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Combined EEG/fMRI recording has been used to lo-
calize the generators of EEG events and to identify
subject state in cognitive studies and is of increasing
interest. However, the large EEG artifacts induced
during fMRI have precluded simultaneous EEG and
fMRI recording, restricting study design. Removing
this artifact is difficult, as it normally exceeds EEG
significantly and contains components in the EEG fre-
quency range. We have developed a recording system
and an artifact reduction method that reduce this ar-
tifact effectively. The recording system has large dy-
namic range to capture both low-amplitude EEG and
large imaging artifact without distortion (resolution 2
rV, range 33.3 mV), 5-kHz sampling, and low-pass fil-
tering prior to the main gain stage. Imaging artifact is
reduced by subtracting an averaged artifact wave-
form, followed by adaptive noise cancellation to re-
duce any residual artifact. This method was validated
in recordings from five subjects using periodic and
continuous fMRI sequences. Spectral analysis re-
vealed differences of only 10 to 18% between EEG re-
corded in the scanner without fMRI and the corrected
EEG. Ninety-nine percent of spike waves (median 74
rV) added to the recordings were identified in the
corrected EEG compared to 12% in the uncorrected
EEG. The median noise after artifact reduction was 8
rV. All these measures indicate that most of the arti-
fact was removed, with minimal EEG distortion. Using
this recording system and artifact reduction method,
we have demonstrated that simultaneous EEG/fMRI
studies are for the first time possible, extending the
scope of EEG/fMRI studies considerably.
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INTRODUCTION

Combined electroencephalogram (EEG) and func-
tional MRI (fMRI) recording has been used to localize
areas of increased blood flow associated with specific
EEG events. This has found application in epilepsy
(Warach et al., 1996; Krakow et al., 1999; Seeck et al.,
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1998), a rhythm (Patel et al., 1997), and sleep (Huang-
Hellinger et al., 1995). EEG can also be used to assess
subject state in cognitive fMRI studies (Portas et al.,
1999). High-quality EEG recording is crucial to these
studies. EEG quality in the MR scanner is compro-
mised by artifacts caused by interaction between the
subject, EEG electrode assemblies, and the scanner’s
magnetic fields (Allen et al., 1998). The three most
significant causes of EEG artifacts in the scanner are
(1) gross movements in the static (B,) field, for example
swallowing; (2) the cardioballistogram and blood flow
effects in the B, field associated with the subject’s
pulse; and (3) the changing fields applied during fMRI
image acquisition. Gross movement causes large arti-
facts (Hill et al., 1995) but these are normally infre-
guent. Pulse artifact is potentially a significant prob-
lem as it is normally large amplitude, widespread on
the scalp, and continuous (that is, occurring even when
images are not being acquired). A method for reducing
this artifact to acceptable levels has been published
(Allen et al., 1998) and this appears to perform reliably
(we have now used this method to successfully record
over 120 spike-triggered EEG/fMRI studies).

FMRI is normally performed using echo-planar im-
aging with blood oxygenation level-dependent (BOLD)
contrast. Artifacts induced by this imaging technique
are normally very large and obscure the EEG com-
pletely. For this reason most EEG/fMRI studies have
used aperiodic fMRI, i.e., image acquisition triggered
immediately after observation of the EEG event of
interest. This has two disadvantages. First, EEG
events during image acquisition may be missed and
confound results—this dictates that each imaging pe-
riod must be as short as possible, reducing study flex-
ibility. Second, aperiodic fMRI requires a long refrac-
tory period after image acquisition to allow complete
T1 relaxation, which lengthens study time. Spike-trig-
gered fMRI studies last typically over 1 h (Krakow et
al., 1999), so reducing study time would have impor-
tant benefits for increasing the general application of
the technique and reducing the likelihood of subject
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movement. Imaging artifact is also a significant prob-
lem for EEG/fMRI sleep studies, as obscured sections
of EEG compromise the reliability of sleep staging. In
addition, elimination of imaging artifact would allow
detection of EEG events during periodic or continuous
fMRI. This would desynchronize BOLD signal sam-
pling and EEG events, allowing optimal investigation
of the BOLD signal time course (Josephs et al., 1997).
It would also allow a subject’s state of attention to be
monitored during cognitive studies, assisting the inter-
pretation of these studies. Clearly, a method to remove
imaging artifact would extend significantly the scope
and power of EEG/fMRI studies.

