al., 1995; Laufs,
2012; Raichle et al., 2001) and can help to distinguish a “resting state”
from an early sleep state (Tagliazucchi et al., 2012). It also allows for
the analysis of oscillation amplitude fluctuations; a neuronal activity
phenomenonwhich reflects functional states and can be used in the def-
inition of different states e.g. in sleep research. These fluctuations in os-
cillation amplitude have been demonstrated to affect behaviour when
occurring in context with a task (Makeig et al., 2004).

Functional MRI and EEG data are complementary in terms of
spatial and temporal resolution, however, the simultaneous acquisi-
tion of fMRI and EEG data comes not without associated complica-
tions. Recording EEG during fMRI measurements requires an MR-
compatible EEG-system, which are now commercially available.
Care must be taken however to ensure the safety and comfort of the
subjects and to provide good data quality (Debener and Herrmann,
2008; Neuner et al., 2010b). EEG data acquired during simultaneous
MRI acquisition suffer from two types of artefact: the so-called
cardiac-related or pulse artefact and the gradient artefact caused by
magnetic field gradients switching during any applied MR-sequence.
Their origin will be discussed in more detail in the second part of
the review. Both artefacts can be successfully removed from the EEG
data by different methods, such as Average Artefact Subtraction
(AAS) (Allen et al., 2000) Optimal Basis Set (OBS) (Niazy et al.,
2005) or Independent Component Analysis (Eichele et al., 2009;
Jung et al., 2000).

Simultaneously acquired EEG–fMRI data are a prerequisite for single
trial experiments. In a classical monomodal or sequential approach the
trial-to-trial evoked response variability is averaged out. However, these
data could broaden our understanding of functional neuronal networks.
In single trial experiments, e.g. prepulse pulse inhibition (PPI) of the star-
tle reflex or of P300 latencies and amplitudes, Electromyography- or
EEG-informed fMRI analysis becomes feasible (Bagshaw and Warbrick,
2007; Debener et al., 2006, 2007; Neuner et al., 2010b). The combination
of EEG and fMRI allows one to investigate the fluctuations in evoked re-
sponses as well as spontaneous activity changes, e.g. during “resting
state”. Such fluctuations are believed to mirror variability in human per-
ception and behaviour (Sadaghiani et al., 2010a, 2010b).

As MRI moves towards ever higher magnetic field strength in the
quest for increased sensitivity to the BOLD effect (as well as other mo-
tivations), the question arises whether the simultaneous approach
would still be feasible. A major challenge to meet is the fact that the
cardiac-related artefact is known to increase linearly with the magni-
tude of the B0 field, and therefore the problem of artefact correction
should be revisited. Here we review the status quo of simultaneous
fMRI–EEG experiments at low, high and ultra-high magnetic fields
with regard to acquisition and analysis challenges.

EEG–fMRI Acquisition at 1.5 T and 3 T

Artefacts

A significant disadvantage of measuring EEG at magnetic fields is
the contamination of the signal as consequence of the MR scanner en-
vironment and sequences. The artefacts which affect the EEG signal
are discussed below.

Gradient artefact
The “gradient artefact” is caused by the switching of the magnetic

field gradients used for spatial encoding during fMRI data acquisition.
The changing magnetic fields induce a potential difference in the EEG
leads that appears in the measurement as large oscillations. The
timing of this switching is inherent to the MR sequence and is well
characterised. Therefore, correction of the gradient artefact by e.g. Av-
erage Artefact Subtraction (Allen et al., 1998) or modifications thereof
(e.g. Moosmann et al., 2009) works well. For EEG-data monitoring
during acquisition at 1.5 T and 3 T, online correction software is com-
mercially available.

