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Abstract

Functional magnetic resonance imaging (fMRI) and electroencephalography
(EEG) are noninvasive techniques used to measure neural activity in the human
brain. fMRI measures the magnetic resonance signal associated with hemo-
dynamic changes driven by neural activity and has a good spatial resolution
(2–3 mm isotropic) and low temporal resolution (1–3 s). Whereas EEG is used to
record electrical activity in the brain with a millisecond-level temporal resolution
but has a limited spatial resolution. By combining fMRI and EEG, it is possible
to generate a high spatiotemporal resolution map of human brain function, which
is critical for understanding complex dynamics of the human brain. Furthermore,
EEG recordings during fMRI can be used to identify the sources of abnormal
electrical activity in the brain (e.g., during epileptic seizures). This chapter
discusses recent advances in the simultaneous recording of fMRI and EEG in
humans. It focuses on the challenges of recording fMRI and EEG simultaneously,
techniques for removing artifacts, experimental designs for fMRI and EEG
studies, and methods for integrating fMRI and EEG data.

Keywords

Simultaneous EEG-fMRI · Multimodal neuroimaging · Magnetic resonance
imaging · Functional magnetic resonance imaging · Concurrent EEG-fMRI ·
fMRI · BOLD

1 Introduction

The human is a complex and dynamic network which stores and processes informa-
tion at multiple spatiotemporal scales. This information processing occurs via the
generation of electrical activities in the neurons and their transmission via axonal
pathways. Abnormal changes in the generation and transmission of neuroelectric
activities lead to disorders of brain function. Functional magnetic resonance imaging
(fMRI) and electroencephalography (EEG) can be used to noninvasively record
neural activity in the brain. fMRI measures changes in the intensity of the magnetic
resonance signal associated with hemodynamic changes due to neural activity. fMRI
has a higher spatial resolution (2–3 mm) than EEG but suffers from limited temporal
resolution (1–2 s). EEG, on the other hand, can record neural activity with a high
temporal resolution (milliseconds) but has a limited spatial resolution. Simultaneous
recording of fMRI and EEG can be used to combine the best of both techniques and
better understand the neural sources of abnormal neuroelectric activity in the brain
(e.g., during epileptic seizures) and/or generate a high spatiotemporal resolution
map of human brain function [1–14].
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This chapter is focused on in vivo imaging of the human brain function
using simultaneous fMRI-EEG. It discusses recent advances in simultaneous fMRI
and EEG based imaging of human brain function. It outlines the challenges of
simultaneously recording fMRI and EEG, and techniques for removing artifacts
from the EEG data recorded inside an MRI scanner. Finally, it provides technical
guidelines for designing experiments to improve the utility of fMRI and EEG, and
various methods for integrating fMRI and EEG data to achieve high spatial and
temporal resolution.

2 Blood-Oxygen-Level-Dependent (BOLD) fMRI

Blood-oxygen-level-dependent (BOLD) fMRI was first discovered by Ogawa et al.
[15] through studies of rats in a high magnetic field. An increase in neuronal activity
requires greater energy (Fig. 1a), which drives a complex interaction between blood
flow, oxygenated (diamagnetic) and deoxygenated (paramagnetic) blood, blood
volume, and oxygen consumption [16–19]. The presence of a small additional
magnetic field due to an imbalance of paramagnetic and diamagnetic blood inside
an MRI scanner can generate local inhomogeneities in the magnetic field resulting
in a decrease in the relaxation constant T2* of the MR signal. Thus, MR pulse
sequences sensitive to T2* show more MR signal when blood is highly oxygenated
and less MR signal when blood is highly deoxygenated. A typical BOLD response
to a brief neuronal stimulation has a delayed onset, peak, and post-undershoot [20].
This BOLD response is known as the hemodynamic response function (HRF). A
number of studies have also reported a brief (1–2 s) initial decrease in the HRF,
known as the initial dip, following the neuronal activity and just before the rise of
HRF [21, 22].

fMRI generates spatiotemporal data (Fig. 1b). The observable increase in BOLD
HRF only occurs after 1–2 s of neuronal activity and peaks at about 5 s. The
sampling rate in fMRI is 1–2 s. Hence, the BOLD signal is only a proxy for
measuring the very fast neuronal activity which occurs at the scale of milliseconds.
For the typical pulse sequence used in fMRI, one brain volume is acquired per
repetition time (TR). Recent advances in multi-band fMRI allow acquisition of
BOLD with sub-second level temporal resolution [23].