Several techniques for reducing imaging artifact
have been reported. Simply applying low-pass filtering
is unlikely to be effective as the electromotive forces
(emfs) induced by the gradient fields contain energy in
the EEG frequency band (0.5-70 Hz). Felblinger has
shown that fourth-order low-pass filtering with a cut-
off point as low as 13 Hz cannot suppress imaging
artifact in ECG signals and gives considerable ECG
signal distortion (Felblinger et al., 1999). In this con-
text, EEG and ECG signals have similar spectral con-
tent so similar results would be expected for EEG.
Kreger described a method for reducing imaging arti-
fact in ECG signals based on adaptive noise cancella-
tion (ANC) (Kreger and Giordano, 1992). The x, y, and
z gradient waveforms derived from the scanner were
processed with a filter which matched the ECG filter
and these formed the reference signals for the ANC
algorithm. No quantitative results were given and its
applicability to EEG during fMRI is unknown. Laudon
used an external loop placed over ECG electrodes to
record the induced emf and then subtracted this elec-
tronically from the ECG signal (Laudon et al., 1998),
reducing the artifact to 20%. However, this is imprac-
tical for multichannel EEG recordings and the artifact
reduction is far too small as EEG is typically 10-250
wV, whereas imaging artifact during fMRI can be
many millivolts.

Felblinger described a method for eliminating the
artifact induced by gradient fields, which appears to be
effective for ECG recordings with gradient slew rates of
10 T m™* s7' (Felblinger et al., 1999). This method
determines the impulse response of the ECG recording
system for gradient fields applied individually in the x,
y, and z planes during a period of low-amplitude ECG
(the ventricular diastole) with the assumption that the
signals recorded were entirely induced artifact. These
responses were then used to filter the X, y, and z gra-
dient waveforms derived from the scanner during im-
aging and the sum of the filter outputs subtracted from
the ECG. However, no quantitative results were given
and the extension of this method to EEG signals re-
corded during fMRI may be inappropriate as the gra-
dient slew rates in fMRI are an order of magnitude
higher (typically 125 T m *s ") and EEG signals are an
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order of magnitude lower than ECG. In addition, there
is no “quiet” period in the EEG signal during which the
X, ¥, and z gradient artifacts can be measured. Al-
though, as suggested, this could be overcome by aver-
aging the responses over many epochs, the EEG of
these must be uncorrelated and this would extend the
time taken to perform this task. It is likely the process
would need recalculating after even minor changes in
the subject’s position due to the high ratio of imaging
artifact to EEG amplitude. In addition, we have ob-
served that artifact sometimes persists after gradients
have ceased changing. We speculate that this is due to
small subject movements caused by scanner vibration
during the gradient fields, taking a finite time to decay.
As this artifact is induced by movement in the static
field, it cannot be removed by modeling the effect of the
gradient fields on the EEG.

Sijbers has reported a method for reducing imaging
artifact by the subtraction from the EEG spectrum of a
weighted average gradient artifact spectrum, followed
by inverse Fourier transform (Sijbers et al., 1999). This
method was evaluated in EEG recorded from rats with
gradient fields comparable to fMRI. Although this
method increased the signal-to-artifact ratio by four to
eight times, this is unlikely to be sufficient for EEG/
fMRI in humans, for which the electrode loop areas,
and hence induced artifact amplitude, are typically
orders of magnitude larger.

Our preliminary assessment of image artifact wave-
forms recorded from subjects during periodic fMRI sug-
gested that these artifact waveforms had very low in-
tervolume variability and hence subtraction of the
image artifact waveform averaged over a number of
volume acquisitions might be effective (Josephs and
Turner, 1998). This approach has been used success-
fully to remove pulse artifact from EEG/fMRI record-
ings (Allen et al., 1998) and would avoid the complica-
tion of recording the impulse response for each
gradient and could deal with artifact persisting after
the cessation of gradients. For this method to be effec-
tive, the EEG recording system must have a large
dynamic range to record both the EEG with appropri-
ate resolution and the image artifact without satura-
tion. We report here the design of an EEG recording
system appropriate for recording of continuous EEG
during event-related fMRI and a signal-processing
based method for image artifact reduction (IAR) based
on subtraction of averaged imaging artifact followed by
adaptive noise cancellation.

METHODS

EEG Recording System

EEG is normally recorded with a resolution of =0.5
wV. However, for EEG/fMRI studies, which are nondi-
agnostic, a lower resolution of 2 pV is acceptable.
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FIG. 1. Schematic of the EEG recording system.

Hence, if EEG is digitized using a 16-bit digitizer,
which typically gives 14 bits in practice, the range of
the EEG amplifier will be 33.3 mV peak to peak (pk-
pk).

Artifacts are induced in the scalp and EEG leads by
the changing magnetic fields applied during image ac-
quisition (Faraday’s law). Two different fields are ap-
plied: RF and gradients. Artifacts induced by RF have
a much higher frequency than EEG and hence can be
reduced effectively by low-pass filtering applied before
the EEG amplifier front end. This is not the case for
gradient artifact, which contains components in the
EEG frequency range. The amplitude of induced gra-
dient artifact is given by

VGAMax = (dB/dt)max X Amax*

where Vgavax IS the maximum amplitude of induced
gradient artifact, (dB/dt), .« is the maximum rate of
change of gradient field, and A, is the maximum loop
area.