Pulse artefact
The “pulse artefact” or “cardiac-related artefact” is caused by the

cardiac cycle. A recent technical note by Mullinger et al. (Mullinger
et al., 2013) investigated, in a very systematic way, potential sources
of the pulse artefact. Three main mechanisms contribute to the gener-
ation of the artefact (Allen et al., 1998; Bonmassar et al., 2002;
Debener et al., 2008; Huang-Hellinger et al., 1995; Mullinger et al.,
2013; Müri et al., 1998; Tenforde et al., 1983; Yan et al., 2010):

a) During the cardiac cycle the head rotates slightly (driven by alter-
ations in the momentum of the pulsatile blood flow in the cranial
arteries). This head movement causes the EEG leads to move
through the magnetic field of the MR scanner which induces a
voltage over the EEG leads.

b) Since blood is an electrically conducting fluid flowingwithin a mag-
netic field the Hall effect results in a separation of charge which, in
turn, leads to a variation of the voltage at the scalp surface.

c) Driven by pulsatile blood flow, the scalp expands and causes move-
ment of the EEG leads through the magnetic field.

https://www.researchgate.net/publication/12047203_The_neural_correlates_of_person_familiarity_A_functional_magnetic_resonance_imaging_study_with_clinical_implications?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/12047203_The_neural_correlates_of_person_familiarity_A_functional_magnetic_resonance_imaging_study_with_clinical_implications?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/24020988_Mining_EEG-fMRI_using_independent_component_analysis?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/12122387_A_default_mode_of_brain_function?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/23289439_Transverse_patterning_dissociates_human_EEG_theta_power_and_hippocampal_BOLD_activation?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/41620799_White-matter_abnormalities_in_Tourette_syndrome_extend_beyond_motor_pathways?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/13526786_Identification_of_EEG_Events_in_the_MR_Scanner_The_Problem_of_Pulse_Artifact_and_a_Method_for_Its_Subtraction?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/13526786_Identification_of_EEG_Events_in_the_MR_Scanner_The_Problem_of_Pulse_Artifact_and_a_Method_for_Its_Subtraction?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/38025206_Relationship_of_the_BOLD_signal_with_VEP_for_ultrashort_duration_visual_stimuli_01_to_5_ms_in_humans?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/44672798_EEG_correlated_functional_MRI_and_postoperative_outcome_in_focal_epilepsy?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/12407145_A_Method_for_Removing_Imaging_Artifact_from_Continuous_EEG_Recorded_during_Functional_MRI?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/8490406_Neuronal_Oscillations_in_Cortical_Networks?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/8490406_Neuronal_Oscillations_in_Cortical_Networks?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/233909517_Effects_of_Neural_Synchrony_on_Surface_EEG?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/45648861_Simultaneous_intracranial_EEG_and_fMRI_of_interictal_epileptic_discharges_in_humans?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/8584104_Mining_event-related_brain_dynamics?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/8584104_Mining_event-related_brain_dynamics?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/12352168_Cabeza_R_Nyberg_L_Neural_bases_of_learning_and_memory_functional_neuroimaging_evidence_Curr_Opin_Neurol_13_415-421?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/234069377_Are_there_specialized_circuits_for_social_cognition_and_are_they_unique_to_humans?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/224841235_Functional_Connectivity_in_the_Motor_Cortex_of_Resting_Human_Brain_Using_Echo-Planar_Mri?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/15691480_Monitoring_the_patient's_EEG_during_echo_planar_MRI?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/51685986_Event-related_fMRI_in_Cognition?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/224888750_Methods_for_simultaneous_EEG-fMRI_An_introductory_review?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/5850046_Towards_single-trial_analysis_in_cognitive_brain_research?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/238235427_Functional_brain_mapping_by_blood_oxygenation_level-dependent_contrast_magnetic_resonance_imaging?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/6721036_Single-trial_EEG-fMRI_reveals_the_dynamics_of_cognitive_function?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/13792966_Recording_of_electrical_brain_activity_in_a_magnetic_resonance_environment_Distorting_effects_of_the_static_magnetic_field?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/26889617_Physical_modeling_of_pulse_artefact_sources_in_simultaneous_EEGfMRI?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/231740186_Functional_imaging_studies_of_emotion_regulation_A_synthetic_review_and_evolving_model_of_the_cognitive_control_of_emotion?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/5926545_Wechsler_Memory_Scale_Revised_Edition_Neural_correlates_of_the_visual_paired_associates_subtest_adapted_for_fMRI?