
Supplementary Material

1 GRADIENT ARTEFACT REMOVAL METHODS

Table S1: Methods for Reducing Gradient Artefact (GA) in
Simultaneous EEG-fMRI Recordings, Literature 1998-2018.

Method Description Literature

Avoiding GA

Stepping stone
sampling (SSS)

Novel fMRI sequence, where EEG is sampled between
slices of fMRI, thus avoiding GA. Requires accurate
synchronisation of MR and EEG clocks.

Anami et al. (2003)

MR-Link Device Wireless amplifier that reduces the effect of
electromagnetic interference during recording.
Currently only tested in animal MRI.

Mandal et al. (2019)

Reducing GA

Short cable length Reducing the overall length of the cables reduces
induced voltage from GA reaching EEG amplifiers,
due to reduction in size of loops of EEG cables in the
magnetic field.

Chowdhury et al.
(2015)
Assecondi et al.
(2016) *

Twisted EEG
cables (cap)

Twisting cables from opposite sides of the EEG cap
together reduces GA, due to reduction in cable loop
size and noise caused by gradient and radiofrequency
(RF) pulses during fMRI.

Allen et al. (1998)
Goldman et al. (2000)

Twisted leads (cap
to amplifier)

Twisted leads outperform flat ribbon leads when
connecting EEG cap to the amplifier inside the MR
environment, due to reduction in loop size in the
magnetic field.

Chowdhury et al.
(2015)
Jorge et al. (2015a)

Cable position on
EEG cap

Positioning the cable bundle at Cz electrode when
leaving the EEG cap, could reduce GA effects over the
temple region; although this has not been conclusively
validated in human subjects.

Mullinger et al.
(2014)

Novel EEG cap High density (256 channels) EEG cap (Inknet) showed
reduced GA on 3T fMRI images, compared with similar
high-density copper wire EEG cap.

Poulsen et al. (2017)
**

Re-wiring EEG
cables

Altering the configuration of EEG leads to reduce
scanner specific GA contamination.

Chowdhury et al.
(2019)

*4T study , **7T study
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Table S1: Methods for Reducing Gradient Artefact (GA) in
Simultaneous EEG-fMRI Recordings, Literature 1998-2018.

Method Description Literature

Clock Synchronisation

Synchronisation
of EEG and MRI
clocks

Synchronisation of EEG and MRI clocks using
specialised hardware, helps with reducing residual
GA during post processing of EEG recordings, when
template subtraction methods are used.

Anami et al. (2003)
Mandelkow et al.
(2006)
Mullinger et al.
(2008a)
Gebhardt et al. (2008)

EPI fMRI
sequence

Echo-planar imaging (EPI) fMRI sequence produces
less GA on EEG than spiral fMRI sequence. GA from
both sequences can be mitigated by appropriate AAS
and clock synchronisation.

Solana et al. (2014)

Post processing
synchronisation

Use of:
(a) interpolation ,
(b) time continuous cubic spline model,
(c) interpolation and auto-correlation , and
(d) least across squared variance
methods for correcting for datasets where EEG and MR
clocks are not synchronised.

(a) Goncalves et al.
(2007a,b)
(b) Koskinen and
Vartiainen (2009)
(c) Mandelkow et al.
(2010)
(d) Tan et al. (2017)

Post-Processing: Template Methods

Average Artefact
Subtraction
(AAS)

Segmentation of EEG data into epochs based on MR
image acquisition trigger. An average template is
created for each of the epochs and interpolation is used
to remove this artefact template from the EEG.

Allen et al. (2000)

“Real time”
(online) AAS

Adapted AAS algorithm to calculate imaging artefact
in close to real time, to allow for reading EEG during
fMRI scan and immediate feedback.

Garreffa et al. (2003);
Gualniera et al. (2004)

Additional
information for
AAS

(a) Inclusion of head displacement parameters from
analysis of fMRI images to improve the estimation of
GA template.
(b) External sensors used to estimate motion and use in
calculation of GA template.

(a) Moosmann et al.
(2009)
Sun et al. (2009)
(b) Zhang et al. (2019)
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Table S1: Methods for Reducing Gradient Artefact (GA) in
Simultaneous EEG-fMRI Recordings, Literature 1998-2018.

