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Abstract

Objective: Electroencephalography (EEG) is a challenge to record simultaneously with functional MRI (fMRI), for it is prone to large
artifacts induced by both the static and the time-variant fields of the MR scanner. However, truly concurrent EEG/fMRI recording has great
potential for clinical and scientific neurological applications. We have devised a method for acquiring EEG simultaneously with fMRI that

minimizes contamination of the EEG signals.

Methods: We recorded EEG differentially during fMRI using special twisted dual-lead electrodes in a bipolar montage, and a combination
of analog pre-processing and digital post-processing of the EEG data. We implemented a functional scan protocol that typically yields

artifact-free EEG over 87% of the MR scanning period.

Results: Our approach greatly reduced gradient, radio frequency, motion and ballistocardiographic artifact in the EEG, and allowed
continuous monitoring of the EEG during functional scanning. To illustrate the quality of the EEG following post-processing, we demon-
strated that EEG recorded during fMRI retains useful spectral information.

Conclusions: Quality EEG may be recorded simultaneously with fMRI. With this union, activation maps could be made of any relevant
changes in the EEG, such as inter-ictal spikes or spectral variations, or of evoked response potentials (ERPs). © 2000 Elsevier Science

Ireland Ltd. All rights reserved.
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1. Introduction

Electroencephalography (EEG) has been a key tool in the
study of the brain for decades (Caton, 1875; Berger, 1929).
However, despite its multiple clinical and research uses,
such as in epilepsy (Ebersole, 1997), sleep staging
(Rechtschaffen and Kales, 1968) and psychophysiology
(Jewett et al., 1970; Hoptman and Davidson 1998; Pizza-
galli et al., 1999), little is yet known about the underlying
generators of EEG activity in humans (Elul, 1972). Func-
tional MRI (fMRI) recorded in concert with EEG may
provide a method for localizing and identifying these
sources. By using the EEG signal as a reference for fMRI
maps, concurrent EEG/fMRI opens a new avenue for inves-
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tigating specific brain function. Toward this end, we set out
to design a system for simultaneous recording of EEG and
fMRIL

Concurrent acquisition of EEG and fMRI has proven
challenging. Time varying magnetic (B) fields induce an
electromotive force (EMF) in a wire loop perpendicular to
the B field direction which, by Lenz’s Law, is proportional
to the cross sectional area of the wire loop and to the rate of
change of the perpendicular magnetic field (dB/df). When
EEG leads are placed inside the MR scanner, the rapidly
changing gradient fields and the radio-frequency (rf) pulses
required for MRI may induce voltages that obscure the EEG
signal (Ives et al., 1993; Huang-Hellinger et al., 1995). This
induced EMF yields currents that can heat the electrodes
and leads and potentially impart burns to the patient
(Lemieux et al., 1997). Motion of the leads themselves
within the static field of the magnet also induces an EMF
(Hill et al., 1995) — even pulsatile motion related to heart
beat yields ballistocardiographic artifact in the EEG that can
be of roughly the same magnitude as the EEG signals them-
selves (Ives et al., 1993; Muri et al., 1998; Goldman et al.,
2000). Further, introduction of EEG equipment into the
scanner potentially can disturb the homogeneity of the
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magnetic field and distort the resulting MR images (Ives et
al., 1993).

In addition to the large artifacts in the EEG caused by
high frequency gradient and f pulses, the high pass filters of
most EEG equipment lead to long signal recovery times
once the MR sequence has terminated (Huang-Hellinger et
al., 1995; Bonmassar et al., 1999; Krakow et al., 1999;
Lovblad et al., 1999). One method used to overcome these
difficulties in epilepsy studies has been to monitor the EEG
in the absence of scanning while the patient is in the magnet
and then trigger functional scanning manually after identi-
fication of inter-ictal spikes in the EEG record (Ives, 1995;
Warach et al., 1996; Seeck et al., 1998; Krakow et al., 1999;
Patel et al., 1999; Symms et al., 1999). This method takes
advantage of the 3-5 s lag in BOLD response to obtain
images of an event which occurred just prior to initiation
of the scan. Others have used interleaved EEG and fMRI
methods to study visual evoked potential, where the same
stimuli are presented in each block (Bonmassar et al., 1999),
and sleep (Huang-Hellinger et al., 1995; Lovblad et al.,
1999).