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/5926545_Wechsler_Memory_Scale_Revised_Edition_Neural_correlates_of_the_visual_paired_associates_subtest_adapted_for_fMRI?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/11186653_Motion_and_Ballistocardiogram_Artifact_Removal_for_Interleaved_Recording_of_EEG_and_EPs_during_MRI?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/24260289_Realignment_parameter-informed_artefact_correction_for_simultaneous_EEG-fMRI_recordings?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/6014671_Single_trial_variability_of_EEG_and_fMRI_responses_to_visual_stimuli?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/6014671_Single_trial_variability_of_EEG_and_fMRI_responses_to_visual_stimuli?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/263105209_On_the_Relationship_of_Synaptic_Activity_to_Macroscopic_Measurements_Does_Co-Registration_of_EEG_with_fMRI_Make_Sense?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/263105209_On_the_Relationship_of_Synaptic_Activity_to_Macroscopic_Measurements_Does_Co-Registration_of_EEG_with_fMRI_Make_Sense?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/227550226_Removing_electroencephalographic_artifacts_by_blind_source_separation?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/7610745_Removal_of_FMRI_environment_artifacts_from_EEG_data_using_optimal_basis_sets?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/7610745_Removal_of_FMRI_environment_artifacts_from_EEG_data_using_optimal_basis_sets?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/41762719_Electrophysiology_Meets_fMRI_Neural_Correlates_of_the_Startle_Reflex_Assessed_by_Simultaneous_EMG-fMRI_Data_Acquisition?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/41762719_Electrophysiology_Meets_fMRI_Neural_Correlates_of_the_Startle_Reflex_Assessed_by_Simultaneous_EMG-fMRI_Data_Acquisition?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/41762719_Electrophysiology_Meets_fMRI_Neural_Correlates_of_the_Startle_Reflex_Assessed_by_Simultaneous_EMG-fMRI_Data_Acquisition?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/41762719_Electrophysiology_Meets_fMRI_Neural_Correlates_of_the_Startle_Reflex_Assessed_by_Simultaneous_EMG-fMRI_Data_Acquisition?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/234122575_Identifying_the_sources_of_the_pulse_artefact_in_EEG_recordings_made_inside_an_MR_scanner?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/234122575_Identifying_the_sources_of_the_pulse_artefact_in_EEG_recordings_made_inside_an_MR_scanner?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/234122575_Identifying_the_sources_of_the_pulse_artefact_in_EEG_recordings_made_inside_an_MR_scanner?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/234122575_Identifying_the_sources_of_the_pulse_artefact_in_EEG_recordings_made_inside_an_MR_scanner?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/224047364_Simultaneous_Functional_Magnetic_Resonance_Imaging_and_Electrophysiological_Recording?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/44695118_Imaging_haemodynamic_changes_related_to_seizures_Comparison_of_EEG-based_general_linear_model_independent_component_analysis_of_fMRI_and_intracranial_EEG?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/221767478_A_personalized_history_of_EEG-fMRI_integration?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/221767478_A_personalized_history_of_EEG-fMRI_integration?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/224729776_Grey_matter_differences_in_bipolar_disorder_A_meta-analysis_of_voxel-based_morphometry_studies?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/235690570_Diffusion_Tensor_Imaging_Findings_of_White_Matter_Changes_in_First_Episode_Schizophrenia_A_Systematic_Review?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/5649475_Laufs_H_Daunizeau_J_Carmichael_DW_Kleinschmidt_ARecent_advances_in_recording_electrophysiological_data_simultaneously_with_magnetic_resonance_imaging_Neuroimage_40515-528?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/228087296_Automatic_sleep_staging_using_fMRI_functional_connectivity_data?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/6186609_Integration_of_EEG_and_fMRI_Editorial?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/6186609_Integration_of_EEG_and_fMRI_Editorial?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/221731046_Towards_the_utilization_of_EEG_as_a_brain_imaging_tool?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/45189069_The_Relation_of_Ongoing_Brain_Activity_Evoked_Neural_Responses_and_Cognition?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/224841457_Intrinsic_Connectivity_Networks_Alpha_Oscillations_and_Tonic_Alertness_A_Simultaneous_ElectroencephalographyFunctional_Magnetic_Resonance_Imaging_Study?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==
https://www.researchgate.net/publication/294684660_Functional_brain_mapping_by_blood_oxygenation_level-dependent_contrast_magnetic_resonance_imaging_A_comparison_of_signal_characteristics_with_a_biophysical_model?el=1_x_8&enrichId=rgreq-0be32cb7951efc89e2bc0089f42ab841-XXX&enrichSource=Y292ZXJQYWdlOzI0MTY5NjYzMTtBUzoyODM3MjcxMDUxNTA5ODVAMTQ0NDY1NzIyMjA3Mw==