The maximum rate of change of gradient field is
assumed to be 25 T s™* (Siemens Vision 2T with a slew
rate of 125 T m™* s, distance from the gradient coil
isocenter assumed to be 0.2 m). The maximum loop
area is assumed to be 100 cm?, corresponding to widely
spaced electrodes such as C4-Al in the 10/20 system.
This gives a maximum gradient artifact amplitude of
250 mV (500 mV pk-pk). This exceeds the EEG ampli-
fier range defined above by a factor of 15 and will cause
saturation.

Because much of this artifact is at frequencies above
the EEG range, low-pass filtering can reduce it. We
measured the maximum gradient artifact after low-
pass filtering (second-order Bessel filter, 3-dB cut-off
point of 70 Hz) for the slew rate and coil area described
above, with the coil placed at the edge of the head-coil
successively in the x, y, and z planes. This was ~25 mV
pk-pk, which is within the required range. Hence, an
EEG amplifier was designed as follows (see also Fig. 1).

The electrode leads were connected to the amplifier
via in-line filters designed to limit cable borne RF
interference, with an attenuation of 70 dB at 85 MHz
(the RF frequency for a 2-T scanner). The front end
comprised an instrumentation amplifier with gain 10,
which is small enough to prevent the image artifact
waveforms saturating but helps to reduce the effects of
noise introduced by subsequent stages. The next stage
was a second-order Bessel low-pass filter (cut-off 70
Hz), which attenuates components above the scalp
EEG frequency range (Ebner et al., 1999). The EEG
signal contains little of value above 50 Hz (Reilly,
1999). This filter was used as it has optimal phase
linearity and thus a good transient response to the fast
pulses in the image artifact waveform. The next stage
applied AC coupling (time constant 0.33 s) to reduce
DC potentials from the electrodes, before the main gain
stage that set the overall gain to 300. Note that low-
pass filtering was applied prior to the main gain stage
so that the large-amplitude rapidly changing artifact
waveforms were attenuated prior to significant gain,
reducing the likelihood of saturation.

Signals were then passed from this EEG amplifier
located in the scanner room, through a screened cable
to an isolated amplifier (for safety) with gain of 1,
bandwidth of DC to 1 kHz (CED1902; Cambridge Elec-
tronic Design, Cambridge UK), and then to a 16-bit
digitizer (CED1401 Plus). Digitizer resolution at 14-bit
level was 0.61 mV, corresponding to an EEG resolution
of 2 WV and range of 33.3 mV as required. In this study
we were not concerned with image quality and hence
RF interference passed into the scanner room by the
screened cable was not important.

EEG signals were recorded using Spike2 software
(Cambridge Electronic Design) with a sample rate of 5
kHz per channel. A fMRI slice-timing signal, which
defines accurately the time at the start of each slice
and is sourced from the scanner, was captured with
resolution of 10 ps and was used by the IAR algorithm
to synchronize artifact averaging. A slice-timing signal
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FIG. 2. Schematic of the IAR algorithm.

is commonly available from MR scanners hence this
requirement does not restrict the general utility of the
method.

Image Artifact Reduction

There are two stages to the IAR method. First, an
average imaging artifact waveform is calculated over a
fixed number of epochs and is then subtracted from the
EEG for each epoch. Adaptive noise canceling is then
used to attenuate any residual artifact (Fig. 2).

For a periodic fMRI sequence with delays between
volume scans, an epoch was defined as the volume
repeat time, TR. The EEG recording was divided into
sections of 25 epochs over which averaging was per-
formed. The rationale for selecting 25 epochs was that
most EEG events are in the range 10-250 wV, and
hence a minimum of 25 epochs must be averaged so
that the largest likely EEG event is reduced below that
of the smallest. This assumes that EEG is uncorrelated
between epochs, which is likely as each volume scan
normally lasts at least a few seconds. The artifact-to-
EEG ratio is very high and hence 25 epochs is sufficient
to obtain an accurate average. By dividing the EEG
into fixed-length sections, the averaged artifact can
adapt discretely throughout a recording.

For continuous fMRI acquisition, i.e., no delays be-
tween volumes, an epoch was defined as one slice. As
the duration of a slice is typically less than 100 ms,
correlation of EEG between successive epochs is likely.
We assumed that EEG is uncorrelated over 0.3 s and

for the purposes of artifact averaging divided the EEG
into sections of 25 X 0.3 s = 7.5 s. For the continuous
fMRI sequence used here, this corresponded to 7.5 X 13
slices/s = 100 slices.

For periodic fMRI, the averaging epoch included a
period when no changing fields were applied. This was
necessary as artifact was often observed to occur after
the changing fields had ceased. This postimaging arti-
fact had two components: an exponential part with a
time constant equal to that for the AC coupling in the
EEG amplifier (Fig. 5B) and a low-frequency decaying
oscillation, possibly due to subject movement in the
static field, caused by small scanner movements during
application of the gradient fields.

