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Abstract: Electroencephalographic (EEG) monitoring during functional magnetic resonance imaging
(fMRI) experiments is increasingly applied for studying physiological and pathological brain function.
However, the quality of the fMRI data can be significantly compromised by the EEG recording due to the
magnetic susceptibility of the EEG electrode assemblies and electromagnetic noise emitted by the EEG
recording equipment. We therefore investigated the effect of individual components of the EEG recording
equipment on the quality of echo planar images. The artifact associated with each component was
measured and compared to the minimum scalp-cortex distance measured in normal controls. The image
noise originating from the EEG recording equipment was identified as coherent noise and could be
eliminated by appropriate shielding of the EEG equipment. It was concluded that concurrent EEG and
fMRI could be performed without compromising the image quality significantly if suitable equipment is
used. The methods described and the results of this study should be useful to other researchers as a
framework for testing of their own equipment and for the selection of appropriate equipment for EEG
recording inside a MR scanner. Hum. Brain Mapping 10:10-15, 2000.  © 2000 Wiley-Liss, Inc.
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INTRODUCTION

The recording of electroencephalograms (EEG) inside
the MR scanner has gained increasing interest. It is used
to correlate functional magnetic resonance imaging
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(fMRI) acquisitions with spontaneous EEG events (e.g.,
epileptiform discharges in patients with epilepsy and
physiological EEG events such as oscillatory rhythms) or
evoked potentials and thus help to identify the genera-
tors of these events [Huang-Hellinger et al., 1995; Kra-
kow et al., 1999; Seeck et al., 1998; Warach et al., 1996]. A
further application is monitoring the state of arousal or
sleep during fMRI experiments [Portas et al., 1999].
EEG recording inside the magnetic fields of a MR
scanner is associated with significant technical prob-
lems. Safety issues [Lemieux et al., 1997] and EEG
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quality aspects [Allen et al., 1998] have already been
addressed, providing the basis for high quality and
safe EEG recordings inside the MR scanner. However,
the effect of the EEG recording equipment on the MRI
quality, particularly echo planar imaging (EPI), has
not yet been addressed in detail. We therefore inves-
tigated two effects of the EEG recording, which can
compromise MRI data: (1) Local signal drop out and
geometric distortion due to magnetic susceptibility
differences and the presence of eddy currents in EEG
electrode assemblies [Joseph et al., 1996]; (2) Degrada-
tion of the image signal-to-noise ratio because of elec-
tromagnetic noise emitted by the EEG recording
equipment.

The main purpose of this study was to evaluate
these effects on a representative sample of EEG re-
cording components to identify the most appropriate
components for our setting, and to provide a general
framework that can be useful to other researchers
interested in evaluating their own equipment for EEG
recording inside a MR scanner.

MATERIALS AND METHODS

All imaging was performed on a 1.5 T Horizon
EchoSpeed MRI scanner (General Electric, Milwaukee,
USA) unless stated otherwise.

Measurement of the scalp-cortex distance

T1-weighted inversion-recovery prepared volume
acquisitions as used in our standard scanning protocol
(Fast IRSPGR: TI/TR/TE/flip = 450/15/4.2/20; 124
1.5-mm thick coronal slices; 256 X 192 matrix, 24 X 18
cm FOV) of ten healthy volunteers were acquired
(four males, six females, median age 36.0, range 17-50
years). The distance between the surface of the scalp
and the cortex was measured at locations correspond-
ing to the position of the FP1, F3, F7, C3, T3, P3, T5
electrodes of the 10/20 system, using our image dis-
play and analysis software, MRreg [Moran et al., 1999].

The following three experiments were carried out
using a gradient-echo EPI sequence similar to the one
we have used in clinical fMRI experiments [Krakow et
al.,, 1999]: TR/TE = 3000/40, bandwidth 100 kHz, 24
cm FOV, flip angle 90, acquisition matrix 96 X 96,
reconstruction matrix 128 X 128. Fat saturation was
explicitly selected to prevent the scanner from using
the spectral spatial pulse. Twenty contiguous 5-mm
slices were acquired in an interleaved fashion.