The spatial resolution of fMRI is determined by voxel size, which typically
ranges from 2–3 mm isotropic. Smaller voxel sizes reduce the signal-to-noise ratio
(SNR), whereas, very large voxels introduce low spatial specificity and partial
volume effects [24]. More recent advancement in high-spatial resolution fMRI in
ultra-high-field MRI scanners allows recording of fMRI at sub-millimeter spatial
resolution [25]. For example, a sub-millimeter resolution fMRI can reveal laminar
and columnar circuitry in humans [25]. However, difficulties associated with ultra-
high-field MRIs, including the cost of scanning, limited availabilities, and safety
issues, have made the regular use of these scanners impractical.
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Fig. 1 Schematic showing the generation of BOLD fMRI signal. (a) Increased neuronal activity
triggers a chemical cascade that results in elevated blood oxygenation, volume, and flow. MR pulse
sequences sensitive to T2* show more MR signal when blood is highly oxygenated and less MR
signal when blood is highly deoxygenated (adapted from [16]). (b) A typical volume and associated
time-series signal from one voxel in fMRI data. Typical fMRI has a spatial resolution of 2–3 mm
and temporal resolution of 1–2 s

3 Electroencephalography (EEG)

EEG measures the brain’s electrical activity by placing conductive electrodes on
the scalp (Fig. 2). In contrast to fMRI, EEG can capture the electrical activity
with a high temporal resolution (typically in milliseconds). Hence, it is routinely
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Fig. 2 EEG recording and its
characteristics. (a) A typical
EEG data acquisition setup.
EEG is recorded via
electrodes placed on the
scalp. Data is acquired using
data acquisition hardware
(amplifier) and visualized and
analyzed on a computer. (b)
Different frequency bands
within EEG recordings are
associated with different
brain states. (c) An example
of average event-related
potentials (ERPs) which are
time-locked to a stimulus can
also be observed in EEG data

used clinically in the diagnosis and evaluation of several neurological disorders,
especially epilepsy. EEG is also the gold standard method for classifying different
stages of sleep in humans. It is used routinely in the evaluation of sleep disorders,
for which there are established clinical guidelines [26].

EEG measures the total synchronous electrical activity generated by a population
of neurons localized in a similar spatial orientation [27]. Therefore, the origin
of EEG is largely dependent on the functional and structural connectivity of the
underlying neuronal population [28]. This notwithstanding, most of the EEG signal
recorded on the scalp originates from cortical pyramidal neurons [28], with deep
sources (subcortical areas) more likely to be missed in routine EEG recordings.

EEG waves are commonly characterized by frequency bands of <4 Hz (delta),
4–7 Hz (theta), 7–13 Hz (alpha), 13–30 Hz (beta), and >30 Hz (gamma). Delta
waves are a prominent feature of deep sleep but they are also observed during
high cognitive demands and in certain brain pathologies [29, 30]. Theta waves are
observed during drowsiness and can appear frequently in the sleep-deprived brain
[5, 14, 31, 32]. Alpha waves reflect relaxed wakefulness with eyes-closed. Beta
and gamma waves are most prominent while performing cognitive tasks. Stimulus
locked neuronal firing (e.g., auditory or visual stimuli) is also evident as event-
related potential on EEG data.

4 Recording EEG Inside an MRI Scanner

The first recording of EEG inside an MRI scanner was reported in the early 1990s
[1]. These early initiatives were largely driven by the clinical need to identify
spatial sources of epileptiform activity using EEG recorded inside MRI [1]. Hence,
EEG was primarily used to detect epileptic seizures, whereas fMRI was used to
localize them with good spatial accuracy. Since then, advances in hardware and
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software have led to an exponential increase in the use of simultaneous fMRI-EEG
in cognitive and clinical neurosciences. The focus has been broadened to encompass
understanding the fMRI correlates of EEG activity during relaxed wakefulness [10,
11, 33], sleep [5, 9, 34], as well as complex cognitive tasks [8, 35].

Simultaneous fMRI-EEG is technically challenging due to the harsh electromag-
netic environment of MRI [2]. The magnetic field gradients in MRI scanners gener-
ate time-varying magnetic fields, which, with modern high-field MRI scanners, can
be up to 200 T/m/s. When EEG electrodes are positioned inside an MRI scanner, the
time-varying magnetic fields induce currents in the electrode leads. These currents
appear as large gradient artifacts in the EEG. Furthermore, movement of the EEG
electrodes due to patient motion or to cardiac arterial pulsation (ballistocardiogram)
generates artifacts in the EEG, which are similar in amplitude to the actual EEG
signal. Early simultaneous fMRI-EEG recording systems addressed these technical
challenges by using MRI-compatible EEG electrodes and only triggering fMRI data
acquisition after an event of interest (e.g., epileptiform spike) was identified in the
EEG [1]. This allowed for a reasonable quality EEG in the absence of gradient
artifacts. The first truly simultaneous fMRI-EEG system was reported in the early
2000s [2], which incorporated analog pre-processing and digital post-processing
of the EEG signal to suppress MRI artifacts. They demonstrated that by adopting
a proper scanning protocol and strategies for minimizing the gradient artifacts,
continuous monitoring of the EEG during fMRI scanning was possible [2].