73I. Neuner et al. / NeuroImage 102 (2014) 71–79
Correction of the cardiac-related artefact poses a greater challenge
due to its variability over cardiac cycles and different electrodes posi-
tions. In addition, the cardiac-related artefact shows a marked vari-
ability with B0 strength. This will be discussed in more depth later
in the text.

Compressor artefact
It is a well established fact, that the helium compressor at the MR

scanner is a source of artefacts in the EEG signal (Nierhaus et al.,
2013; Ritter et al., 2010), which induces vibration in the cryopump
system. The helium pump induces artefacts in the frequency spec-
trum of the EEG with additional broad band frequency power starting
usually at 20–30 Hz (Nierhaus et al., 2013). The contribution to noise
from the compressor seems to be variable and highly dependent of
the mounting of the cold heads. For example, the cold heads of the
prototype 9.4 T Siemens (Siemens, Erlangen, Germany) scanner in
the Research Centre Jülich (Germany) are mounted on extended tur-
rets in order to operate in a lower magnetic field environment; as a
result it has no significant contribution to the noise levels in the
EEG recording (Fig. 1). In contrast, a commercial 3 T TRIO Siemens
scanner in the same institute has its cold heads mounted directly on
the 3 T magnet vessel, resulting in contamination of the EEG signal.

Set up

For recording simultaneous EEG–fMRI data a few pragmatic points
should be considered in order to improve data quality. This relates to
system set up, volunteer/patient positioning, data acquisition and
data modelling. Whatever methods one chooses to minimize the
cardiac-related artefact and independent of the method of choice
for correction, the basic principle “the better your raw data quality
is, the better your post-processed data can be” is valid at any given
field strength (Fig. 2).

With regard to the set-up, the use of a synchronization device be-
tween MR scanner clock and EEG recording software is essential in
order to apply Average Artefact Template Subtraction (Allen et al.,
1998) for the correction of the gradient artefact in the most accurate
way and for synchronization of stimulus onset and EEG–fMRI data. In
order to improve the cardiac-related artefact correction a better raw
signal could be obtained by recording the electrocardiogram (ECG) via
chest electrodes (Fig. 3) with an additional bipolar MR-compatible am-
plifier (Leclercq et al., 2009). Another, but experimental custom-made
approach for an improved correction is the use of an optical motion
tracking system (Levan et al., 2013). Positioning of the subject and the
EEG system in the MR scanner is also a matter of interest. In order to
prevent heating of the EEG cables, they should be routed properly
with respect to the electrical fields produced by the RF coil. Small vari-
ations of the cable position might, in the worst case, create significant
heating; for that purpose the cables should be kept in position and over-
laidwith sand bags. In order to record high quality data, the amplifier(s)
should be protected from vibrations of the inner scanner housing either
by sand bags put below the amplifiers or by setting up the amplifiers
outside the end of the MR scanner on a separate MR-compatible table.

With regard to volunteer/patient set up the following steps could
help in minimizing the artefacts. Mullinger et al. describe the reduc-
tion of the cardiac-related artefact by using an evacuated head cush-
ion, a bite bar individually adapted to each subject and a swimming
silicon cap as an isolating sheet between the scalp and the electrodes
(Mullinger et al., 2013).

Before starting data acquisition in a simultaneous EEG–fMRI mea-
surement the planned MR sequences have to be evaluated with regard
to SAR deposition. Several groups acquire structural anatomical MR
data before acquiring functional data with the EEG equipment in
place. A recent paper byNöth et al. (2012) emphasized that onlyMR se-
quences with low specific absorption rate (SAR) level should be used.
Sequences such as T1-weighted sequences (FLASH, MPRAGE, MDEFT)
with SAR below the values for functional MRI sequences based on gra-
dient EPI are reported to be safe (Nöth et al., 2012).