Quantification of the local signal drop out and
geometric distortions on a phantom

The following components of EEG electrode assem-
blies were assessed: electrodes, conductive electrode
gel and paste, electrode adhesive, current-limiting re-
sistors, insulating sleeve enclosing the resistor, and
wire. Details of the origin and composition of the
components are given in Table I. Each component was
attached individually on the surface of a 10-cm glass
sphere filled with distilled water. Electrodes, resistors,
and wires were tested both with their long axis paral-
lel (placed on top of the phantom, axial sections) and
perpendicular (frontal side of phantom, coronal sec-
tions) to the By magnetic field. Adhesive and gel were
only tested on top of the phantom for practical rea-
sons. All objects were scanned twice in each position
on different occasions. Measurements were also made
with the whole electrode assembly attached to the
phantom. The maximum perpendicular depth of arti-
facts was measured in the images using MRreg.

Quantification of artifacts in vivo for the
components with acceptable artifacts as measured
in the phantom experiments

Electrode assemblies (consisting of an electrode, resis-
tor, resistor insulation, wire, and 0.1 ml of electrode
adhesive and gel) made of the components which gave
acceptable results in the first experiment where placed
on the right side of the scalp of a volunteer at the 10/20
electrode positions used in our clinical studies (FP2, F§,
T4, T6, O2) [Krakow et al., 1999]. These were compared
to electrode assemblies made up of nonoptimized com-
ponents which have been used previously for intra-MR
EEG (Ag/AgCl electrode, carbon current-limiting resis-
tor, silicone-insulated copper lead) [Krakow et al., 1998],
which were placed at the equivalent positions on the left
side of the head. Images were obtained using a high
resolution EPI (sequence parameters as above, except
matrix size: 256 X 256). The depth of the artifact was
measured using MRreg.

Quantification of the image noise caused by the
electromagnetic fields generated by the EEG
recording equipment

The EEG recording system consisted of electrode
assemblies, placed in the headcoil beneath the phan-
tom and connected to a non-ferrous headbox (devel-
oped in-house) located at the entrance to the bore of
the magnet (headcoil-headbox distance = 125 cm).
The headbox was connected to an unscreened battery-

* 11 o



¢ Krakow et al. ¢

TABLE I. Artifact measurements in phantom

Artifact size

Component description Material /design (mm)
Electrodes
Ag/AgCl: SLE UK; 131/9/TP cast pure Ag coated in AgCl; d: 9 mm 8/8
Au: Grass USA; ESGH cast pure Ag with heavy Au coating; d: 10 mm 6/4
Plastic Ag/AgCl: Meditec Italy; 1183 AGCL plastic coated in Ag/AgCl; d: 10 mm 4/4
Carbon: Telefactor USA; carbon electrodes carbon electrodes with carbon wire; d: 10 mm 2/4
Resistors
Carbon composition: Vitrohm Germany; carbon black, phenol resin, bakelite; length: 9.9 mm, 19/19
series BT, 104-0 d: 3.5 mm
Planar thick film cermet, BI Technology, ruthenium oxide on aliminia substrate; 25.4/10.2/ 6/4
BPCE 2.5 mm
Cermet film: Meggitt CGS; HB01 cermet film on ceramic substrate with epoxy 2/2
coating; 26.5/10.5/3.0 mm
Resistor insulation
Epoxy rapid setting two part epoxy; 0.1 ml 8/8
Epoxy putty 0.1 ml 13/13
Heatshrink, black irradiated polyolefin tubing; d: 9.5 mm 2/2
Leads
Copper wire 1 annealed copper stranded wire, silicone rubber 2/2
insulation; 128/0.05
Copper wire 2 silver plated copper stranded wire, PTFE insulation; 2/2
7/0.12
Carbon wire 0/0
Electrode adhesives/gels
Collodion Adhesive: SLE UK 0.1 ml 4/4
Electrode gel: Dracard ECG Gel, Crown 0.1 ml 9/9
Graphic UK
Elefix electrode paste: Nihon Kohden combined adhesive/gel 0.1 ml 8/6

Ag: silver, AgCl: silverchloride, Au: gold. Dimensions of components: length/width/height, d: diameter. The two values in the third

column represent the results of the two measurements.

powered Neurolink Patient Module (Physiometrix,
MA, USA), placed at the side of the MR scanner (dis-
tance to the bore of the magnet: 130 cm). This digitizes
and transmits the EEG signal out of the scanner room
via a fiber optic cable to the Neurolink Monitor Mod-
ule which reconstructs the analog EEG signals [Allen
et al., 1998]. Phantom images were acquired with the
(a) unshielded Patient Module switched off, (b) the
unshielded Patient Module switched on, and (c) the
Patient Module switched on, shielded with a double-
walled aluminium/plastic box and a RF-filter in-line
with all wires connecting to this box.