5 MR-Compatible EEG Hardware

Since the first recordings of EEG inside an MRI scanner in the early 1990s,
considerable progress has been made towards optimizing the EEG hardware. The
latest commercially available hardware meets safety standard for patients and
reduces interactions with the static magnetic, gradient magnetic, and radiofrequency
fields. This notwithstanding, a number of safety and design consideration should
be taken into account while establishing an EEG recording system inside MRI
(Table 1).

5.1 Safety Considerations

There are several risks associated with placing EEG electrodes on a patient’s head
in an MRI scanner. These include (1) localized heating of tissues near the metallic
EEG electrodes, (2) electric shock, and (3) neural stimulation. Localized heating
can occur when currents are induced in conductive loops when exposed to a time-
varying magnetic field generated by RF or changing gradient fields. Heating can also
occur when conductive loops formed from EEG placements move slightly within
the scanner (due to patient movement or ballistocardiogram-/respiration-related
movement) and interact with the spatially varying static magnetic field. An increase
in the strength and frequency of the magnetic field increases the induced current



Multimodal Neuroimaging with Simultaneous fMRI and EEG 7

Table 1 Important considerations and design challenges associated with EEG recordings inside
an MRI environment

Safety Considerations
• Low-impedance conduction through the patient represents a potential hazard as currents may
be induced in loops placed in the time-varying gradients and RF fields, and due to body
movement in the static field.
• Low-impedance loops may form as follows: exposed lead in contact with the patient; two
leads in direct electrical contact; a single lead bending on itself and the current being able to
flow through the insulation at RF frequencies; and failure of the EEG pre-amplifier circuit.
• A conducting loop could also form due to the capacitance between parallel leads, with the
induced current flowing through the patient.
• Heating due to eddy currents induced within the electrodes and other conducting media in
contact with the patient also present a potential hazard.
Design Considerations
• The first design, used extensively in the early development of MR-compatible EEG systems,
comprises passive electrodes inside the MRI bore and an active magnetic-field-compatible
local amplifier (headbox) placed outside the MRI scanner.
• The second design, which has been used extensively in more recent EEG + MRI studies, has
the EEG amplifier placed inside the MRI bore [6, 10]. In this design, the amplifier/digitizer is
shielded and placed close to the head coil. The amplifier is usually battery- or
accumulator-powered, which reduces interactions with the magnetic field, minimizes imaging
artifacts, and increases patient safety.
Hardware Consideration
Electrode materials: Non-ferrous electrodes.
e.g., Ag/AgCl, Au, plastic to stainless steel.
Electrode configuration: Twisted dual leads equipped with current-limiting resistors
(commonly in range 5–10 k� for 1.5 T scanners) to avoid heating and to reduce
MR-acquisition-related EEG artifacts.
Electrode gels: Water-based electrode gels.
Sampling Rate: Up to 20 kHz per channel.
Bandwidth: DC to 4 kHz.
Dynamic Range: High
Input noise: Low (<1 μV peak-to-peak).
Data transfer: Via optic fiber/carbon cable.
Amplifier system: Faraday shielded (if within the MRI scanner room).

[36]. Hence, careful consideration is required in the design of MR-compatible EEG
systems to meet the required safety standards.

5.2 EEG Hardware

The interaction between the EEG hardware , the MRI environment, and patients can
be minimized by careful consideration of the components used in EEG, printed
circuit board (PCB) designs, the choice of integrated circuits, and the methods
used for data transfer and acquisition [6, 37, 38]. Two designs have been used
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extensively for acquiring EEG inside an MRI scanner. The first design places all
active electronic components (e.g., amplifier and any other electronics) outside the
MRI scanner [2]. The EEG electrode leads are connected to the local amplifier via a
long carbon cable. The electrodes are silver-chloride-plated plastic cups. This design
minimizes artifacts on the MR images, as the active electronics of the amplifier are
outside the scanner. RF-induced current loops in the lead wires are also minimized
by twisting dual leads [2]. A number of variations of this system, proposed by
Goldman et al. [2], have been made, including the use of high-current-limiting
resistors and gold electrodes [39] and having the electrode leads connected to an
amplifier located outside the MRI scanner room via a long carbon fiber cable passed
through a waveguide [40]. The EEG systems based on long carbon cables have been
used to successfully record EEG inside a 3 T MRI scanner in studies of microsleeps
[5, 14, 41, 42].