In both the triggered and interleaved methods, EEG and
fMRI are acquired serially, resulting in protocol limitations
and problems with data analysis. In the triggered method,
relevant changes in the EEG, such as subsequent spike
activity, can not be seen during functional scanning. Also
problematic is the non-uniform MR image contrast — T1
saturation typically does not reach equilibrium until 3—4
TRs after initiation of the scan (depending on TR and effec-
tive flip angle), but it is these first TRs that capture the
BOLD response. In the interleaved method, in addition to
the former confounds, data for each modality is acquired

using stimuli displaced in time, and thus, the EEG can not be
used as a direct reference function for fMRI signal maps.

We have developed a method for acquiring simultaneous
EEG and fMRI that utilizes a combination of analog pre-
processing and digital post-processing to strongly suppress
the common artifacts. With this method, we have been able
to implement a functional scan protocol that yields windows
of artifact-free EEG between short gradient and f bursts and
allows continuous monitoring of the EEG during functional
scanning. Although not the central focus of this report, we
note that the technologies we have described here are
applicable equally to evoked response potentials (ERPs)
which differ from EEG studies in interpretation more than
in technique.

2. Methods
2.1. EEG device and lead placement

Our EEG device incorporates numerous hardware modi-
fications to reduce artifact in concurrent EEG/fMRI. It was
built by Telefactor Corporation (W. Conshohocken, PA) in
collaboration with our team, and was modified specifically
for our application. We detected signal from the scalp using
silver chloride plated plastic cup electrodes connected to a
compact magnet-compatible local amplifier (headbox) via
10 foot carbon fiber leads with a resistance of 1 kQ/foot.
This design minimized both artifact in the MR images and
the induction of rf current loops in the lead wires.

We devised a lead configuration that minimized
unwanted current induction by recording EEG in a hard-

Fig. 1. Chained bipolar dual-lead dress. Leads of consecutive electrodes are twisted together to reduce scanner artifact.
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wired montage using special dual-lead electrodes. We
twisted the lead wires from each electrode pair together
for their entire length, forming a chained bipolar montage
for each hemisphere (Fp2-F8, F8-T4, T4-T6, T6-02, O2-P4,
P4-C4, C4-F4, F4-Fp2; Fpl-F7, F7-T3, T3-T5, T5-01, O1-
P3, P3-C3, C3-F3, F3-Fpl). The dual leads allowed each
differential pair to be twisted together (Figs. 1 and 2A); the
resulting configuration leaves only small loops at the head in
which current can be induced. As shown in Fig. 2B, currents
induced by motion and gradient switching will be self-
canceling, for the current induced in consecutive twists
will flow in opposing directions in each lead wire.

The magnet-compatible headbox contains 32 separate
channel inputs, each with a differential amplifier coupled
to a low pass RC filter with a time constant of 0.25 ms.
This low pass filter attenuates the large waveforms induced
by the rapidly changing magnetic fields of the scanner and
yields very rapid recovery of the EEG signal following MR
slice acquisition. We used 16 channels to record EEG, and
two additional channels for electrocardiogram (EKG) and a
scan trigger (see below). The EKG was acquired using a pair
of twisted single-lead electrodes placed above and below the
heart on the subject’s back. This placement minimized lead
motion, and thus electrical artifact, due to breathing. We
used a scan trigger channel to receive a pulse from the
scanner every TR to aid in post-processing of the data,
and filtered the signal in all channels with a band pass of
0.5-70 Hz to further attenuate high frequency noise.

We fed the signal to a battery powered isocoder contain-
ing an A/D converter where it was sampled at 200 Hz, and
the digitized signal was carried out of the shielded magnet
room via optical fiber to maintain the scanner’s electromag-
netic isolation. After translation to Transistor-Transistor
Logic (TTL), we routed the data to a Telefactor Digital
EEG (D/EEG). We could then view the EEG data in real
time and send it off-line via a 10baseT Ethernet connection
to a post-processing and viewing station for further artifact
attenuation.