With regard to analysis, Chaudhary et al. showed the importance
of modelling confounding events such as eye blinks or swallowing
in order to improve data sensitivity and quality in search for epileptic
activity in patients (Chaudhary et al., 2012).

Perspectives

EEG data reported in the literature from simultaneous EEG–fMRI
measurements are usually surface EEG data. Carmichael et al. were
the first to report intracranially acquired EEG data in epilepsy patients
during fMRI at 1.5 T (Carmichael et al., 2012). Intracranial electrodes
could also contribute to the further investigation of the relationship be-
tween electrophysiological signals and the BOLD-effect as well as to re-
search in neurovascular coupling in general (Singh, 2012). Other
experimental approaches which aim at establishing a trimodality e.g.
MR–PET–EEG (Neuner et al., 2013b) and simultaneous transcranial
magnetic stimulation (TMS)-MR–EEG (Peters et al., 2013) open the
possibility for selective stimulation or inhibition of a given target area
to study its effect and changes in connectivity patterns.

EEG–FMRI at ultra-high fields

Status quo and perspectives

In the previous part of this review the advantages and disadvan-
tages of combining EEG and fMRI were explored and it was demon-
strated that such multimodal measurements represent an attractive
tool for the investigation of human brain function in vivo. The focus
of this section is to portray the emerging implementation of simulta-
neous EEG in ultra-high magnetic fields.

One key characteristic of MRI is its tunable soft tissue contrast
based on, for example, T1 and T2 relaxation times, proton density,
and diffusion/flow properties. Ultra-high fields, defined as≥7 T, facil-
itate structural imaging with significantly higher spatial resolution,
higher functional (BOLD) contrast (Olman et al., 2012) as well as dif-
ferent BOLD contrasts (Yacoub et al., 2005). In addition, achieving
sub-millimetre resolution in human subjects during fMRI experi-
ments is essential to permit layer-specific activation profiles to be
detected (Olman et al., 2012). With improved signal-to-noise-ratio
(SNR) at ultra-high magnetic fields, not only the signal changes ap-
pear to be most robust, but also the reliability and reproducibility of
the fMRI experiments increase (Harel et al., 2006). Given their com-
plementary properties, the simultaneous recording of EEG and fMRI
at ultra-high magnetic fields is desirable for cognitive neuroscience,
in particular, studies investigating neuro-vascular coupling, pharma-
cological challenge studies, resting state studies, sleep studies, studies
investigating epilepsy or evoked potential studies (Caballero-Gaudes
et al., 2013; Debener and Herrmann, 2008; Juckel et al., 2012; Koike
et al., 2011; Rosenkranz and Lemieux, 2010). As it was mentioned
in the EEG–fMRI acquisition at 1.5T and 3T section, important consid-
erations towards the safety and well being of participating subjects
are mandatory, and this is particularly important at ultra-high fields.
Common effects of the ultra-high magnetic fields on human subjects
are dizziness, nystagmus, phosphenes (light flashes), and head ring-
ing (Heinrich et al., 2013). Such effects appear predominantly while
the subject is being moved inside the scanner bore and commonly
disappear in a fewminutes after the subject reaches the isocentre. Se-
vere effects are rare and include nausea, vertigo and vomiting. Anoth-
er important safety concern arises from the higher RF power required
to generate a given B1-field strength. A reduction in RF wavelength
may lead to greater interaction of the applied RF with the electrodes
and wires of the EEG system (Lemieux et al., 1997).

As MRI moves towards ultra-high field imaging the question of
whether simultaneous EEG recording would still be feasible needs to be
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addressed. EEG data acquired at 7 T (Debener et al., 2008; Mullinger et
al., 2008b) and 9.4 T (Neuner et al., 2013a) show that the cardiac-
related artefact increases substantially (Fig. 4) and is more challenging
to remove from the data, but that in principle EEG and event-related po-
tential (ERP) data recording is feasible (Neuner et al., 2013a). Debener et
al. found that the amplitude of the cardiac-related artefact scaled linearly
with the static magnetic field strength (Debener et al., 2008), which was
in line with theoretical assumptions of the Lorentz' law (Tenforde et al.,
1983). In the study conducted by Neuner and co-workers this assertion
was further confirmed with data recorded at a static magnetic field of
9.4 T (Neuner et al., 2013a). See Fig. 4.