Method Description Literature

AAS extensions Additional steps added to AAS for GA removal:
(a,b) Addition of adaptive filter to minimise residual
GA after AAS
(c) Weighting artefact templates based on proximity
(d) Amplitude of each template subtraction adjusted by
linear regression
(f) Cross correlation used to phase shift each template
to optimally fit each epoch
(g) Pre-process EEG with non-linear filter and signal
slope adaptation (SSD) prior to AAS

(a) Allen et al. (2000)
(adaptive noise
cancellation)
(b) Wan et al. (2006a)
(c) Freyer et al.
(2009)
(e) Sartori et al.
(2010)
(f) Huang et al. (2012)
(g) Ferreira et al.
(2014)

Basis Set of
Templates

A set of artefact templates based on cubic spline
interpolation. Each epoch’s artefact is defined as a
combination of templates from the set.

LeVan et al. (2016)

Hierarchical
clustering

Many templates are created based on data from the
whole recording. Epochs are grouped into similar
clusters, and templates are applied to clusters rather
than using a sliding window.

de Munck et al. (2013)

Post-Processing: Blind Source Separation Methods

Independent
Component
Analysis (ICA)

Separates the signal into Independent Components (IC),
based on ICs being as non-Gaussian as possible.

Ryali et al. (2009)

Independent
Vector Analysis
(IVA)

ICA using multiple datasets, with each EEG channel
considered a separate dataset.

Acharjee et al. (2014,
2015)

Principle
Component
Analysis (PCA)

Reduces dimensionality by maximising variation in the
data set. Results in a set of Principal Components (PC),
with the first PC explaining most of the variability in
the data set. PCs estimated to be related to GA are
removed.

Negishi et al. (2004)

Optimal Basis Set
(OBS) / FASTR.

After template subtraction, PCA is used to determine
an OBS. The PCs from the OBS that relate to artefact
are removed.

Niazy et al. (2005)

Single Value
Decomposition
(SVD)

One form of PCA. SVD decomposes a mixed matrix
into orthonormal matrices, which can be ordered by
variance.

Liu et al. (2012)
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Table S1: Methods for Reducing Gradient Artefact (GA) in
Simultaneous EEG-fMRI Recordings, Literature 1998-2018.

Method Description Literature

Canonical
Correlation
Analysis (CCA)

Maximising temporal correlation across the data set,
obtaining components which are uncorrelated and
represent artefact.

Li et al. (2017)

Blind Source
Extraction (BSE)

BSS technique, with aim to separate one source of
interest, therefore limiting number of sources to be
found.

Jing and Sanei (2006)

Post-Processing: Other Methods

Frequency
filtering

(a) Removing artefact from EEG based on its frequency
components
(b) Real time filtering using the Fast Fourier Transform
(c) Taylor-Fourier Transform: An extension of the
Fourier Transform that takes into account more
frequencies, is applied to GA at each individual TR

(a) Hoffmann et al.
(2000)
(b) Shaw (2017)
(c) Frigo and
Narduzzi (2014)

Dictionary
Learning

Mixed over complete Dictionary (MOD), containing
wavelets and discrete cosine functions, sparsely
represents the EEG and GA. Matching pursuit
algorithm (MP) separates EEG and GA signals from
the dictionary.

Xu et al. (2005)

2 BCG ARTEFACT REMOVAL METHODS

Table S2: Methods for Reducing Ballistocardiogram Artefact in
Simultaneous EEG-fMRI Recordings, Literature 1998-2018.

Method Description Literature

Avoiding BCG

ECG triggered
stimulus delivery

Use of ECG channel to estimate BCG artefact peaks
that will be seen in EEG. Deliver task (stimulus) during
times of low BCG artefact to reduce its impact on EEG
signal.

Ertl et al. (2010)

Monitoring Physiological Signals

ECG electrodes An additional electrode placed on the back or chest
measures echocardiogram (ECG) signals, which are
collected for the purpose of estimating BCG.

Allen et al. (1998)
Goldman et al. (2000)
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Table S2: Methods for Reducing Ballistocardiogram Artefact in
Simultaneous EEG-fMRI Recordings, Literature 1998-2018.

Method Description Literature

Scanner
equipment

Scanner inbuilt photoplesythmography (PPG) and
respiration band is used to measure the heart rate and
breathing rate of the subject, with data used for later
estimation of BCG artefact.