To measure the noise emitted by the EEG equip-
ment, the EPI sequence was used with flip angle = 0 to
measure that no RF energy was emitted from the
scanner, giving an image containing only noise. This
allowed us to detect any structured noise that may
result from the EEG equipment. As the radiation that
may be emitted by the EEG equipment has an un-
known bandwidth, this experiment was repeated in a

2 T scanner (MAGNETOM Vision, Siemens, Erlangen,
Germany) using the same EEG recording equipment.
The mean and peak intensities over the whole image
were measured using Dispimage [Plummer, 1992].

RESULTS
Scalp-cortex distance

The mean distance between surface of the scalp and
the cortex measured was 13.8 mm (SD = 3.5). The
smallest individual scalp-cortex distance, measured
over the position T5, was 7.5 mm.

Local signal drop out and geometric distortions on
a phantom

The pattern of signal drop out and geometric distor-
tion of the phantom image caused by the tested objects
was dependent on their spatial orientation with respect
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Figure 1.

Examples of image artifacts caused by current-limiting resistors as
used in electrode assemblies. The images show the signal drop
out/geometric distortion caused by the carbon composition resis-

to the B, magnetic field. The figures given in the last
column of Table I represent the maximal depth of the
artifact caused by the components placed on top of the
phantom and orientated parallel to the By vector. Arti-
facts were slightly more pronounced (< 20% increase in
depth) if the long axis of objects was at right angle to the
main magnetic field. The image artifacts caused by car-
bon, plastic covered silver and gold electrodes were
within acceptable range (smaller than the minimum
scalp-cortex distance in normal controls). Ag/AgCl elec-
trodes caused slightly larger artifacts (Table I).

The different types of resistor showed significant
differences. Carbon resistors caused an artifact intrud-
ing almost 20 mm into the phantom. Two planar cer-
met resistors gave satisfactory results with artifacts
less than 2 and 6 mm in depth, respectively (Fig. 1). All
leads tested resulted in negligible artifacts (< 2 mm).

Although the tested collodion adhesive caused an
artifact intruding less than 4 mm, even minute
amounts of conductive electrode gel (0.1 ml) led to
artifacts of almost 10 mm depth. For the materials
commonly used to insulate the resistor and improve
the mechanical strength of the electrode assembly,
epoxy putty gave the largest artifact (> 10 mm depth).
When single components were combined to form elec-
trode assemblies, the extent of the artifact was com-
parable to that of the worst single component.

tor (a), and by the cermet film resistor (b), placed on the top of
the phantom (diameter 10 cm).

Artifacts in vivo for the components with the
smallest artifact as measured in the phantom
experiments

EP-images of a volunteer with the optimized electrode
assemblies demonstrated artifacts in superficial scalp tis-
sue only (maximal depth < 5 mm), whereas nonopti-
mised electrode assemblies showed artifacts intruding
the cortex (maximal depth > 15 mm) (Fig. 2).

Image noise caused by the electromagnetic fields
generated by the EEG recording equipment

With the EEG equipment switched off (baseline) no
image artifact was visible. The mean background
noise was 10.5 (SD = 7.3) with a maximum intensity of
55.0. When the EEG digitizer (Patient Module) was
switched on without shielding, the images were com-
promised by coherent noise. Approximately 0.3% of
pixels had an intensity above background noise, form-
ing a checkered design. The mean signal was 15.2
(SD = 18.6), the maximum signal, measured in the
brightest pixels, was 538.0. When the shielding was
applied to the Patient Module, no noise was detectable
and the signal was in the range of the baseline-mea-
surements (mean 10.1 (SD = 7.2), maximum 60.0).
Similar results were obtained at 2 T.
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Figure 2.

