
Introduction	to	simultaneous	
EEG-fMRI

Laura	Lewis,	Martinos Center	Why	and	How,	March	2018



Outline

• Advantages	of	EEG-fMRI
• Disadvantages	of	EEG-fMRI	
• How	to	do	it
• Neuroscience	and	clinical	applications



High	temporal	and	spatial	resolution
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fMRI	resolution

Lewis	et	al.,	2016

Buxton	2009

HRF, with continuous and rapidly varying neural activity inducing
a sharper HRF and thereby leading to rapid fMRI responses.

Extending Detection of Oscillatory Activity up to 0.75 Hz. This model
also allowed us to extrapolate and generate predictions of the
fMRI response at even higher frequencies, predicting that
stimuli at 0.75 Hz would elicit a response 1.9% as large as the
response at 0.2 Hz (as opposed to 0.14% predicted by the linear
convolutional model). Our experiments at 3 T were unable to
detect a significant neural response to the 0.75-Hz oscillation
(amplitude, 0.02%; CI –0.02, 0.06), because the noise was larger
than the predicted signal. To increase the signal-to-noise ratio,
we conducted a third experiment at 7 T. We found a significant
fMRI oscillation during 0.75-Hz stimulation (Fig. 6 A and B)
with an amplitude of 0.021% (CI 0.009, 0.034). This value cor-
responded to 1.46% of the signal at 0.2 Hz, i.e., slightly below the
balloon model prediction but an order of magnitude larger than
the canonical model. The phase of the response again was shifted
within a range that would be expected with physiologically
plausible models (Fig. S4). To control for the possibility that the
detected oscillation was caused by a physiological or motion
artifact rather than by neural activation, we analyzed a control
gray matter region that was not visually driven and observed no
significant oscillation (amplitude, 0.002%; CI –0.006, 0.010) (Fig.
6 C and D). In addition, the 0.75-Hz oscillation in V1 was still
detectable when physiological noise was reduced through nui-
sance regression of white matter and ventricle signals (Fig. S5).
The magnitude of the observed response was small but never-
theless was detectable within a single session of scanning at 7 T,
suggesting that the fMRI response is measurable and larger than
predicted even at 0.75 Hz.

Accounting for Vascular Delays Improves Resolution of Neural
Oscillations. The analyses described up to this point were aver-
aged across all visually responsive voxels in V1, assuming similar
response properties throughout that region. However, HRFs
vary across the brain (40), and the structure of local vasculature
can alter the timing of responses in individual voxels by hundreds
of milliseconds (41). As stimulation frequencies approach 0.5 Hz
(i.e., a period of 2 s), these delays can introduce cancellation into
fMRI signals when averaging is performed across voxels. We
therefore examined the response phase in individual voxels. In
the localizer run, we selected voxels with the earliest peak re-
sponse (in the 0–33rd percentile) and voxels with the latest peak
response (in the 67th–100th percentile, median lag 635 ms). We
then analyzed the response of these voxels on the other func-
tional runs (Fig. 7A). In the 3-T experiments, the late-responding

voxels exhibited a signal 97% larger than the early-responding
voxels in the 0.2-Hz condition (P = 0.0004) and 54% larger in the
0.5-Hz condition (P = 0.02). Late and large-amplitude responses
typically correspond to larger draining veins (41), suggesting that
even large veins can contain periodic oscillatory signals at fre-
quencies 0.2 Hz.
The phase delays across voxels suggest that identifying and cor-

recting for hemodynamic delays could further improve the de-
tection of oscillatory signals. In the 0.75-Hz condition, separating
early- and late-responding voxels had a large impact, because these
lags introduced major phase cancellation when averaged across all
voxels (Fig. 7B). The mean signal amplitude in the early-responding
voxels alone was 0.033%, 45% larger than the results from aver-
aging across all voxels within the ROI (Fig. 7C). Furthermore, this
result was better aligned with the model prediction from the data
generated at lower frequencies (0.027%). Overall, late-responding
voxels exhibited a more severe drop-off in signal as stimulus fre-
quency increased, and early-responding voxels exhibited slightly
larger responses at 0.75 Hz (Fig. 7D), suggesting that high-frequency
oscillatory activity may be detected more easily in voxels with
rapid response onset. The oscillations in early-responding voxels
were also significant (P < 0.05) within a single scan session in three
of the five subjects, in addition to the mean being significant across
the group. The early- and late-responding voxels were spatially
intermixed (Fig. 7E), suggesting that avoiding spatial smoothing
during preprocessing and then grouping individual voxels according
to their lags in a localizer run before analysis can further improve
the detectability of high-frequency oscillations.