When calculating the average artifact, the first five
epochs in each section were always included—subse-
guent epochs were included only if the cross correlation
function between the epoch and the current average
exceeded 0.975. Although not optimal this scheme was
a computationally efficient method for reducing aver-
aged artifact corruption by atypical epoch signals, for
example, those in which a subject movement occurred.

Imaging artifact is nearly perfectly synchronized to
the slice-timing signal. To optimize calculation of the
average artifact we used a 25-coefficient sinc function
to interpolate the EEG values synchronous with the
slice-timing signal. When subtracting the averaged ar-
tifact from the EEG in each epoch, a similar interpo-
lation was performed in the reverse direction to syn-
chronize the averaged waveform to the EEG samples.
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FIG. 3. The effect of adaptive noise cancellation. Trace A is
signal Fp2-F4 after imaging artifact subtraction. Residual artifact at
the slice frequency (12.4 Hz) is clearly visible and of amplitude
approximately 30-50 pV. Trace B is the same signal after ANC.
Trace C is the reference signal used by the ANC method and has
been derived digitally by low-pass filtering of the slice-timing sig-
nals. Trace D is the ECG channel from the same recording and is
shown here to confirm that the periodic peaks in trace B are pulse
artifact rather than an error of the subtraction method.

After subtracting the average artifact, the signals
were smoothed (eighth-order Chebyshev low-pass fil-
ter, cut-off 80 Hz applied in forward and reverse direc-
tions to give zero phase distortion) to reduce the like-
lihood of aliasing in the next process, which was down-
sampling to 200 Hz, a sampling rate typically used for
EEG. Additional low-pass filtering was then performed
(55 coefficient, finite impulse response, cut-off 50 Hz).
Although subtracting the averaged artifact followed by
low-pass filtering removed most of the artifact, some
residual artifact, synchronized to the slice-timing sig-
nals, was sometimes observed (Fig. 3). For the se-
guences used, this resulted in 12.4- or 13.2-Hz signals,
which clearly cannot be removed by linear filtering
without affecting an important part of the EEG spec-
tra. Adaptive noise canceling can reduce signal compo-
nents correlated with a reference signal and was con-
sidered appropriate for removing this residual artifact.

We implemented an ANC filter similar to that de-
scribed by Chen et al. (1989) as follows. The EEG signal
with averaged artifact subtracted was used as the pri-
mary input. The reference signal applied to the tapped
delay line adaptive filter was generated digitally for a
sample rate of 200 Hz with value 0 for all samples
except those when slice-timing signals occurred, which
had value 1. This signal was then filtered using the
55-coefficient low-pass filter used to filter the EEG
signals (Fig. 3, trace C).

The adaptive filter weights (N = 20) were adapted
for every input sample using the Widrow—Hoff least
mean squares algorithm to minimize the error between
the filter output and the primary signal (Widrow et al.,
1975). The step size, which controls stability and con-
vergence rate (normally referred to as ), was set to
0.05/(number of weights X variance of the reference
signal) (Chan et al., 1995). The ANC filter was applied
only to the EEG coincident with imaging, as residual
artifact was present only during these periods. To re-
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duce the discontinuity between these periods, the ref-
erence signal was tapered (raised cosine function) over
the first and last 0.5 s of each period. The EEG output
was taken as the difference between the primary signal
and the adaptive filter output, that is, the EEG signal
minus components correlated with the reference signal
(Fig. 2). The algorithm was implemented using MAT-
LAB V5.3 (The Mathworks, MA) and was applied off-
line.

Recordings

This study had the approval of the local ethical com-
mittee of The National Hospital for Neurology and
Neurosurgery and all subjects gave written informed
consent. EEG was recorded from five subjects (four
male, one female, median age 35 years) in a Siemens
2T Vision scanner. In all five subjects, recordings were
made during periodic fMRI (48-slice gradient echo EPI,
833 Hz, 20 mT/m sinusoidal readout, slice TR = 0.08 s,
volume TR = 6 s). Additional recordings were made in
two of these subjects using a continuous fMRI sequence
(no gaps between successive volumes).

Recordings were made from adjacent electrodes in
the 10—-20 system at the following sites: O1-02 (back
of the head, x direction), Fz—Cz (top of the head, y
direction), and Fp2—-F4 (front of the head, z direction).
Electrode spacing was 5.7 cm. In addition, electrodes
C4-Al were recorded to assess the method for the
largest likely interelectrode lead loop (electrode spac-
ing 20.5 cm). Gold electrodes were used, with a 15-
kohm current-limiting resistor in each electrode lead to
limit the maximum induced current (Lemieux et al.,
1997) and minimized interelectrode lead loops. The
reference electrode was at Pz. Pulse artifact subtrac-
tion, which requires an ECG channel, is vital to inter-
pret EEG/fMRI studies, hence an ECG channel was
recorded from electrodes on the subject’s back (via 75-
kohm current-limiting resistors). The ECG channel
provides confirmation that: (1) the method performs
satisfactorily for electrodes farther from the magnet
isocenter, where gradient-induced fields are stronger;
(2) pulse artifact could be identified in the EEG after
IAR; and (3) pulse artifact subtraction is effective for
EEG after IAR. Electrode leads were brought out to the
amplifiers at the front of the scanner via multicore
cables.