The second design places the EEG amplifier inside the MRI room [6, 10]. In
this design, the amplifier/digitizer is shielded and placed close to the head coil. The
amplifier is usually battery-powered, which reduces interactions with the magnetic
field, minimizes imaging artifacts, and increases patient safety. To attenuate the large
high-frequency gradient artifacts induced in EEG during the acquisition of the MR
signal, a differential amplifier coupled to a low-pass resistor-capacitor (RC) filter
(e.g., 250 Hz) is also commonly used. The digitized EEG signal is transferred to the
acquisition system outside the MRI scanner via an optical fiber. In this design, EEG
signal loss is minimized by placing the amplifier closer to the cap. Furthermore,
the amplifier is made up of non-magnetic material which can be placed inside the
scanner bore.

6 EEG + fMRI Data Acquisition Protocol

6.1 EEG Hardware Setup

The methodological considerations provided below can help improve the workflow
for EEG + fMRI studies.

1. Most of the EEG hardware should be set up in the control room, although some
systems also allow EEG amplifiers to be placed closer to the participant’s head
(i.e., at the end of the MR bore).

2. The MRI scanner needs to send slice/volume triggers (e.g., transistor-transistor
logic (TTL) pulses) for detection by the EEG system. The TTL pulses are
necessary to synchronize MRI slice acquisition with EEG recordings, so that
onset of gradient artifacts can be located easily on the EEG data. If the triggers
are too short, external hardware may be necessary to extend the trigger pulses.

3. Similarly, the EEG system needs to be connected to a stimulus computer to
receive triggers for stimulus presentation.

4. Any other peripheral devices can also be synchronized to the EEG system via
additional triggers.
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5. The choice of sampling rate to acquire the EEG data is also critical. A sampling
rate of at least 5000 Hz or more should capture the dynamic range associated
with gradient artifacts so that adaptive subtraction approaches could be used to
remove the artifacts during pre-processing steps.

6. The EEG recording can be AC- or DC-coupled, depending upon the requirement
of the study.

7. Furthermore, EEG electrodes can be configured according to referential or
bipolar configurations. A bipolar configuration was the first method of choice in
the early EEG + fMRI setups. In this setup, a twisted bipolar configuration was
used to substantially reduce the gradient noise [2, 11]. For bipolar configuration,
the reference electrode for each electrode is the neighboring electrode. In
contrast, for referential configuration, a neutral electrode is placed on the mastoid
behind the earlobe or at central electrodes.

6.2 Participants Preparation

1. A proper standard operating procedure, informed consent, and regular checking
are necessary to ensure that participants are comfortable inside the MRI scanner.

2. Participants should be screened for MR safety, especially for the presence of
metallic implants, prior to being recruited for the study.

3. They should be asked to clean their hair with shampoo (without conditioner)
and to not apply any other hair product. Application of conditioner and other
hair products may form a nonconductive barrier between the scalp surface and
electrodes.

4. The EEG electrode caps must be chosen according to the head size of the
participant. Electrolyte gel is placed inside each electrode to ensure conductive
contact with the scalp.

5. Electrodes to measure electroencephalography (ECG) or electrooculography
(EOG) should also be placed using the conductive gel. Electrode impedances
should be as low as possible (<10 k�) to ensure good quality signal. It is
important to not use an excessive amount of gel, as this can cause bridging
between electrodes.

6. Visual data checking is important to ensure the quality of EEG data. This should
first be done outside the scanner. A simple eyes-open/eyes-closed protocol can
reveal alpha waves during the eye-closures in the posterior electrodes (e.g., Oz,
O1, O2).

6.3 Acquisition Methods

There are two types of acquisitions commonly used in research studies: interleaved
and continuous [7, 9, 10, 43–46].
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6.3.1 Interleaved Acquisition
The interleaved acquisition is used when the experimental protocol requires epochs
of EEG data without gradient artifacts or when the experimental protocol requires
brief intermittent periods free of MRI audio noise (e.g., during auditory experi-
ments). In an interleaved acquisition, fMRI images are acquired in an interleaved
manner, whereas the EEG is acquired continuously. Interleaved acquisition has
periods of MRI silence, which can be used as a window to present auditory stimuli
[45, 47, 48]. In a typical interleaved acquisition, stimuli are presented first and
a window of clean EEG without gradient artifacts is acquired immediately after
stimuli presentation [44, 48]. The portions of EEG during which fMRI is not
acquired will still have artifacts related to arterial pulsation (ballistocardiogram
(BCG)), which should be removed using artifact rejection techniques. An important
limitation of this techniques is that stimuli need to be presented with a relatively
long (>10 s) inter-stimulus interval, which can substantially increase the total scan
time.