Discussion
We conclude that the fMRI response to oscillatory neural activity
is detectable up to at least 0.75 Hz within a single 7-T scan session
in individual subjects, and higher frequencies may be detectable
with future gains in MRI sensitivity. The amplitude of the fMRI
signal at high frequencies is an order of magnitude larger than
predicted by canonical linear models, suggesting that fMRI could
provide a new method for noninvasively localizing oscillatory
neural activity in the human brain. The strong oscillatory re-
sponses result from the faster dynamics of the BOLD response
when neural activity is continuous and rapidly varying, suggesting
that different models of the hemodynamic response should be
used in studies seeking to analyze ongoing periodic activity or
rapidly fluctuating activity rather than large, transient task-evoked
activations. The HRFs derived from these conventional block-
design stimulation paradigms do not represent a true “impulse
response” in the strict sense of the term; instead, for rapid stim-
ulus presentations, the shape of the HRF varies as a function of
the stimulus duration. The slow canonical hemodynamic response
functions may reflect the slow experimental paradigms used to
obtain them, whereas hemodynamic responses to rapidly fluctu-
ating neural activity are, in fact, fast. This interpretation also could
explain the observations of previous studies that have reported
nonlinear fMRI responses to short-duration stimuli (17, 25, 34,
42). We suggest that, rather than representing a problem for fMRI
because of the failure of the canonical linear models, these fast
responses in fact mean that fMRI has an unexpectedly strong
ability to measure naturalistic, rapidly varying neural activity.
Updated models with faster HRFs may provide a generally better
representation of the true hemodynamic response during high-
level cognitive tasks, because it is likely that cortical activity typi-
cally is ongoing at fluctuating rates rather than slowly alternating
between the silent and high firing rates that can be induced in
primary sensory cortices through a blocked experimental design.
Our model suggests that both viscoelastic effects and a new

vascular baseline state during rapid neural activity could con-
tribute to the fast dynamics we observed. The fact that increasing
the variability in neural firing rates through a narrower stimulus
waveform (Fig. 4) increased the fMRI response amplitude suggests

n=5 subjects, 
5 runs

n=5 subjects, 5 runs

n=5 sub., 60 runs

n=5 subjects, 
60 runs

Control ROI: 0.75 HzControl ROI: 0.2 HzV1: 0.75 HzV1: 0.2 Hz

S
ig

na
l c

ha
ng

e 
(%

)

Time (s) Time (s) Time (s) Time (s)
0 1 2 3 4 5

−1

0

1

0 1

−0.01

0

0.01

0 1 2 3 4 5
−1

0

1

0 1

−0.01

0

0.01

A B C D

Fig. 6. fMRI responses can be detected reliably up to 0.75 Hz. (A) In ex-
periment 3, at 7 T, oscillatory stimuli at 0.2 Hz evoked consistent and large
responses. (B) At 0.75 Hz, the evoked oscillations were still statistically de-
tectable and were ∼1% of the amplitude of the 0.2-Hz signal. (C and D) A
non-visually activated gray matter control ROI does not show oscillatory
responses, suggesting that the detected oscillation is caused by neural ac-
tivity rather than by motion or physiological noise. In all panels, the shaded
region shows the SE across runs.
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Sampling	different	properties	of	neural	
activity

EEG fMRI

Luck,	2005 Heeger and	Ress,	2002



Sampling	different	properties	of	neural	
activity

EEG fMRI
Synchrony Metabolic	activity

Surface Whole-brain

mean	firing:oscillation:

Song	et	al.,	
2015



Experimental	consistency

• Perfectly	replicating	task	conditions	is	difficult

• Novelty/training	effects	of	task	may	vary	

• Brain	state	and	daily	variation	affect	responses



Single-trial	analyses

• Variable	vigilance

• Bistable perception

• Attention

• Linking	neural	activation	to	ERP	components



Linking	ongoing	neural	dynamics	to	
activation	patterns

Brown	et	al.,	2012

de	Curtis	and	Avanzini,	2001

Sleep Epilepsy



Why	would	we	not	do	EEG-fMRI?