The following periods were recorded, all with the
subject’s eyes closed. First, 2 min outside the scanner,
to determine each subject’s a frequency. Second, 2 min
inside the scanner with no imaging to give a baseline to
assess the IAR method. Third, EEG was recorded dur-
ing fMRI: 10 min during periodic fMRI in all subjects,
followed in two subjects by 3 min of continuous fMRI.
In the middle of the fMRI, the subjects were asked to
open and close their eyes periodically to give small
subject movement and « suppression.
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Validation

The median imaging artifact was measured for all
channels, subjects, and recordings in the following data
recorded during fMRI: (1) the raw EEG; (2) after down-
sampling/low-pass filtering, but no IAR; (3) after sub-
traction of the averaged artifact and down-sampling/
low-pass filtering; and (4) as in (3) but with ANC. The
amplitude of imaging artifact was difficult to assess in
stages (3) and (4) due to pulse artifact, hence we ap-
plied pulse artifact subtraction before making these
measurements. In each case, the mean of 10 measure-
ments, made at equally spaced intervals and always
coinciding with fMRI, was calculated for each channel.

EEG signals recorded inside the scanner with no
fMRI and with fMRI corrected by AR were compared
using spectral analysis. We did not compare the cor-
rected EEG to that recorded outside the scanner, be-
cause the pulse artifact present only in the former
makes this comparison meaningless. The average spec-
trum from 10 5.12-s periods (i.e., 1024 samples per
period) equally spaced throughout the EEG recording
was calculated for each channel and subject. Sections
of EEG with eyes opened or obvious low-frequency
artifacts (for example, those associated with small
head movements) were excluded. The EEG recorded
inside the scanner with no fMRI was down-sampled
and low-pass filtered in exactly the same way as was
used for IAR. The mean activity in four frequency
bands (0.8-4, 4-8, 8-12, and 12-24 Hz) was then
calculated for each EEG channel. The absolute value of
percentage difference was then calculated for each
channel as

Percentage Difference = 100
X absolute ((ANl - AlAR)/ANl)’

where Ay, is the activity with no fMRI and A is the
activity with fMRI corrected by IAR. The percentage
differences for all channels and subjects were nonnor-
mal, hence the median difference was calculated as a
summary statistic.

To measure the ability of a reviewer to identify
events in the EEG after artifact subtraction, epilepti-
form spike-wave complexes recorded from a subject
with temporal lobe epilepsy (mean peak-to-peak ampli-
tude 73.8 wV, SD 36.7 wV) were added digitally at
random times to the raw EEG signals recorded during
fMRI, giving a rate of one spike per 20 s of recording.
We used spike-wave complexes as these contain both
high- and low-frequency components. Spikes were
added to the raw EEG data prior to IAR. Prior to
review of these recordings, pulse artifact subtraction
(Allen et al., 1998) was applied to the corrected EEG.
Two reviewers examined these recordings before and
after artifact subtraction and the proportion of spike-
waves correctly identified was calculated.
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The presence of o rhythm in EEG outside the scan-
ner and in the corrected EEG was also assessed. The
criteria for identifying « in the corrected EEG were
that the frequency and channels were the same as were
recorded outside the scanner and that the frequency
was less than the slice frequency (12.4 or 13.2 Hz).

RESULTS

Considering all recordings from all subjects, satisfac-
tory recordings were obtained for 16 of the 20 EEG
channels recorded. Four channels were excluded from
further consideration due to large low-frequency arti-
facts (3 channels) and a failed electrode (1 channel).
For the remainder, the maximum imaging artifact in
the raw EEG was +9.16 mV, which is well within the
range of the EEG recording system (£16.6 mV). For
ECG the maximum was +16.3 mV, which is close to
saturation. Clearly a lower gain channel for ECG
would be advisable. The median value of imaging arti-
fact in the raw EEG data was 4.0 mV pk-pk (range 0.6
to 17.3 mV). After down-sampling and low-pass filter-
ing the median value decreased to 571 wV pk-pk (range
114 to 2890 V), confirming that low-pass filtering
alone cannot remove imaging artifact. The median ar-
tifact in each channel after subtraction of the average
artifact (but prior to ANC) was 11 pV pk-pk (range 0 to
50 nV). ANC decreased this further to 8 pV pk-pk
(range 0 to 28 pV). Hence, overall, a 500-fold reduction
in imaging artifact was achieved. An example of the
effectiveness of the IAR method and the shape of the
averaged imaging and pulse artifact waveforms are
shown in Fig. 4. Figure 5 shows the effect of artifact
subtraction for a multichannel recording containing an
added spike. For the spectral analysis, the median
difference between EEG recorded inside the scanner
with no fMRI and with fMRI followed by IAR was as
follows: frequency band 0.8—4 Hz 10%, 4—8 Hz 10%,
8-12 Hz 14%, and 12-24 Hz 18%. The median number
of spikes correctly identified in the recordings inside
the scanner with fMRI was 12% (range 0 to 32%). This
increased after IAR to 99% (70 to 100%), with only one
false detection. a was clearly present in 4/5 subjects
outside the scanner. a appeared to be present in 3/5
subjects in the scanner prior to imaging and in the
same 3/5 in the corrected EEG.