Mullinger et al.
(2008a)

Direct Artefact Recording: EEG Cap Alterations

Multi lead EEG A custom multi-lead EEG cap oversamples the EEG,
artefact is removed during post-processing based on
spatial voltage differences.

Dyrholm et al. (2009)

Dual array EEG Modified commercial brain cap, by moving some
electrode positions, to produce orthogonal loops that
detect head motion. ICA used post-recording to remove
motion artefact.

Klovatch-Podlipsky
et al. (2016)

Conductive gel
bridge sensor

Using the dual array EEG layout (above), but applying
the conductive gel between electrodes to form an
artificial bridge. Affected electrodes used as a motion
sensor.

Cohen et al. (2019)

Isolation of
electrodes

Use of plastic layer (ie. plastic tape, shower cap) for
isolating a subset of electrodes from a high density (256
channel) cap. Isolated electrodes are used to provide an
estimate of motion artefact.

Xia et al. (2013a,b,
2014a,b)
Jorge et al. (2015b) **

Artefact reference
layer

Use of an additional “reference” layer of electrodes
which are isolated from the scalp, either placed:
(a) on top of
(b) or underneath the EEG cap
(c) or between EEG electrodes
The reference layer records general artefact occurring at
EEG electrodes, including motion artefact, which can
be removed directly from EEG during post-processing.

(a) Chowdhury et al.
(2014),
Chowdhury et al.
(2019)
(b) Luo et al. (2014)
(c)Steyrl et al. (2015,
2017, 2018)

Direct Artefact Recording: Additional Sensors

Piezoelectric
sensor

Piezoelectric sensor attached to subject’s temple
measures motion, filtered from EEG with adaptive
noise cancellation.

Bonmassar et al.
(2002)
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Table S2: Methods for Reducing Ballistocardiogram Artefact in
Simultaneous EEG-fMRI Recordings, Literature 1998-2018.

Method Description Literature

Facial electrodes Use of high-density EEG and facial and temporal
electrodes to determine BCG artefact due to small head
motion. Difference between right and left side of non-
neuronal electrodes showed better result for removing
BCG than recording ECG.

Iannotti et al. (2015)

Wire loops Large (∼10cm) copper or carbon wire loops attached
to the outside of the EEG cap or sewn to the cap.
Regression algorithm used during post-processing to
reduce motion and ballistocardiogram artefacts from
EEG.

Masterton et al.
(2007); Abbott et al.
(2014)
van der Meer et al.
(2016a,b)

Post-Processing: Template Methods

Average Artefact
Subtraction
(AAS)

Similar to AAS for GA (described above), with the
exception that the segmentation of EEG data into
epochs is based on R peaks of the QRS complex seen
on ECG recordings, rather than MR triggers.

Allen et al. (1998)

AAS extensions Additional steps added to AAS for BCG removal:
(a) Template scaled by exponentially updated weights,
giving more weight to temporally close epoch templates
(b) After AAS, residual noise reduction by wavelet
decomposition and RLS adaptive filtering
(c) Dynamic time warping. Correcting for slight
temporal shifts in BCG by linearly warping the data to
the template

(a) Goldman et al.
(2000)
(b) Kim et al. (2004)
(c) Kustra et al. (2008)

BCG template
optimisation for
AAS

Algorithms to enhance the detection of cardiac R peaks,
or BCG artefact template, used with AAS.

Ellingson et al. (2002,
2004)
Oh et al. (2007, 2014)
Wen et al. (2016),
Wong et al. (2018)

Basis Set of
Templates

A Fourier set of BCG templates, derived from the whole
data set. BCG at each epoch is defined as a combination
of templates from the set.

Vincent et al. (2007)

Hierarchical
clustering

See previous section: Gradient Artefact. de Munck et al. (2013)

Post-Processing: Blind Source Separation Methods
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Table S2: Methods for Reducing Ballistocardiogram Artefact in
Simultaneous EEG-fMRI Recordings, Literature 1998-2018.