Axial high resolution EPI of a subject with two chains of MR-
compatible EEG electrode assemblies applied on the same elec-
trode positions as in clinical studies. On the right side of the head
(electrode positions FP2, F8, T4, T6, O2), nonoptimized electrode
assemblies (Ag/AgCl electrodes, carbon composition resistor)
caused artifacts intruding into the cortex. Optimized electrode

DISCUSSION

All components of the electrode assemblies tested
caused some signal drop out and geometric distortions.
In some cases, these exceed the minimum scalp-cortex
distance as measured in a population of normal subjects
(7.5 mm), thus potentially degrading the fMRI results.
We found large differences in the artifact depth between
components indicating the need to test carefully all ob-
jects intended to be used in electrode assemblies.

Most types of electrode gave image artifacts less than
7.5 mm. Although the smallest artifact was found in

assemblies (Au electrodes, cermet film resistor) used on equiva-
lent positions on the left side of the head did not compromise the
cortical signal. Both electrode assemblies contained identical cop-
per leads, heatshrink resistor insulation, and 0.1 ml of Dracard
electrode gel.

carbon and plastic electrodes, there are practical difficul-
ties associated with constructing electrode assemblies
from these as they cannot be soldered (for example, to
connect the electrode to the current-limiting resistor). We
found that the gold electrode gave the optimum combi-
nation of small artifact and ease of use.

There were large differences in artifacts for different
resistor types. Many resistors use iron end caps (ferro-
magnetic) or nickel (paramagnetic) to attach the wire to
the resistive material. These resistors were not included
in this study, as they would necessarily lead to unaccept-
able artifacts. It is worth noting that the carbon compo-
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sition resistor tested, in spite of being composed mainly
of carbon, gave unacceptably large artifacts.

Some means of insulation of the resistors and wires
from the patient is required and we have shown that
a specific heat shrink sleeving could be used without
causing a significant artifact. However, injecting ep-
oxy into the sleeving around the resistor leads (to
improve the mechanical strength of the lead-to-resis-
tor joints) gave large artifacts and should be avoided.
On the other hand, the wires tested caused only small
artifacts and this suggests that carbon leads do not
offer a significant advantage over metallic wire, but
have two disadvantages: poor mechanical strength
and difficulty in connecting to other parts of the elec-
trode assembly.

Conductive gel gave large image artifacts, and as it
can be expected that the depth of the signal drop-out and
geometric distortion increases with larger amounts of
gel, only the minimum amount necessary to give accept-
able electrode impedance should be used.

A phantom was used for these measurements to facil-
itate quantification of the image artifacts and a compar-
ison between the various components of EEG electrode
assemblies. However, we found that the magnitude of
the image artifacts in vivo were of similar depth to those
on the phantom. Optimized electrode assemblies led to
artifacts clearly smaller than the minimum scalp-cortex
distance. We therefore conclude that EEG can be re-
corded inside a MR scanner without compromising the
cortex signal by local artifacts.

With regard to electromagnetic noise emitted by the
EEG equipment, we found significant coherent noise
in the images if no shielding was used. This is pre-
sumably because of broadband signals generated by
fast switching signals in the EEG digitizing circuit in
the frequency range detected by the receiver chain of
the MRI scanner. This noise is likely to be dependent
on the type of the EEG equipment, its location in
respect to the headcoil, and the scanner Larmor fre-
quency (i.e., field strength). To illustrate this, we mea-
sured the noise level at two different field strengths
(1.5 T and 2 T) and found it to be comparable in this
case. By using an appropriate shielding device (alumi-
num box and RF filter) the noise could be removed
completely for both field strengths.

Although we have tested a representative range of
MR compatible components, it has to be emphasized
that subtle changes in their manufacture process (e.g.,
modification of composition) or differences between
manufacturers can cause significant changes of the

MR-related material properties. The same applies for
the EEG-recording module as a source of electromag-
netic noise. The results of this study should therefore
be seen only as a primary guideline for the selection of
EEG recording equipment and a framework for an
individual testing of components. We hope that the
methods proposed in this work can be useful to other
researchers who would like to assess the EEG/MRI
compatibility of the their own equipment.

CONCLUSIONS

Concurrent EEG and fMRI can be carried out with-
out compromising the image quality significantly if
appropriate materials are chosen and precautions to
shield electromagnetic noise are taken.
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