DISCUSSION

The results from the recordings presented here con-
firm that imaging artifact is a significant problem in
EEG recordings during fMRI. We measured a median
artifact amplitude of 4000 pV pk-pk, which is over 400
times larger than the lowest amplitude EEG events
and emphasizes the exactness required of the IAR
method. Low-pass filtering reduced this to 571 wV,
indicating that low-pass filtering alone is not sufficient
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FIG. 4. The EEG waveforms (C4—Al) before and after imaging
and pulse artifact subtraction. Bandwidth was 0.45 to 50 Hz. (A) The
raw EEG during periodic fMRI. Large artifact is apparent during the
4 s of imaging (one volume), completely obscuring the EEG. The EEG
during the 2-s gap between volume acquisitions appears to be rela-
tively free of imaging artifact. (B) The averaged imaging artifact.
Note that toward the end the EEG is almost flat, indicating that
gradient-induced patient vibration persisting after the end of the
volume acquisition has decayed and sufficient epochs have been
averaged to attenuate cerebrally generated EEG. (C) The result of
subtracting the averaged imaging artifact in B from the EEG in A,
followed by down-sampling and ANC. Pulse artifact is now clearly
present and imaging artifact is difficult to discern. The display scale
has been increased from that in A and B. (D) The averaged pulse
artifact from trace C (not to scale). (E) Result of subtracting the
averaged pulse artifact in D from the EEG in C. A 10.5-Hz signal is
apparent in this trace and this frequency matches that of this sub-
ject's a rhythm. (F) The EEG from the same subject, recorded outside
the scanner, i.e., free of imaging and pulse artifact. The character of
this EEG appears to match closely the artifact corrected trace in E.

to remove imaging artifact. Subtraction of the aver-
aged artifact followed by low-pass filtering reduced this
to 11 nV and ANC, the final stage of the IAR method,
reduced this to 8 pV, indicating that the subtraction
performs the bulk of the artifact subtraction and ANC
suppresses the small amount of residual artifact. Epi-
leptiform spike waves of lower amplitude than is com-
monly observed in temporal lobe epilepsy were almost
totally obscured by the imaging artifact but were easily
recognizable after applying the method. To ensure that
the location of the spikes was known precisely they
were added digitally to the raw EEG recorded during
fMRI. This meant that the spikes were not recorded via
the amplifiers and it is possible that the effect of am-
plifier saturation was thus not tested. However, the
maximum imaging artifact magnitude recorded was
only 55% of the amplifier range so saturation was
unlikely to have occurred, and pulse artifact was
clearly visible in all recordings, again indicating that
amplifier saturation did not occur. a rhythm appeared
to be present in 3/5 subjects in the corrected EEG
although it was difficult to be certain as pulse artifact
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is known to contain strong components in the « fre-
qguency range (Allen et al., 1998). Indeed, « was only
detected in the same three subjects inside the scanner
with no fMRI. Moreover, only small differences (10—
18%) in spectral activity in four EEG frequency bands
between corrected EEG and EEG recorded without
fMRI were detected. Taken together, these measures
indicate that the method removed a large proportion of
the artifact and that EEG signal distortion was mini-
mal.

The recording system reported here had sufficient
dynamic range to record linearly both the background
EEG activity of normal subjects and the high-ampli-
tude imaging artifact, allowing digital signal-process-
ing techniques to be used to reduce the artifact to
acceptable levels. An important aspect of the amplifier
design was the application of low-pass filtering prior to
the main gain stage. This ensured that the large-am-
plitude high-frequency components of the imaging ar-
tifact were attenuated prior to large amplification, thus
reducing the likelihood of saturation. In contrast, most
electrophysiology amplifiers amplify and then filter, to
minimize the effects of electrical noise introduced by
the filters. Although RF filtering was applied at the
front end of the EEG recording system, the waveforms
recorded during imaging sometimes had a slowly
changing baseline (for example in Fig. 5B). One possi-
ble explanation for this is that RF penetrated the front-
end amplifier and was then demodulated to a low-
frequency signal (the amplifier used for these
recordings was a prototype and was not fully shielded).
We are currently building shielded EEG amplifiers,
which will transmit signals out of the scanner room via
fiber optics. Nevertheless, we have demonstrated that
despite RF breakthrough, low-noise EEG recordings
are still possible.