2.2. Scan protocol

All subjects signed a consent form approved by the
UCLA Human Subject Protection Committee prior to MR
scanning, which we performed in our General Electric
(Waukesha, WI) 3T scanner modified for echo planar
imaging (EPI) by Advanced NMR Systems. We provided
no visual or auditory stimulation for the subjects during
functional scanning.

We first acquired scout scans of the entire brain to loca-
lize slice planes parallel to the ACPC line through the occi-
pital cortex. To acquire EEG during functional scanning, we
then prescribed a scan protocol which allowed windows of
readable EEG between gradient bursts. We used an EPI
sequence with TR = 4000 ms, TE = 45 ms, 64 X 64 matrix,
20 X 20 cm FOV, 4 mm slice thickness, and 1 mm gap to
collect 6 slices spaced evenly over the TR period, leaving a
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Fig. 2. (A) Dual-lead electrodes allow each bipolar pair to be twisted
together for their entire length, sending signal directly to the local differ-
ential amplifiers. (B) Twisting leaves only small loops at the head in which
EMEF can be induced, for current (arrows) induced in lead twists by motion
and gradient switching will be self canceling.
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580 ms window of readable EEG between each 90 ms
period of gradient induced noise (an 87% duty cycle).

2.3. Artifact reduction post processing

We performed post-processing and viewing on a Dell
Inspiron 3000 Pentium PC. After importing data from the
D/EEG, we viewed the EEG data with Telefactor Twin
software (version 1.50), and processed it further using
home-built software described below to remove remaining
artifacts. The residual artifact included both noise from
EMF induced by the magnetic field gradients (which
appeared in the EEG when a slice was acquired) and ballis-
tocardiogram. The latter occurred in the EEG in a fairly
regular pattern following each heart contraction, but its
morphology and amplitude differed in each EEG channel.

To suppress gradient artifact in the EEG record, we
utilized a 5 s trigger pulse generated by the scanner each
TR. Because the EEG was digitized at 200 Hz, we condi-
tioned this pulse by broadening it to 50 ms using a simple
monostable multivibrator circuit (schematic available upon
request). In post-processing, we then used this scan trigger
to initiate a blanking scheme. Following each trigger, we
replaced 90 ms of digital data in the EEG and EKG with
zeros every time ¢t = TR/n, where n = number of slices. This
way, the electrical record was zeroed during each slice
acquisition.

Next, we averaged together sections of EEG following a
cardiac trigger to yield the ballistocardiographic artifact. In
order to identify the initiation of each cardiac pulse, we used
a single artifact-free QRS wave segment of the subject’s
EKG, recorded inside the scanner when no scanning was
taking place, as a reference (see Fig. 3A). We compared this
reference wave segment to portions of the EKG data of the
same length, shifted by one data point at a time, and calcu-
lated a correlation coefficient (CC) for each corresponding
data portion. When the CC exceeded an empirically selected
value (typically 0.7), we identified the peak CC following
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Fig. 3. The ballistocardiogram subtraction algorithm, shown using data collected on a normal volunteer. EKG was scaled down by a factor of 15 for this figure.
(A) We correlated a segment of the subject’s QRS wave to their EKG, and peak correlation values initiated a trigger (shown by the vertical dotted lines). (B)
We then averaged together trigger to trigger segments, weighting segments less and less by temporal displacement from the nth (shaded) segment. (C) We
subtracted the averaged data from the raw EEG to yield ballistocardiogram-free EEG.

this threshold crossing to trigger the initiation of ballisto-
cardiogram averaging and subtraction.

Fig. 3B illustrates the averaging and subtraction algo-
rithm we performed on the data in each EEG channel. We
averaged every trigger-to-trigger section of raw EEG data
(A,) with all preceding sections. Because EEG and EKG
should be uncorrelated, this method averaged out the EEG
signal and left only ballistocardiogram (B,). We weighted
data sections inversely with their temporal displacement
from the current sample to compensate for slow changes
in the ballistocardiographic artifact, calculating the ballis-
tocardiogram in each trigger to trigger section using the
weighted average

n X
1
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n
with a weighting factor w = 0.9. Thus, the earlier cycles
formed an exponentially decreasing contribution with a
time constant of roughly 10 sections. We then subtracted
the averaged wave, B, calculated separately for each chan-
nel, from that channel’s raw EEG, A, to yield artifact-free
corrected EEG (Fig. 3C).