One of the first EEG recordings performed at ultra-high magnetic
field of 7 T took place in 2000 by Van Audekerkea et al. (2000). On that
occasion a special RF-antenna was designed for simultaneous MRI and
EEG acquisition at 7 T. It was later in 2006 when the group of Vasios
and co-workers performed the first combined EEG–fMRI experiment
using a new EEG cap named “Ink Cap” (Vasios et al., 2006), resulting in
low distortion of the functional images and also good EEG quality. The
feasibility of recording simultaneous EEG–fMRI at 7 T was further
Fig. 1. Fast Fourier transform analysis of EEG resting state data, recorded in a Siemens 3 T Tr
and turned off.
explored in a study conducted by Mullinger et al. (2008a). On that occa-
sion no significant safety concerns were identified on phantom or
human experiments and EEG data allowed for identification of alpha-
band related desynchronisation related to visual stimulation. A standard
EPI sequencewas used for acquisition of functional data,where no signif-
icant heating was found (less than 0.4 °C) during the measurements.
Analysis of the functional data showed sensible results according to the
visual stimulation. During this experiment the helium pumpwas turned
off since the team found significant noise contribution from the com-
pressor to the EEG data. Later in 2009 Brookes and co-workers success-
fully applied source localisation via the beamformer algorithm from
EEG recorded at 3 T to 7 T (Brookes et al., 2008, 2009). It was also dem-
onstrated that EEG data in the gamma-band could be recorded success-
fully from human subjects at 7 T.

The electrodes in the EEG cap are a potential source of magnetic
field inhomogeneity. The effect of EEG cap is a small reduction in
the SNR, proportional to the number of electrodes. This arises proba-
bly from decreased B0 homogeneity due to residual magnetic suscep-
tibility of the electrodes. Good shielding of the EEG electronics should
io MR scanner and a Siemens 9.4 T MR scanner with the helium compressor turned on
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Fig. 2. Two-second epochs of raw EEG signal recorded at different magnetic fields: 0 T,
3 T and 9.4 T.
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help in reducing the effect of electronic noise introduced into the MR
receive coil. Even though the dense-array EEG systems (N64 channel)
reduce the anatomic signal in some brain areas during fMRI measure-
ments, the image signal-to-noise ratio and the extent of the BOLD sig-
nal is comparable with and without the EEG cap (Luo and Glover,
2012). From the experiments performed at 7 T, the SNR of fMRI re-
cordings at such magnetic field with EEG are still superior to those
recorded at 3 T without EEG (Mullinger et al., 2008b).

Recently it was demonstrated that froma technical point of view the
electrophysiological recordings at ultra-high magnetic field of 9.4 T are
possible (Neuner et al., 2013a). The results of the study of Neuner and
co-workers showed that from the data-quality point of view, the
cardiac-related artefact at 9.4 T could not be sufficiently reduced by
standardmethods such as OBS and AAS and this led to sub-optimal cor-
rection. Although there was an evident difficulty in correcting the data
for the cardiac-related artefact, it was possible to identify auditory
evoked potentials (Fig. 5) and event related spectral perturbations
around the alpha-band in a large percentage of the subjects (Fig. 6).
These results were only achieved when ICA was used to identify the
components that contributed either to the ERP signal or to the
alpha-band signal. The alpha-desynchronisation was identifiable even
though there was contamination from a wide range of frequencies
with increased power thatwere possibly linked to the effect of the static
magnetic field on the EEG signal. From those results it was also possible
to infer that the speed of sensory perceptionwas not altered by the stat-
ic 9.4 T magnetic field. Worthy of consideration is the fact that in the
study of Neuner and co-workers no fMRI acquisition sequence was
Fig. 3. Electrocardiographic signal recorded from the ches
applied, that means that the EEG data were free of gradient artefacts.
Future studies will need to repeat measurements during a running EPI
sequence to evaluate gradient artefacts for removal. Since the gradient
hardware – gradient insert and amplifiers – in the 9.4 T system is iden-
tical to those in a 3 T Tim Trio system, no significant change in the gra-
dient artefacts is expected. This standard set-up achieves a maximum
gradient strength of 40 mT/m at a slew rate of 200 mT/m/ms. However,
the desire of higher slew rates in order to achieve shorter echo times has
led to the development of significantly stronger gradient systems. One
example is an insert head gradient system (Kimmlingen et al., 2002)
which achieves a maximum field gradient of 90 mT/m and a slew rate
of 800 mT/m/ms. Since the voltage of the signal induced in the EEG
leads is proportional to the rate of change of the magnetic field, these
research gradient systems are capable of increasing the magnitude of
artefacts by a factor of four.