For periodic fMRI, averaging by volume, as opposed
to averaging by slice, was necessary for effective arti-
fact removal, as the artifact waveform at the starting
and stopping of fMRI differed from that of slices in-
between, and decaying oscillations were sometimes ob-
served after gradients ceased. We speculate that the
altered waveforms at the start and stop of fMRI re-
sulted from subject movement caused by scanner vi-
bration due to the gradient fields, together with the
effect of low- and high-pass EEG filters on the unbal-
anced imaging artifact signal. These filters are essen-
tial for anti-aliasing and electrode DC potential re-
moval, respectively. It might be possible to remove
some of this artifact by subtracting at the front-end the
signal from an interference reference loop. However, as
mentioned previously, Laudon found this technique
reduced the artifact only to 20% for a single-channel
ECG recording, for which the reference loop could be
aligned optimally with the conductive tissue loop
formed between electrodes (Laudon et al., 1998). For
multichannel EEG this approach is likely to perform
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FIG. 5. The EEG signals recorded inside the scanner. In this subject, electrode C4 failed so C4—Al is not shown. The ECG channel is
scaled down four times lower than for the EEG plots. Bandwidth was 0.45 to 50 Hz. (A) These EEG signals were recorded in the absence of
fMRI. A spike-wave complex added to the EEG is clearly visible, as is pulse artifact in the EEG channels (20—90 V), synchronized to the
ECG. These waveforms show the character of the EEG recorded inside the scanner, without fMRI and imaging artifact subtraction. (B) The
uncorrected EEG signals (low-pass filtered and down-sampled) from the same subject during periodic fMRI. Because of the large amplitude
of the artifact, all the channels have been scaled down four times compared to plots A, C, and D. The large amplitude of the imaging artifact,
relative to the EEG, is clearly apparent. A spike-wave complex identical to that in plot A has been added to the EEG, prior to IAR. This is
completely obscured by the imaging artifact. (C) The effect of the IAR method on the EEG signals shown in plot B. The spike wave is now
clearly apparent and pulse artifact synchronized to the ECG channel is also clearly visible, indicating that no significant distortion of the
EEG has occurred. (D) Pulse artifact subtraction has now been applied to the EEG signals in plot C and this has removed the pulse artifact
almost entirely. This shows that in this case pulse artifact subtraction, which is vital for the interpretation of EEG recorded inside the MR
scanner, can be applied effectively to signals corrected by the IAR method.
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less well due to difficulties in aligning reference loops
and would increase the complexity of electrodes or
electrode application considerably. In view of the low
residual noise relative to normal EEG achieved with-
out this approach, it is probably not warranted for
continuous EEG recording, although for lower ampli-
tude event-related potentials (ERPs), it might possibly
be justified.

Although subtraction of averaged artifact removed a
large proportion of the imaging artifact, residual arti-
fact was sometimes present. There are two causes of
this: (1) jitter between the EEG sampling and scanner
time frames and (2) differences between individual
epochs and the average artifact, due to small subject
movements. The former can be compensated for by
interpolation, providing the imaging artifact is not
aliased. To reduce aliasing while providing a good tran-
sient response, we used a second-order low-pass filter
prior to digitizing at 5 kHz. Attenuation of this filter at
the Nyquist point was 60 dB. A higher order analog
filter might allow a lower sampling rate but these
filters have poor transient responses and are not nor-
mally used in EEG recording systems as they distort
EEG transients such as spikes (Ebner et al., 1999)—
they are clearly undesirable for accurate recording of
the fast pulses present in imaging artifact.

We implemented interpolation using a 25-coefficient
sinc function and recorded the slice-timing signal with
a high temporal resolution (10 ws). A sinc function
provides optimal interpolation for a band-limited sig-
nal. The sinc function coefficients are calculated for the
required interpolation interval and are convolved with
EEG to give the interpolated value. Although this re-
quires considerably more calculation than simpler lin-
ear or quadratic polynomials interpolation, it was used
to reduce the likelihood that residual artifact was due
to interpolation errors. Although we have not investi-
gated in detail the relationship between residual arti-
fact and the interpolation method, preliminary testing
suggests that if no interpolation was performed, i.e.,
the slice timing signal had the same temporal resolu-
tion as for the EEG (5 kHz), there was a clearly dis-
cernible increase in residual artifact prior to ANC but
only a slight increase after ANC. Again, if a small
increase in artifact can be tolerated, interpolation
could be omitted, simplifying the implementation. The
second source of error, differences between individual
epochs and the average artifact, might be reduced by
using a moving window average, particularly for con-
tinuous fMRI in which a short (7.5-s) averaging period
was used. This would be less helpful for periodic fMRI
with an averaging period of 150 s (25 X 6 s). Residual
artifact resulting from both these sources of error is
synchronized to the slice-timing signal and appeared to
be reduced effectively by ANC.