We accounted for variations in section length due to
changes in heart rate by averaging sections point-by-point.
The first data point in each section was averaged with the
first data point in previous sections, the second with the
second, etc. Data points at the end of longer sections were
averaged with corresponding points in other long sections,
and the weighting factors of each point were adjusted
accordingly. To avoid subtracting data with too few points
averaged, we performed the subtraction only if 3 or more

points were used in the calculation; otherwise, the raw data
remained in the final record.

Our method of ballistocardiogram removal is concep-
tually similar to that of Allen et al. (1998) but differs in
the weighting applied to earlier EEG data, and therefore
in its sensitivity to drift.

2.4. Characterization of noise reduction: phantom study

To characterize noise reduction due to our twisted dual-
lead dress, we performed scanning experiments using a
biological phantom — a 7 pound human head-sized grocery
store roasting chicken — and compared twisted vs. untwisted
lead arrangements. We placed the leads at distances corre-
sponding approximately to standard international 10-20
positions on the phantom. On the left hemisphere, we placed
the 8 electrode chained twisted montage detailed above, and
on the right we placed a matching dual-lead non-twisted
montage. A scout scan was acquired to position the func-
tional slices to cover the phantom. We then performed func-
tional EPI scans as described previously.

We analyzed the EEG data to quantify noise reduction
due to the lead dress, calculating the loss, in dB, using 30 s
data segments as

V2 Vi
dB = 20log ———"

2
Z Vno—twisl

where we summed data points over each channel separately,
then averaged over all twisted and all untwisted channels.
We calculated gradient noise reduction due to lead twisting
by subtracting the square root of the sum of the squared
voltages without scanning from that during scanning for
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Fig. 4. EEG of a non-living biological phantom recorded inside the MR
scanner using twisted and untwisted leads, showing recordings both in
absence of scanning and during EPI. Note that all signal in these traces is
caused by either field variance in the MRI or other non-physiological
sources (vibration, radio waves in the scan room, etc.). With or without
scanning, EEG recorded using the untwisted leads was significantly noisier.

both twisted and untwisted lead data, and then calculated
attenuation as above.

2.5. Characterization of noise reduction: human study

To characterize twisted lead noise reduction further, we
repeated the above study on a 23-year-old normal male
volunteer. Again, the chained twisted lead set was placed
on the subject’s left hemisphere, and the untwisted set on the
subject’s right. We recorded his EEG inside the MR scan-
ner, both with and without scanning. We then calculated
noise reduction as the power loss (in dB) for twisted vs.
untwisted leads, both before and after post-processing. We
also estimated the power of the artifact in each lead set as
the reduction in dB after vs. before post-processing.

2.6. Spectral analysis

By restricting the timing of the EPI acquisitions to fall
outside of the frequency band of interest for EEG (e.g., to
study alpha activity, the scanning rate should be less than 4
images/s), we were able to retain useful EEG spectral infor-
mation. (We have not yet evaluated the magnitude of the
contamination that might occur at different TRs.) To illus-
trate this, we scanned a 28 year-old normal female volunteer
during a standard eyes open, eyes closed task known to
activate alpha rhythm. We instructed the subject to open
and then close her eyes at 30 s intervals for the 3 min 30 s
functional scan (TR =2500 ms, TE =45 ms, 64X 64
matrix, 20 X 20 cm FOV, 4 mm slice thickness, and 1 mm
gap to collect 4 slices centered on occipital cortex). After
post-processing the EEG to remove artifact, we calculated
the alpha power in each TR using software developed in-
house. With this software, we calculated the EEG power vs.

spectral frequency with each TR using the fast Fourier trans-
form.

3. Results
3.1. Noise reduction due to lead dress: phantom study

EEG recorded on the phantom using the untwisted leads
was substantially noisier than that recorded using their
twisted counterparts. Fig. 4 shows the recorded EEG in
both twisted and untwisted lead channels. When not scan-
ning, the twisted leads reduced random noise power by an
average of 5.4 dB. During scanning, gradients caused large
artifacts in both the twisted and untwisted lead sets, but this
noise power was reduced by an average of 6.3 dB in the
twisted leads.