6.3.2 Continuous Acquisition
Continuous acquisition of EEG and fMRI is the method of choice for most
clinical simultaneous fMRI-EEG studies (e.g., in epilepsy) and for research in
cognitive neurosciences. In continuous acquisition, EEG and fMRI are acquired
simultaneously. This is important to interrogate event-related studies and studies
employing continuous tasks [5, 14, 49, 50], which require that neuronal activity is
sampled continuously over time. An additional advantage of continuous acquisition
is its ability to capture unpredictable events. For example, in clinical studies such
as investigations of the epileptic activity or sleep stages, the events of interest
are unpredictable. Hence, fMRI and EEG are acquired continuously and events
of interest in EEG are identified post-hoc [14, 51, 52]. A limitation of continuous
acquisition is that large gradient artifacts inundate the EEG signal of interest. Hence,
to avoid saturation during fMRI acquisition, it is important to have EEG amplifiers
with a large dynamic range. Novel algorithms have been developed to remove both
gradient and BCG artifacts from EEG data [53], which is discussed in the following
sections.

6.4 Artifact Removal Techniques

6.4.1 Gradient Artifact
MRI scanners use time-varying magnetic fields generated by gradient and RF coils
to encode spatial information from the MR signal and create an image [1–3, 10,
45]. Hence, when EEG hardware (electrodes, wires, and an amplification system)
is placed inside an MRI scanner, the time-varying electromagnetic fields generate
spurious voltage signals (gradient artifacts) within the conductive loops formed by
the subject’s head and the EEG hardware. The gradient artifacts are very large
(>100 times) in amplitude compared to the neurophysiological EEG signal. There
are several approaches to reduce gradient artifacts. These methods can broadly be
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grouped into: (1) subtraction-based denoising, (2) blind-noise separation, and (3)
hardware-based techniques.

Subtraction-Based Denoising
This method , proposed by Allen et al. [54], calculates an average imaging artifact
template from a fixed number of samples, which is then subtracted from the EEG
signal for each sample. The subtraction method involves the following steps [11, 39,
54, 55]:

1. The low-frequency fluctuations are removed from the EEG data (using a high
pass filter at 1 Hz).

2. An average template of gradient artifacts is created by averaging artifactual
signals across multiple slices or volumes.

3. The artifact template is subtracted from the signal to remove the large gradient
artifacts.

4. The residual noise is removed by using adaptive noise cancelation techniques.

A prerequisite for the adaptive artifact subtraction (AAS) approach to work
correctly is that the artifact template must be accurately computed. To create an
accurate artifact template, it is important that synchronization between the EEG and
fMRI acquisitions is precise [56, 57]. Any temporal jitters in synchronization will
make the method unusable. The templates can be created by using either imaging
slices or volumes. The time periods during which fMRI scans occur, based on the
trigger observed on EEG data, are used for creating the template. The best results
can be obtained by combining both slice- and volume-based approaches [58, 59].
Hence, it is important that slice triggers for each imaging slice are sent to the EEG
system.

The second important consideration for subtraction-based removal is the residual
noise after the first-pass removal. Since average template subtraction is a linear
method, any nonlinear and stochastic noise will persist in the EEG data. To
remove this residual noise, an eigenvalue-decomposition-based approach has been
developed [56]. The method involves principal component analysis (PCA) based
decomposition of the residual signal. The components which explain the most
variance related to the residual noise can then be regressed out using an adaptive
noise cancelation (ANC) filter [56]. An alternative approach is to apply PCA directly
on the EEG data and separate noise components from signal [55]. However, this
approach also requires an ANC filter to remove the residual noise. A third approach
uses iterative subtraction in which the amplitude of gradient templates are optimally
adjusted by linear regression [60].

To capture and remove motion-related variance in artifact templates, methods
based on weighting, clustering, and regression have been proposed [57, 61, 62].
The artifact templates can be adapted to motion-related noise by weighting each
occurrence based on its temporal or spectral similarity [57, 61]. Furthermore,
clustering-based approaches can cluster the artifacts based on a similarity measure
between the artifact template calculated for each cluster. Other approaches, based
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Fig. 3 High-level overview of the pipeline used for removing gradient (GA) and ballistocardio-
gram (BCG) artifacts from EEG data

on head-motion estimation from fMRI time-series, have also been proposed and
applied [63].

Blind-Source Separation of Gradient Artifact
Blind-source separation techniques, such as independent component analysis (ICA),
have been used to successfully extract noise contaminations from EEG data [6, 40,
43, 64, 65].