In a follow-up study conducted by Arrubla and co-workers, focus-
ing on visual evoked potentials (VEPs) (Fig. 5) and the P300 in an au-
ditory oddball paradigm (Fig. 7), it was established that also the
speed of primary visual perception and early cognitive processing is
not altered by the 9.4 T static magnetic field (Arrubla et al., 2013).
The topographies of the ERPs varied to quite a degree between both
field strengths, which was due to the remaining artefacts in the
9.4 T signals; it opens up the field for further research into optimizing
the processing of raw signals recorded at ultra-high magnetic fields.
Recent research in the field of cognitive functions has shown that
ultra-high fields do not seem to have any persisting influence on
the attention networks of human cognition immediately after expo-
sure (Schlamann et al., 2010). Nevertheless the focus of such investi-
gations was the performance of neuro-cognitive testing before and
after the MRI examinations, not during direct exposure to the mag-
netic field. This is an important prerequisite for future fMRI studies
at ultra-high fields and has been one task to be investigated at the
prototype 9.4 T MR–PET system in Jülich, Germany. This task was ini-
tiated by the ethics committee and administrative body (BfARM,
Germany) in order to approve the use of the pilot system. Heinrich
and co-workers conducted a study in which the subjects performed
a series of tests at magnetic fields from 0 to 7 T (Heinrich et al., 2013).
These tests covered cognitive functions such as memory, eye–hand co-
ordination, attention, reaction time, and visual discrimination. They
found that static magnetic fields do not have a significant effect on cog-
nitive function at any field strength. The results of Arrubla and
co-workers are in line with these finding since the P300 is believed to
be a neural signature of attention and working memory required for
an appropriate response to environment stimuli (Polich, 2007).

Challenges

A major challenge for recording EEG data at ultra-high field is re-
moval of the artefacts resulting from the magnetic field. As discussed
t of one subject at different magnetic field strengths.
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Fig. 4. Variability of the cardiac-related artefact at different static magnetic fields.
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by Mullinger and co-workers, the magnitude of electromagnetic in-
duction due to the movement of conductive material within the scan-
ner increases with the strength of the magnetic field. That means that
any movement of the subject's head or vibration of the elements of
the EEG system will result in large interference (Mullinger et al.,
2008b). On the other hand the standard correction methods for the
cardiac-related artefact do not seem to be completely accurate for ar-
tefact removal, making the identification of real EEG events in the
Fig. 5. Example of (a) auditory evoked potentials and (b) visual evoked potentials at 0 T and
of the response across the trials.
recordings performed at ultra-high magnetic fields difficult. Although
ICA has been demonstrated to be a powerful tool for the correction of
a variety of data artefacts (Iriarte et al., 2003; Jung et al., 2000), it still
has the drawback of relying much on the algorithm applied for de-
composition. Also because ICA assumes stationarity of the sources
the applications are limited. One of the mayor weaknesses is that
the selection of components that contribute to the signal of interest
is made subjectively. Mixed signals might be over- or undercorrected.
at 9.4 T recorded from one subject. The plot over the ERP signal shows the consistency
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Fig. 6. Example of event related spectral perturbation (ERSP) analysis in one subject at 0 T and 9.4 T. The time–frequency analysis shows desynchronisation of the frequencies be-
tween 8 and 10 Hz (alpha) around the opening-the-eyes event. The data recorded at 9.4 T were corrected for the cardiac-related artefact using ICA.
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An automated ICA-based method for artefacts deletion would be of
great help for processing and analysing EEG data recorded at ultra-
high magnetic fields.