• Increased	setup	time
• Degraded	EEG	quality
• Experimental	design	may	not	suit	both	
modalities

• Many	studies	can	be	run	as	separate,	non-
simultaneous	EEG	and	fMRI	experiments

• Integrating	these	data	types	is	not	
straightfoward



Setting	up

• 256	channel	sensor	net
• ECG
• Amplifier	setup	and	baseline	recording



Setting	up

• In-bore	amplifier	
system

• 64-channel	
traditional	caps

professionalBRAINCAP MR

BrainCap MR:  
The state of the art cap for combined EEG / fMRI recordings

The technique of combined EEG & fMRI recordings has been evolving constantly over the last 

years. The electrode cap and electrodes, which are connected directly to the subject, are the 

items in our MRI product portfolio that more than the others require constant modifications 

in order to guarantee always the highest safety and comfort of the test subject as well as to 

ensure an outstanding data quality both from the EEG and MRI point of view.

Guaranteed Safety and Comfort
All the electrodes in the BrainCap MR are fitted with serial current-limiting resistors. The 

electrode cables are routed on the outside of the BrainCap MR and are secured to the cap so 

that loops are not formed and cable movement is avoided. The drop-down electrodes (e.g. ECG,  

EOG, EMG) are additionally sheathed in plastic, 

in order to avoid a direct contact with the  

skin of the test subject. Flat electrode  

holders are used to guarantee the comfort  

of the cap, especially when the head of  

the test subject in supine position is resting 

on the electrodes.

Additionally spare electrode holders are 

added to caps with less than 64 channels to 

compensate for gaps between the electrodes, 

this  increases the number of contact points 

between the test subjects head and the MRI 

scanner head rest to further decrease discomfort 

for the test subject.
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Geodesic	photogrammetry	system



Safety	considerations

• MR-Conditional	– tested	for	MPRAGE	and	EPI
• RF	heating	in	wire	loops



Safety	considerations

• Measure	temperature	changes	empirically

FA ¼ acos
S2

2 " S1

! "

Gradient echo data from each of the EEG conditions
were registered to the No-Net data for each participant. A
combined mask was then created for each participant tak-

ing into account any region without signal (due to anatomi-
cal reasons, such as low signal in the skull, and to slice
prescription differences between conditions) in the original
magnitude S2 volumes for all three conditions. This mask
was applied to the FA estimates data to enable both quali-
tative and quantitative comparisons of the B1 field.

FIG. 1. (a) Construction of the Ink-Net, a high-resistance, PTF-based, 256-channel dEEG sensor net. A sample piece (from a total of 32
pieces with 6–11 electrodes per piece) of the schematic shows (1) the Melinex substrate (thickness¼130mm); (2) printed, custom-blend
silver-carbon (Ag/C) ink leads (layer 1; width¼0.38 mm, thickness¼0.01 mm, length¼59–99 cm); (3) silver chloride (AgCl) ink pad elec-
trodes (layer 2; diameter¼5 mm, thickness¼0.01 mm); and (4) dielectric coating in green (layer 3) masked to leave electrodes exposed.
Close-up of printed pieces inserted into EGI’s 256 Geodesic Sensor Net (HC GSN) pedestal & elastomer structure, showing exposed
pad electrode at top, and with inserted sponge for electrolyte solution. (b) Diagram of phantom temperature measurement set up. A thin
rod (3 mm diameter) was used to create channels into the phantom to target measurement locations. Temperature probes were then
inserted into the channels to lie 5 mm below the phantom surface under the selected electrode locations (and at head center). To make
reliable contact between the temperature probes and surrounding phantom tissue, thereby avoiding measurement underestimation,
channel cavities around the probes were filled by syringe using thermally conductive grease (Super Thermal Grease II, MG Chemicals,
Surrey, British Columbia, Canada). (c) Temperature increase (#C) during a high SAR TSE sequence at 7T to induce heating in an anthro-
pomorphic head phantom wearing: No-Net (left), Cu-Net (middle), and Ink-Net (right). (d) Phantom with No-Net (left), Cu-Net (middle),
and Ink-Net (right) with seven temperature probes (orange-encased optical fibers) inserted from base of neck to indicated positions,
along with homologous positions AF8 and T8 on right side, and head center. Thermally conductive grease, used to ensure good probe
contact with phantom tissue, can be seen at each location.