ICA seeks to separate N mutually statistically independent source signals from
M linearly combined source signals [66]. ICA can be applied on raw EEG data
to separate EEG into signal and noise sources [41]. Noise components can then
be removed from signal by component regression [65]. Automated techniques,
which use supervised learning to identify artifacts-related signal by identifying
independent components (ICs) similar to the artifact template, may also be useful in
the identification of imaging artifacts in EEG recording from inside an MRI scanner
[67, 68] (Fig. 3).

Hardware-Based Approaches
Hardware-based approaches use an additional hardware component to capture,
characterize, and remove gradient artifacts from EEG data [58, 69–71]. In one
technique, a separate layer of EEG electrodes is placed on the top as a reference
layer [69]. The electrodes below the reference layer are attached to the scalp via
electrode gel [69]. These electrodes record brain signals along with gradient and
motion artifacts, whereas the electrodes in the reference layer are isolated from
the scalp and only record MRI artifacts [69]. The artifact-free EEG signal is then
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Fig. 4 Configuration of carbon-wire loop [71] developed for hardware-based removal of MR
artifacts. (Adapted from [71])

estimated by removing the artifact signal (recorded via the new reference electrodes)
from the cumulative EEG and artifact signal (recorded via the scalp electrode).

In another approach called the “carbon-wire loops” approach, four carbon-wire
loops are stitched on the outer surface of the EEG cap together with two carbon-
wire loops that are placed on the cables from the EEG cap to the EEG amplifier [71,
72] (Fig. 4). The four carbon wires have an internal resistance of 160 �/m and are
placed on the left-frontal, left-posterior, right-frontal, and right-posterior locations
[71]. The noise signals recorded by these carbon wires are then regressed out from
the brain signal recorded by the EEG cap. This method has been shown to be suitable
for removing any movement-related artifacts, as well as pulse, and gradient artifacts
[71].

6.4.2 Ballistocardiogram (BCG) Artifacts
Ballistocardiogram (BCG) artifacts are difficult to remove dynamic artifacts on EEG
generated due to (1) spurious voltages on the scalp electrodes when pulsatile motion
expands or contracts the scalp in the strong magnetic field of the MRI scanner [73],
(2) small head movements due to bulk movement of arterial blood [44], and (3) the
Hall effect due to pulsatile motion of conductive blood. Even a small motion of EEG
electrodes due to pulsatile motion can translate into an electric signal which can be
several times larger than the EEG signal of interest. BCG artifacts are difficult to
completely remove from EEG data due to their non-stationary nature [69, 70, 74]
because of the temporal variability of the cardiac pulse.

Adaptive Subtraction of BCG Artifacts
BCG artifacts can be removed by using adaptive noise cancelation techniques [39,
54, 56]. Due to the periodic nature of BCG artifacts that are time-locked to the
cardiac cycle, an adaptative average subtraction technique can be applied as follows:

1. The onsets of cardiac cycles are detected by QRS detection techniques. The QRS
complex is the combination of three waves observed within electrocardiograph
traces. A separate ECG recording is necessary for this purpose.

2. An artifact template is formed by averaging across multiple cardiac cycles.
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3. Temporal principal components are calculated for all time-locked occurrences of
the artifact using singular value decomposition. This generates an optimal basis
set (OBS), comprising principal components that explain the BCG variance over
time [56].

4. The OBS is then regressed out from each occurrence of BCG artifacts.

Blind-Source Separation of BCG Artifacts
BCG artifacts can also be removed by using blind-source separation techniques
based on ICA [40, 75]. ICA unmixes EEG data into source components, some
of which will be noise and others which will be the brain signal of interest.
Due to ICA’s ability to identify noise sources, the noise sources can simply be
regressed out in the time-domain from raw EEG data, resulting in cleaner EEG
signals. Several other approaches have been used for ICA-based removal of BCG
artifacts, including: (1) temporal ICA and (2) hybrid AAS + ICA methods [7, 65].
In the temporal ICA approach, the ICA algorithm is applied on continuous EEG
data, resulting in component time-courses corresponding to noise and the brain
signal [40]. In this approach, noise components must be identified accurately to be
able to remove them effectively. However, objective and validated identification of
BCG components is difficult and remains a major challenge. To identify the noise
components, methods based on correlation with ECG signals are often used [40].
Other more advanced methods which detect auto-correlation in each IC for peaks
associated with the cardiac cycle or use spectral analysis of components have also
been proposed and used [7, 40, 73].