3.2. Twisted vs. untwisted leads on a volunteer

Fig. 5A shows the raw EEG data we recorded on a normal
volunteer inside the scanner just before and just after initia-
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Fig. 5. (A) Raw BEG recorded inside the MR scanner before and after
initiation of EPI, using untwisted leads on the normal volunteer’s right
hemisphere (shown at top) and twisted leads on the left hemisphere
(bottom). BEG recorded with the untwisted leads was significantly noisier.
Ballistocardiogram is visible in the twisted lead data, but is reduced
compared to the untwisted. (B) The same data shown in (A), following
artifact reduction post-processing. The untwisted lead data still contains
significant artifact.



R.I. Goldman et al. / Clinical Neurophysiology 111 (2000) 1974—1980 1979

tion of the EPI sequence in 3 representative twisted and
three comparable untwisted channels. EEG recorded with
the untwisted leads was significantly noisier, and while
ballistocardiogram was visible in the twisted lead data, it
was reduced compared to the data recorded with the
untwisted leads. Twisting the leads reduced overall noise
by an average of 9.4 dB across all channels when not scan-
ning. In preliminary studies, reduction was found to vary
from 0.4 to 7.5 dB. During EPI, twisting reduced noise by
5.5 dB.

3.3. Noise reduction due to artifact post-processing

The same data in Fig. 5A is presented after post-proces-
sing in Fig. 5B. The post-processing removed significant
gradient and rf artifact, as well as ballistocardiogram.
Post-processing of the data recorded before initiation of
scanning removed 6.5 dB in the twisted leads and 10.2 dB
in the untwisted leads, largely because the ballistocardio-
gam was greater in the data from the untwisted leads. In data
recorded during scanning, post-processing removed 15.3 dB
in the twisted leads and 15.0 dB in the untwisted. Impor-
tantly, post-processing produced similar noise reduction in
twisted vs. untwisted leads in data both before (5.7 dB) and
during EPI (5.8 dB).

3.4. Spectral analysis

When the subject’s eyes were closed, power in the alpha
band, between 8 and 12 Hz, increased greatly (Fig. 6). And
as is expected, this alpha signal was not present when the
subject’s eyes were open.

4. Discussion

Using a combination of analog pre-processing and digital
post-processing, we can acquire artifact-free EEG recorded

Eyes

15s

Frequency (Hz)

Fig. 6. Power spectrum of EEG (p301) recorded simultaneously with fMRI,
in steps equal to the TR of 2.5 s, showing expected increases in the alpha
band (8—12 Hz) when the subject’s eyes were closed.

simultaneously with functional MRI. While the EEG is
obscured during gradient bursts, it recovers quickly and
therefore no significant data loss occurs between slice acqui-
sitions. Further, because we digitally blank the data record
for the duration of MR gradient bursts, the gradient-induced
deflections do not corrupt the EEG record in the post-
processing averaging algorithm we use to remove ballisto-
cardiogram. Although with our method a trade off must be
made between brain coverage in functional scanning and the
fraction of useable EEG in the data record, a long TR allows
acquisition of a reasonable number of slices. And, if the
timing of slice acquisition does not overlap with desired
spectral frequencies, the spectral power can be calculated
in EEG recorded during functional mapping.

Because we are able to acquire EEG continuously
through functional scanning, we do not encounter the
problems of initially non-uniform MR image contrast inher-
ent in interleaved EEG/fMRI methods. Most often this
contrast non-uniformity has been handled by ignoring
images acquired in the first 3—4 TRs, but this leads to an
inherent time delay in the functional scanning. While this
could be mitigated to some degree by using schemes that
correct for the T1-related intensity differences based on the
actual TR (Guimaraes et al., 1998; DuBois and Cohen,
2000), methods which avoid this dilemma are preferable.

We have therefore developed a potentially powerful
method for localizing the sources of various EEG wave
forms. Because the EEG is acquired simultaneously rather
that serially with fMRI, it can be used as a direct source for
the fMRI reference function. In this way, activation maps
could be made of any relevant variations in the EEG, such as
spike and slow wave patterns in epilepsy, or spectral
changes. This feature of truly simultaneous electrical
recording and magnetic imaging may be of particular
value in ERP studies combined with fMRI.
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