Polymer Thick Film Technology for Improved dEEG/MRI 3

Poulsen et	al.,	2017



EEG	cleaning	– gradient	artifacts



EEG	cleaning	– gradient	artifacts



Gradient	artifact	template	subtraction

Non-synchronized	sampling

Taken	from	EGI	slides



Gradient	artifact	template	subtraction

Non-synchronized	sampling

Taken	from	EGI	slides



Gradient	artifact	template	subtraction

Synchronized	sampling

Taken	from	EGI	slides



EEG	cleaning	– gradient	artifacts



EEG	– cleaned	gradient	artifact



EEG	cleaning	– outside	scanner



BCG	– optimal	basis	sets

Niazy et	al.,	2005:	

QRS	Detection PCA Fit	to	each	QR	peak



BCG	– harmonic	regression

Krishnaswamy et	al.,	2016

Reference-free



BCG	– reference	layer

Luo et	al.,	2014



Ballistocardiogram	artifacts



Ballistocardiogram artifacts



Residual	artifacts

Spikes Harmonic	noise

Any	other	source	of	
movement/vibration

Krishnaswamy et	al.,	2016



MR	image	quality

Bonmassar et	al.,	HBM 2001

• Magnetic	field	inhomogeneity
• RF	interference



MR	image	quality

Luo and	Glover,	MRM	2011



Novel	technologies	for	EEG-fMRI

InkNet:

Poulsen et	al.,	2017
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Gradient echo data from each of the EEG conditions
were registered to the No-Net data for each participant. A
combined mask was then created for each participant tak-

ing into account any region without signal (due to anatomi-
cal reasons, such as low signal in the skull, and to slice
prescription differences between conditions) in the original
magnitude S2 volumes for all three conditions. This mask
was applied to the FA estimates data to enable both quali-
tative and quantitative comparisons of the B1 field.

FIG. 1. (a) Construction of the Ink-Net, a high-resistance, PTF-based, 256-channel dEEG sensor net. A sample piece (from a total of 32
pieces with 6–11 electrodes per piece) of the schematic shows (1) the Melinex substrate (thickness¼130mm); (2) printed, custom-blend
silver-carbon (Ag/C) ink leads (layer 1; width¼0.38 mm, thickness¼0.01 mm, length¼59–99 cm); (3) silver chloride (AgCl) ink pad elec-
trodes (layer 2; diameter¼5 mm, thickness¼0.01 mm); and (4) dielectric coating in green (layer 3) masked to leave electrodes exposed.
Close-up of printed pieces inserted into EGI’s 256 Geodesic Sensor Net (HC GSN) pedestal & elastomer structure, showing exposed
pad electrode at top, and with inserted sponge for electrolyte solution. (b) Diagram of phantom temperature measurement set up. A thin
rod (3 mm diameter) was used to create channels into the phantom to target measurement locations. Temperature probes were then
inserted into the channels to lie 5 mm below the phantom surface under the selected electrode locations (and at head center). To make
reliable contact between the temperature probes and surrounding phantom tissue, thereby avoiding measurement underestimation,
channel cavities around the probes were filled by syringe using thermally conductive grease (Super Thermal Grease II, MG Chemicals,
Surrey, British Columbia, Canada). (c) Temperature increase (#C) during a high SAR TSE sequence at 7T to induce heating in an anthro-
pomorphic head phantom wearing: No-Net (left), Cu-Net (middle), and Ink-Net (right). (d) Phantom with No-Net (left), Cu-Net (middle),
and Ink-Net (right) with seven temperature probes (orange-encased optical fibers) inserted from base of neck to indicated positions,
along with homologous positions AF8 and T8 on right side, and head center. Thermally conductive grease, used to ensure good probe
contact with phantom tissue, can be seen at each location.
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Experimental	design	for	EEG-fMRI