Method Description Literature

Independent
Component
Analysis (ICA)

See previous section: Gradient Artefact. Bénar et al. (2003)

IC classification Methods for classifying IC as neuronal activity or BCG
artefact:
(a) Clustering ICs based on multiple ICA runs
(b) ICs sorted by minimum spectral difference to
measured ECG
(c) Discrete Hermite Transform
Mutual Information algorithm:
- (d) with single value decomposition (SVD)
- (e) with a threshold criteria
(f) Correlation to ECG (maximum squared coherence)
(g) K means clustering (PROJIC) with additional OBS
or AAS on BCG ICs
(h) Clustering ICs and removal based on spatial maps

(a) Briselli et al.
(2006)
(b) Koskinen and
Vartiainen (2008)
(c) Ferdowsi et al.
(2012a)
(d) Liu et al. (2012)
(f) Silva de Souza
et al. (2013)
(e) Abbasi et al.
(2015)
(g) Abreu et al. (2016)
**
(h) Piorecky et al.
(2019)

Constrained ICA
(cICA)

Converges IC to some prior estimation of noise, rather
than being statistically independent.

Extension:
(a) Clustering of ICs from cICA for BCG classification

Rasheed et al. (2006,
2009)
Leclercq et al. (2009)
(a) Wang et al. (2018)

Principal
Component
Analysis (PCA)

See previous section: Gradient Artefact.

Extensions:
(a) Maximum Noise Fraction. Noise whitening with
PCA
(b) Empirical Mode Decomposition (EMD) with PCA

Bénar et al. (2003)
(a) Sun et al. (2009)
(b) Javed et al.
(2014a,b, 2015, 2017)

Optimal Basis Set
(OBS) / FASTR.

See previous section: Gradient Artefact.

Extensions:
(a) Real time filtering
(b) Using prior information

Niazy et al. (2005)
(a) Wu et al. (2016)
(b) Marino et al.
(2018)

Canonical
Correlation
Analysis (CCA)

See previous section: Gradient Artefact Assecondi et al. (2008,
2009)
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Table S2: Methods for Reducing Ballistocardiogram Artefact in
Simultaneous EEG-fMRI Recordings, Literature 1998-2018.

Method Description Literature

Blind Source
Extraction (BSE)

See previous section: Gradient Artefact Kosma et al. (2009)
Ferdowsi et al.
(2012b, 2013)

** study included 7T data

Post-Processing: Other Methods

Spatial Multiple Source Correction. Topography of BCG
recorded outside of the scanner used to cancel BCG
from inside the scanner.

Siniatchkin et al.
(2007)

Spectral Statistical methods are used to estimate the main
spectral properties of BCG.

Ghaderi et al. (2010)
Krishnaswamy et al.
(2013, 2016)

Wavelet Decomposition by a pre-defined wavelet function,
which may help separate artefact or activity.

Wan et al. (2006b)

Dictionary Mixed over complete dictionary sparsely models BCG
signal.

Abolghasemi and
Ferdowsi (2015)

Kalman Iterative filter, which predicts and updates weights
throughout.

In et al. (2006)
Sameni et al. (2008)

Morphological Use of Discrete Hermite Transform (DHT) to separate
artefact from activity based on the shape content of
each signal.

Mahadevan et al.
(2008a,b)

3 OTHER ARTEFACT REMOVAL METHODS

Table S3: Methods for Reducing Ballistocardiogram Artefact in
Simultaneous EEG-fMRI Recordings, Literature 1998-2018.

Method Description Literature

Reducing Head Motion

Head restraints Vacuum cushion (plastic bag filled with polystyrene
spheres, additional air removed by suction) successfully
used to reduce head motion and improve patient
comfort.

Bénar et al. (2003)
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Table S3: Methods for Reducing Ballistocardiogram Artefact in
Simultaneous EEG-fMRI Recordings, Literature 1998-2018.

Method Description Literature

EOG electrode Electrooculogram (EOG), an electrode placed on the
temple, is used to record eye blink movements, in
an eyes-open visual EEG-fMRI study. Recordings
from EOG electrodes can be used to remove eye blink
artefact during post processing.

Bonmassar et al.
(1999)

MR compatible
camera

MR compatible camera mounted to the head coil during
EEG-fMRI scan allows for post-recording exclusion of
EEG data due to motion.

Ruggieri et al. (2015)

Optical motion
tracking

Optical motion tracking system. Using Moiré Phase
Tracking (MPT) marker attached to base of forehead
and an MRI compatible camera, head motion can be
measured with 6 degrees of freedom. Linear regression
of the motion parameters reduces BCG and motion
artefact in the EEG recording.