Two different generic types of fMRI sequences were
evaluated, namely continuous and periodic. For contin-
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uous acquisition, typical parameters were used and it
is unlikely that adjustment of the main parameters
(e.g., TE) would give poorer results. For periodic fMRI
we noted that it was important to include in the aver-
aging epoch the period several seconds after the cessa-
tion of changing fields, in which artifact was sometimes
present. For the periodic fMRI sequence used in this
work, the averaging epoch was set to the volume repeat
time. For a sequence with a longer delay between vol-
ume scans, it would probably not be necessary to use
the entire volume repeat time, and this would save
computation. The method was validated for a 2-T scan-
ner. The gradients for higher field strength scanners
are not necessarily higher. The artifact caused by sub-
ject movement synchronized to the gradient fields
would, however, increase linearly with field strength.
As this component of the artifact was small compared
to that induced directly by the gradient fields, this is
unlikely to increase the residual artifact significantly.

In this work, the calculation and subtraction of av-
eraged artifact were performed at a sampling rate of 5
kHz, and the resulting EEG was then smoothed and
down-sampled to 200 Hz. The amount of computation
could be reduced by smoothing and down-sampling
prior to averaging. We observed a small increase in
residual artifact associated with this approach, pre-
sumably due to an increase in interpolation errors.

The method was implemented offline. The averaging
period for periodic fMRI was sufficiently long (25 X 6 s)
to make an online implementation difficult. If the av-
eraging epoch was set to one slice as opposed to one
volume, unacceptably large artifact was observed, due
to artifact variability occurring at the start and end of
each volume scan. For continuous fMRI, however, the
short averaging period used (7.5 s) would allow an
online implementation.

The method has been evaluated for continuous EEG
recordings during fMRI. Imaging artifact also affects
the recording of ERPs during fMRI and the applicabil-
ity of the IAR method to these recordings is of interest.
Using a 16-bit digitizer, we were able to capture the
worst case artifact without amplifier saturation, while
measuring EEG with resolution of 2 wV. For ERPs,
which are lower amplitude than EEG (typically 1-5
wV), greater dynamic range would be required. This
could be achieved by using a higher resolution digi-
tizer. Although the residual noise after IAR was sev-
eral times greater than typical ERP signal levels, this
does not preclude ERP recording, as imaging artifact is
uncorrelated with the ERP and hence can be attenu-
ated further by averaging, an approach that is not
possible for continuous EEG. The 70-Hz low-pass filter
in the front end was not inappropriate for cognitive
ERPs (low pass typically 30—100 Hz), which is the ERP
of most relevance for fMRI studies. For VEPs (low pass
250 Hz) and certainly SEPs (low pass 2000 Hz) a
higher cut-off would be desirable. A higher cut-off
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would have two consequences: frequency components
in the imaging artifact signal above the Nyquist point
(2.5 kHz) would be larger giving aliasing, and lower
frequency components in the imaging artifact, in the
ERP range, would also be increased giving greater
residual artifact. The former problem could be over-
come by increasing the sampling rate, the latter may
require more sweeps.

CONCLUSION

In EEG/fMRI studies, large-amplitude artifacts in-
duced in the EEG by the changing fields applied during
image acquisition normally obscure the EEG com-
pletely, limiting study design. We have developed a
signal-processing based method, which uses subtrac-
tion of an averaged artifact waveform followed by
adaptive noise cancellation to reduce this artifact ef-
fectively. This method was validated in recordings
from five subjects using two fMRI sequences by mea-
surement of residual artifact, spectral analysis, and
identification of spike-wave complexes in the corrected
EEG. The amplitude of residual imaging artifact after
IAR was below 10 wV, whereas EEG signals are typi-
cally 10-250 .V, indicating acceptable level of artifact
reduction. Spectral differences of only 10-18% be-
tween corrected EEG and EEG with no fMRI were
found and over 99% of spike waves were identified in
the corrected, compared to 12% in the uncorrected,
EEG. « rhythm was identified in 3/5 subjects in the
corrected EEG. All these measures indicate that a high
proportion of the artifact was removed and minimal
EEG distortion occurred. Careful design of the EEG
amplifier was essential to provide sufficient dynamic
range to capture both low-amplitude EEG and the
large artifact without distortion to enable this signal-
processing based method to be effective. Using the
recording apparatus and artifact reduction method de-
scribed in this paper, we have demonstrated that si-
multaneous EEG and fMRI recording is for the first
time possible, extending the scope of combined EEG/
fMRI studies considerably.
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