Primary	issue:	Timing

Luck,	2005
Buxton	2009



Analyzing	EEG-fMRI	data

Use	EEG	to	select	fMRI	epochs:	

Alert Drowsy AlertState:

EEG:

fMRI: Alert	data Alert	data

Drowsy	data

Conventional	task-
based	or	resting	
state	fMRI	analysis



Analyzing	EEG-fMRI	data

Use	EEG	to	create	‘stimulus	design’	matrix:	

Buxton	2009

de	Curtis	and	Avanzini,	2001



Integrating	data:	EEG-informed	fMRI	
analysis

Debener et	al.,	2006



fMRI-informed	EEG	analysis

Huster et	al.,	2012



Joint	ICA

Calhoun	
et	al.,	2006:



Applications	of	EEG-fMRI

At	its	best	when	your	phenomenon	of	
interest	is:	
• Spontaneous
• Variable	across	trials
• Coupling	mechanisms



Sleep
Horovitz et	al.,	2009:



Sleep
Dang-Vu	et	al.,	2008:



Epilepsy



Epilepsy

Pittau et	al.,	2012

Intracranial	EEG

EEG-fMRI



Single-trial	analysis	to	track	effects	of	
fluctuating	attention

Walz et	al.,	2014



Neural	basis	of	BOLD	dynamics

Nonlinear	BOLD	responses	when	accounting	for	
neural	activity

result of interactions between responses within the same site or
between different sites (Ogawa et al., 2000).

Our results demonstrate that given a series of rapid stimuli, the
ability of V1 to respond to each stimulus is retained, but with a
substantial reduction in response amplitudes relative to the event-
related responses obtained without interference between stimuli.
When such rapid stimuli are presented for a prolonged period, the
elicited steady-state neural response appears to be pseudo-periodic. In
such situations, the response within a single trial is rather difficult to

evaluate in the time domain, because the neural responses to adjacent
stimuli largely overlap in time and are difficult to separate. In contrast,
the SSVEP spectral analysis provides an effectivemeans to quantify the
discretely integrated amplitude of the single-trial response via its
representation in the frequency domain (see Fig. 7 in Appendix). This
thereby allows us to quantitatively assess the refractory effect and
measure the refractory period. The methods and experimental design
employed in the present study can be readily applied to the study of
the neural refractory effect in other sensory systems.

Fig. 6. fMRI–EEG coupling. (a) BOLD fMRI signals within V1, induced by a sustained period (30-s, marked by a light blue rectangle) of 2-Hz visual stimuli with seven different
contrasts. (b) VEP signals at Oz evoked by a single stimulus with variable contrasts. Vertical dashed line represents the stimulus onset. (c) fMRI-seeded dipole model. Locations of five
dipoles (left) were initiated to the centers of the corresponding ROIs selected from the fMRI activation map (right, pb0.01 corrected). Red-circled dipole represents the dipole in V1.
(d) Estimated V1 dipole source activity for different contrasts. (e and f) Scatter-plot of the BOLD effect sizes within V1 and the integrated power (e) or magnitude (f) of the V1 dipole
source, for different visual contrasts. Red lines illustrate linear functions that fit the corresponding scatter points. Data shown in this figure are the average across subjects (n=10).
(g) Correlations between the BOLD effect size and the integrated source power ormagnitude within various post-stimulus periods (0–150ms to 0–500ms). In (a), (b) and (d), visual
contrasts are color-coded in a way specified in (a).

1061Z. Liu et al. / NeuroImage 50 (2010) 1054–1066

Liu	et	al.,	2010



Neural	basis	of	BOLD	dynamics

Dynamic	functional	connectivity	associated	with	
EEG	fluctuations:	