LeVan et al. (2013,
2016)

Reducing Environmental Artefact

Restricting EEG
lead and amplifier
motion

Minimise EEG lead/amplifier motion:
- sand/rice bags
- cantilever beam

Kruggel et al. (2000)
Bénar et al. (2003)
Mullinger et al.
(2008b)

AAS See Part 1 - Gradient Artefact.
- Use of AAS for ventilation and helium cooling pump
noise.

Rothluebbers et al.
(2013)

PCA Recursive, Segmented PCA (rsPCA) for MRI helium
pump noise.

Kim et al. (2015)

Other Post-processing Methods

ICA See part 1- Gradient Artefact.
- Real time ICA, for non GA related artefact (BCG and
mixed)

Mayeli et al. (2015,
2016)

Functional Source
Separation

ICA constrained by an estimate of the noise, at the cost
function level of the algorithm.

Porcaro et al. (2010)

PCA See Part 1 - Gradient Artefact.
- (stepping stone acquisition, residual GA after AAS)

Freyer et al. (2009)
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Table S3: Methods for Reducing Ballistocardiogram Artefact in
Simultaneous EEG-fMRI Recordings, Literature 1998-2018.

Method Description Literature

Beamformer
spatial filter

Estimation of the topographical artefact across EEG
channels.

Brookes et al. (2008,
2009)**

** 7T study

4 EEG-FMRI SETUP IN CONTEMPORARY STUDIES

Table S4: EEG-fMRI Setup: Contemporary Studies (2016-2018)

Setup of EEG-fMRI No. of papers Percentage (%)

EEG channel number

- under 32 channels 75 31

- 32 31 13

- 33-63 57 23

- 64 49 20

- 65-100 5 2

- 128+ 17 7

- Unclear 2 1

- Not stated 5 2

- Multiple 3 1

Other channels

ECG 162 66

EOG 54 22

EMG 7 3

Physiological Monitoring

Total, any monitoring (may use multiple techniques) 28 11

- Respiratory band 24 10

- Pulse oximetry 18 7

- Scanner Vectorcardiogram 6 2

- Chest accelerometer 2 1

EEG / MRI clock synchronisation

Total using synchronisation 119 49
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Table S4: EEG-fMRI Setup: Contemporary Studies (2016-2018)

Setup of EEG-fMRI No. of papers Percentage (%)

- Brain Products SyncBox 54 22

- MR trigger timed (TTL) 9 4

- Other device 2 1

- Device not stated 54 22

Environmental Artefact

Total reporting on environmental variables 56 23

- Helium pump off 12 5

- Ventilation low / off 7 3

- EEG cables secure (e.g. sandbags) 16 7

- Other (e.g. lights off, amplifier configuration) 29 12

Motion Artefact

Total reporting on motion artefact 165 68

- ICA for removing residual artefacts, including motion
artefact

77 32

- Head cushioning / immobilisation 56 23

- Visual inspection of motion on EEG 41 17

- Data driven post-processing methods 15 6

- External calibration of eye blinks 5 2

- Camera / video system 10 4

- Other Hardware (modified EEG cap, motion loops) 11 5

- Sedation 5 2

5 ROLE OF EEG IN CONTEMPORARY EEG-FMRI STUDIES
For EEG-fMRI studies published between 2016 and 2018, the most common use of EEG data recorded
with fMRI was for detection of epileptic events (epilepsy spikes), as shown in figure S1. This result is
perhaps not surprising, given that the earliest iterations of EEG-fMRI during the 1990s used spike-triggered
scanning to help localise epileptic regions in patients Warach et al. (1996). However, just under 50% of
contemporary EEG-fMRI studies used EEG to measure either event related potentials (an EEG correlate of
a task based activity), or power bands (EEG magnitude in a particular frequency range). Another 13% of
studies used the EEG primarily for either sleep staging or determining spatial topology of an event in EEG.
Finally, studies included in the ‘other’ section (n=15) included measures such as EEG: phase Onojima et al.
(2017), microstates , speech envelopes Anwar et al. (2016), and measures of working memory Baenninger
et al. (2016), or connectivity Anwar et al. (2016); Wirsich et al. (2017). The results of this review show that
whilst simultaneous EEG-fMRI is still useful in studies involving epilepsy patients, its use has grown to
include research into the fMRI activity during many different types of EEG events.
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Figure S1. EEG measurements used during EEG-fMRI; papers published between January 2016 –
December 2019 (n=244). IED = interictal epileptic discharge; ERP = event related potential.
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