Hybrid AAS + ICA approaches make use of advantages associated with both
AAS- and ICA-based methods [73, 76]. This approach first computes optimal basis
sets from artifact templates generated from cardiac-cycle-locked EEG data. Most
of the BCG artifacts are removed using this approach. ICA is then used to remove
residual BCG artifacts [75].

Hardware-Based Approaches
Hardware-based approaches can also be used to remove BCG artifacts from the EEG
data [58, 69, 72, 77]. This approach uses an extra sensor to monitor cardiac-pulse-
related motion and head movements during concurrent EEG-fMRI acquisitions.
Carbon-wire loops have also been proposed to record and remove BCG artifacts
from EEG data [71, 72]. Motion and BCG artifacts can also be recorded by simply
insulating a few electrodes in the EEG cap and measuring the signal on these
electrodes with respect to the reference electrode. These artifact signals are then
regressed out of the EEG data. The BCG signal can also be estimated from a layer
of electrodes added to a standard EEG cap.
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7 Analysis of Simultaneously Recorded fMRI and EEG Data

Methods for analyzing simultaneous fMRI-EEG can be divided into model-driven
and data-driven techniques [7, 78] (Fig. 5). Model-driven techniques aim to fit
EEG-derived brain signals to fMRI data (EEG-informed fMRI) or, conversely,
fMRI-derived brain signals to EEG data (fMRI-informed EEG), thus improving
the spatiotemporal resolution with which neural processes can be interrogated [7].
In contrast, data-driven techniques aim to integrate fMRI and EEG data with a
minimum of prior assumptions regarding underlying neural activity [79, 80].

7.1 Model-Driven Techniques

Model-driven techniques use linear or nonlinear models to combine temporal,
spectral, or spatiotemporal activity inherent in EEG and fMRI. This approach
has been used to investigate fMRI correlates of both oscillatory and event-related
neuronal activity in EEG data, at the individual-subject level [4, 5, 10, 11, 14, 33,

Fig. 5 A high-level overview of the process used in the analyses of simultaneous fMRI and EEG
data. Raw EEG data is processed to identify events of interest. The events are convolved with a
typical hemodynamic response and fitted to the fMRI data
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62, 81–83]. To investigate spatial fMRI correlates of oscillatory EEG activity in
a specific frequency band (e.g., 7–13 Hz alpha), the activity is identified visually
(using subjective knowledge), or using time-frequency analysis and labeled as
events of interests [5, 9]. Moving window time-series of EEG power in a specific
frequency band can be used as a regressor in a general linear model (GLM) analysis
where fMRI time-series is an outcome variable and EEG power is a predictor. In
an event-related design, distinct features of the EEG can be used, such as EEG
coherence, frequency-specific EEG power, and ERP amplitude or latencies [84,
85]. These features are then used in an event-related or epoch model to model the
transient/phasic effect of neural activity on fMRI. The design is then convolved with
the hemodynamic response function to model the temporal fluctuations in fMRI
associated with EEG changes. The basic assumption underlying this approach is
that the temporal fluctuations in EEG features covary with fluctuations in fMRI.

7.2 Data-Driven Techniques

Data-driven techniques can fuse fMRI and EEG data to provide a high-resolution
map of brain function [86, 87]. These approaches rely on a minimum of neuro-
physiological assumptions regarding neurovascular coupling and neural signal flow
in the brain. Data-driven techniques can be used to analyze fMRI data without a
prior model. This is particularly important in some behavior-driven experiments,
such as resting state, in which there is no explicit model for the data. However, the
usefulness of data-driven techniques is limited by the fact that EEG signal is largely
cortical in nature. The most commonly used data-driven techniques are independent
component analysis (ICA) and clustering.

Fusion Using Independent Component Analysis ICA is used in fMRI to identify
spatially and/or temporally independent structures in the data [88]. Most applica-
tions of ICA to fMRI seek components that are maximally independent spatially.
ICA assumes that the observed signal is a linear combination of independent sources
and uses higher-order statistics to identify them. Joint ICA has been used to extract
spatiotemporal patterns of BOLD signals related to motor sequence learning [89],
object recognition [90], and the resting-state network [91]. For example, a joint ICA-
based approach developed to fuse multimodal EEG and fMRI data [86, 87] can
combine single-trial EEG and fMRI without prior information of ERP amplitude
or phase. In this approach, single-trial EEG responses and fMRI responses can be
merged into a single matrix and subjected to a joint spatiotemporal decomposition
[87]. Another approach applies ICA sources to fuse EEG + fMRI data [92].
This method also combines the constrained and lag-based signal decomposition
approaches to demonstrate variable lag structures between electrophysiological and
BOLD signals [92].
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8 Experimental Techniques for Simultaneous fMRI and EEG

Simultaneous fMRI-EEG has been used extensively as a tool to answer questions
related to brain function, with exponential growth in its use in recent years [3, 14, 43,
58, 83]. Most of these studies used highly controlled experimental manipulations,
comparing fMRI and/or EEG activity during controlled stimuli presentations. How-
ever, the need to study the brain without any experimental input (e.g., spontaneous
behavior) is also been well recognized. Consequently, simultaneous fMRI-EEG
studies of sleep and other real-world phenomena have emerged over recent years [5,
9, 34, 51, 52, 93–95]. The following provides an overview of various experimental
approaches to the study of the human brain using EEG + fMRI (Fig. 6).