Outlook — From simultaneous bimodal techniques to
trimodal imaging

A new generation of hybrid imaging systems that combine comple-
mentary methods, i.e. MR and positron emission tomography (PET) are
emerging. Each method itself poses an important milestone in diagnos-
tics and research in clinical neuroscience. The hybrid system is designed
for the simultaneous acquisition ofMR and PET data (Herzog et al., 2010,
2011; Sauter et al., 2010; Schiepers and Dahlbom, 2011). Although MR
and PET complement each other in terms of their spatial and temporal
resolution, the domain of PET is the assessment at molecular level. The
underlying molecular basis of fMRI paradigms or resting state is accessi-
ble through the integration of PET andMR. PET provides the possibility of
investigate a number of brain aspects depending on the radiotracer used.
Using 18-FDG-PET, for example, is the gold standard procedure to in-
vestigate brain metabolism. 11C-raclopride allows one to investigate
striatal D2-receptors while the GABAergic system is accessible via
11C-flumazenil. Although the benefit of PET is its highly specific infor-
mation on the molecular level, its spatial resolution is low and it
comes with the disadvantage of radiation exposure to the volunteers/
patients. Thus, research hypotheses need to be addressed efficiently
when investigating healthy subjects. The new technological develop-
ments in terms of more efficient MR sequences foster this approach.
Thus, a comprehensive imaging protocol covering e.g. 11C-flumazenil
PET with structural MR-imaging (T1-weighted, T2-weighted), ultra-
short TE (UTE) sequence for attenuation correction, diffusion tensor im-
aging, spectroscopy and task-related fMRI (motor paradigm) as well as
resting state fMRI in a time frame of 60 min total acquisition time
Fig. 7. Example of P300 evoked potentials recorded from one su
becomes feasible. Although the hybrid MR–PET approaches result in
highly specific molecular information and excellent spatial resolution,
the temporal resolution remains suboptimal. Therefore a trimodal ap-
proach consisting of MR–PET–EEG is desirable. The successful integra-
tion of an MR-compatible EEG-system in a hybrid 3 T MR–PET system
has been reported (Neuner et al., 2013b). PET electronics do not disturb
the electrophysiological signals and the attenuation caused by the
EEG-electrodes in the PET signal is negligible.

A trimodal approach holds high value especially for the investigation
of cognitive, social or emotional paradigms in which novelty plays an
important role or for studies applying pharmacological challenges. One
example for pharmacological studies could be the influence of nicotine
and nicotine withdrawal on cognition or the effect of methylphenidate
in healthy controls and individuals with attention-deficit-hyperactivity
disorder on cognition and social interaction. Pharmacological interven-
tionsmight lead to a change in receptor status, andwould open the pos-
sibility to investigate its influence on physiological conditions (Laruelle
et al., 1997). The pharmacological challenge might, for example, affect
the cerebrovascular flow and modify the PET parameters as well as the
BOLD characteristics. A truly simultaneous approach ensures the same
physiological conditions and allows one in addition to investigate the
perfusion changes via MR-derived methods such as arterial spin label-
ling (ASL).

Apart from research driven approaches, clinical applications
would also benefit from the trimodal approach. One possibility is
the presurgical diagnostic examination of pharmaco-resistant epi-
lepsy patients (Rosenkranz and Lemieux, 2010). Combined MR–
11C-flumazenil-PET–EEG approach would offer the advantage of
identifying the underlying epileptogenic focus via EEG-informed
fMRI analysis and would provide binding potential information via
11C-flumazenil as a potential biomarker for the epileptogenic re-
gions (Savic et al., 1995).
bject during an auditory oddball paradigm at 0 T and 9.4 T.
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MR–PET–EEG is now becoming available at clinical field
strengths such as 3 T, and for research purposes at 9.4 T (Siemens,
Erlangen, Germany).
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