are based. At each sliding window, (1) the BOLD signal variance was
calculated for each individual voxel within the DMN, DAN, and SN;
(2) these values were averaged amongst voxels corresponding to the
same node, for each of the 38 nodes spanning the three networks
(Table 2). By performing the variance analysis for individual voxels
prior to averaging within a node, rather than the other way around,
we avoid obtaining apparent changes in variance that stem instead
from changes in the heterogeneity of voxels within a node. Each node's
sliding-window time series of BOLD signal variancewas then correlated
with the sliding-window EEG alpha power, and repeated for theta
power. Fig. 6 (left) shows the mean (±standard error, N=10) of the
correlation coefficients across subjects. A similar analysis was carried
out for the local (within-node) homogeneity, which was defined (for
each sliding window) as the mean voxel-to-voxel correlation within a
given node; results are shown in Fig. 6 (right). Qualitatively, the major-
ity of nodes display an inverse relationship between alpha power and
both BOLD signal variance and within-node homogeneity, with the op-
posite sign for theta. To examine whether the relationship between
alpha power and BOLD signal variance (or node homogeneity) was sta-
tistically different from that of theta power, paired two-sided t-tests
were performed for each network after first averaging, within each sub-
ject, the Fisher z-scored correlation between EEG alpha power and var-
iance (or node homogeneity) across the network's constituent nodes.
The relationship between alpha power and variance was significantly
lower than the correlation between theta power and variance for all 3
networks (DMN: t(9)=3.45, p=0.021; DAN: t(9)=3.68, p=0.015;
SN: t(9)=2.95, p=0.048, with p-values reflecting Bonferroni correc-
tion for 3 networks). The relationship between alpha power and node
homogeneity was not significantly lower than the correlation between
theta power and variance at a corrected level for any network (p>0.05
Bonferroni).

Stationary correlations between EEG power and BOLD signal time series

A traditional correlation analysis was performed between the poste-
rior alpha and frontal theta power waveforms (convolved with a canon-
ical HRF) and the BOLD signal using all time points in the scan.
Group-level statistical maps are depicted in Supplementary Fig. 2. Con-
sistent with a number of previous studies, alpha power showed negative
correlations with regions in the occipital cortex (Goldman et al., 2002;
Moosmann et al., 2003) as well as prefrontal and parietal attention re-
gions (Laufs et al., 2003). As the threshold was lowered for exploratory
purposes, positive correlations in the thalamus, anterior cingulate, and
mid cingulate emerged at the highest threshold, also consistent with
previous reports (Goldman et al., 2002; Sadaghiani et al., 2010). Theta
power showed positive correlations with cuneus/precuneus, superior
medial frontal cortex, cerebellar vermis, left mid temporal cortex, and
right supramarginal gyrus (pb0.05 corrected).

Finally, we investigated whether the degree to which alpha power
was predictive of DMN-DAN functional connectivity may relate to the
strength with which the alpha power (convolved with HRF) was neg-
atively correlated with BOLD signal time series in the DAN. For each
subject, a measure of the latter was computed by averaging, across
all voxels in the DAN, the Fisher-transformed correlation coefficient
with the HRF-convolved alpha power time series (where correlation
coefficient was computed using all time points in the scan, rather
than on a sliding window basis). The resulting measure was then
regressed against the subjects' effect size (beta) of the sliding window
analysis of alpha power with DMN-DAN connectivity, covarying for
scan site. The relationship was in fact negative, with stronger negative
correlation between alpha and BOLD signal predicting a weaker rela-
tionship between alpha and DMN-DAN connectivity (t=−2.56,
p=0.04), suggesting that the predictive power of alpha-band
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Fig. 5. Relationship between functional connectivity and EEG power in one subject (Subject 5). Top: Time series of temporally normalized sliding-window alpha and theta power,
window size=40 s. Arrows indicate windows selected for visualization of seed-based correlations in the middle panel. Middle: Seed-based correlation maps at the indicated win-
dows. The seed was a single node in the DMN (posterior cingulate cortex), and correlations were computed for each voxel in the DMN and DAN. Bottom: Seed-based functional
connectivity maps averaged over all time windows for which normalized alpha power exceeded normalized theta power (bottom left), and vice versa (bottom right). Color rep-
resents Fisher z score.

232 C. Chang et al. / NeuroImage 72 (2013) 227–236

Chang	et	al.,	2013



Conclusions

• EEG-fMRI	offers	high	spatiotemporal	
resolution	and	measures	multiple	aspects	of	
neural	activity

• However,	loss	of	signal	quality	means	it	is	best	
suited	to	specific	types	of	scientific	questions

• Joint	inference	for	EEG-fMRI	remains	a	new	
and	evolving	field