8.1 Controlled Experiments

Controlled experiments are conducted by presenting carefully-timed experimental
stimuli of pre-defined duration during simultaneous fMRI-EEG studies. The type
of stimuli and experimental conditions depend on the research questions being
investigated, with experiments requiring at least two types of conditions: baseline
and task conditions. This is required because the fMRI BOLD signal is not an abso-
lute measure of neuronal activity. Hence, all studies must incorporate the ability to
statistically contrast the neuronal activity of interest with a suitable background (i.e.,
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baseline) condition [96]. Most simultaneous fMRI-EEG use event-related designs,
in which experimental conditions are presented as short-duration events in arbitrary
sequences eliminating potential confounds, such as habituation, anticipation, set, or
other strategy effects [97]. It is assumed that each event generates neuronal activity
resulting in a transient BOLD and EEG response. By comparing the simultaneous
fMRI-EEG activity between different types of events, research questions on changes
in neural activity as a function of independent variables can be answered. Event-
related designs also allow for analyses of individual responses to trials, providing
the means to identify neural correlates of behavioral responses, such as errors in
reaction time paradigms [98, 99].

Experiments in which stimuli of the same type are presented in blocks are known
as blocked-design studies. This model assumes that steady-state neuronal activity
and hemodynamics are attained within each block [100]. Mixed designs combine
elements of both event-related and block-design approaches [13, 101]. Similar to
block design, there are control blocks and task blocks. But, in contrast to block
design, in each task block trials are presented with different intervals between
them, as in event-related designs. This method allows estimation of the temporal
profile of activity related to each trial along with the estimation of sustained activity
throughout a task block.

8.2 Behavior-Driven Experiments

In behavior-driven experiments , the simultaneous fMRI-EEG is used to investigate
variations in spontaneous behavior. A simple behavior-driven experiment is a
resting-state experiment in which subjects lie inside an MRI scanner doing nothing
other than static visual fixation, and the EEG and BOLD fMRI activity related to
the resting behavior is measured [102]. From this viewpoint, spontaneous activity
in the resting state can reveal the functional organization of the brain.

The second type of behavior-driven fMRI studies are those that investigate the
BOLD and EEG signal associated with spontaneous fluctuations in physiological
activity. Generally, these studies record physiological activities such as galvanic skin
response, EEG, and ECG during fMRI scanning, in which changes are identified
post-hoc and correlated with the BOLD response [9, 10, 93, 103].

Despite the growth of behavior-driven studies, each new behavior-driven study
poses a new challenge, because the lack of discrete stimuli means that standard
experimental designs and analyses cannot be used. Moreover, “dynamic, continuous
stimuli can evoke both transient and sustained responses within the same brain
region or in different brain regions simultaneously, making data interpretation
difficult” [104]. The unconstrained nature of eye movements, multiple features in
any given scene, and the lack of a specific task can give rise to ambiguity about
what subjects were attending to or thinking about during the experience [104]. Thus,
it is important to record as many behavioral and physiological characteristics such
as eye-movement, eye-video, skin conductance, ECG, and EEG during behavior-
driven experiments so that any variability in BOLD signal fluctuations due to these
factors can be accounted for.
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9 Conclusions

Simultaneous fMRI-EEG is a state-of-the-art brain imaging technique which can be
used to better understand the spatiotemporal dynamics of human brain activity. This
modality provides an ability to investigate the functioning of the brain networks
and can provide information on the sources of electrical activity in the brain
with a high temporal and spatial resolution. However, several technical challenges
should be taken into account before planning for simultaneous fMRI-EEG studies.
Choice of pre-processing strategy depends upon the type of hardware and amount
of noise in the data. However, the field still lacks an optimal integrated and
standardized analysis plan that is reliable and replicable across studies. Studies are
needed to standardize the data acquisition, pre-processing, and analysis pipelines
for EEG + fMRI studies.

This notwithstanding, the field of cognitive neuroscience has benefited
immensely from the availability of this technique.
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