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Simultaneous recording of event-related electroencephalographic
(EEG) and functional magnetic resonance imaging (fMRI) responses
has the potential to provide information on how the human brain reacts
to an external stimulus with unique spatial and temporal resolution.
However, in most studies combining the two techniques, the acquisition
of functional MR images has been interleaved with the recording of
evoked potentials. In this study we investigated the feasibility of
recording pain-related evoked potentials during continuous and
simultaneous collection of blood oxygen level-dependent (BOLD)
functional MR images at 3 T. Brain potentials were elicited by selective
stimulation of cutaneous Ad and C nociceptors using brief radiant laser
pulses (laser-evoked potentials, LEPs). MR-induced artifacts on EEG
data were removed using a novel algorithm. Latencies, amplitudes, and
scalp distribution of LEPs recorded during fMRI were not significantly
different from those recorded in a control session outside of the MR
scanner using the same equipment and experimental design. Stability
tests confirmed that MR-image quality was not impaired by the evoked
potential recording, beyond signal loss related to magnetic suscepti-
bility differences local to the electrodes. fMRI results were consistent
with our previous studies of brain activity in response to nociceptive
stimulation. These results demonstrate the feasibility of recording
reliable pain-related LEPs and fMRI responses simultaneously.
Because LEPs collected during fMRI and those collected in a control
session show remarkable similarity, for many experimental designs the
integration of LEP and fMRI data collected in separate, single-
modality acquisitions may be appropriate. Truly simultaneous record-
ing of LEPs and fMRI is still desirable in specific experimental
conditions, such as single-trial, learning, and pharmacological studies.
© 2005 Elsevier Inc. All rights reserved.
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Introduction

The simultaneous collection of electroencephalographic (EEG)
and functional magnetic resonance imaging (fMRI) data has the
potential of providing information on brain activity with unique
spatial and temporal resolution.

Scalp EEG detects changes in electrical potentials generated by
synchronized synaptic processes in cortical pyramidal cells, and
provides a direct measure of spontaneous or stimulus-evoked
underlying neuronal activity on a millisecond time-scale (Speck-
mann and Elger, 1999). However, scalp signals have a rather low
spatial definition, because skull and meningeal structures surround-
ing the brain distort and exert a spatial low-pass filtering on
electrical currents, preventing the discrimination between distinct
but spatially closed neural sources (Baumgartner, 2004). Further-
more, the spatial localization of the active neural structures
responsible for the measured distribution of electromagnetic fields
on the scalp relies on the solution of the inverse problem, which
provides only inexact solutions and implies an assumption
regarding the number and initial location of intracranial generators,
modeled as current dipoles (Michel et al., 2004).

In contrast, blood oxygen level-dependent (BOLD) fMRI
measures the changes in blood oxygenation, which are linked,
though not equivalent, to changes in neuronal activity (Kwong et
al., 1992; Ogawa et al., 1992). This technique has excellent spatial
resolution in the order of millimeters and does not require any
assumption about the number and the location of active neuronal
clusters. However, the temporal delay between neural activity and
hemodynamic response is on the order of seconds, and the
hemodynamic response itself lasts several seconds (Menon and
Goodyear, 2001). Consequently, BOLD fMRI is usually unable to
unravel neural processes temporally closer than few seconds.

Because of their complementary features, the fusion of data
collected with these two techniques is especially attractive, and it
could potentially overcome the general trade-off between spatial
and temporal resolution which is, to a variable extent, present in all
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neuroimaging techniques (Churchland and Sejnowski, 1988). This
fusion, however, poses a number of theoretical and practical
challenges.

Sampling brain activity using EEG and fMRI at the same time
entails important artifacts that are a consequence of reciprocal
interferences between the two recording systems (George et al.,
2001). Magnetic susceptibility effects and radiofrequency (RF)
interaction associated with EEG electrodes and wires cause signal
dropouts and geometric distortion on MR images (Bonmassar et
al., 2001a). Degradation of image signal-to-noise ratio due to
electromagnetic noise emitted by the EEG recording headbox has
also been described (Krakow et al., 2000). Whilst, for EEG data,
there are two main classes of artifacts: the pulse artifact is caused
by cardiac pulse-related movements and blood flow effects within
the scanner static magnetic field, and the imaging artifact is caused
by RF and gradient switching during image acquisition. The pulse
artifact is regular, has relatively low amplitude, and occurs even
when images are not being acquired. In contrast, the imaging
artifact is large and obscures the EEG completely (Allen et al.,
1998, 2000). For this reason, most of the studies recording evoked
potentials and fMRI in the same session have used an interleaved
approach, whereby EEG data are collected during gaps in the
acquisition of MR images. Nevertheless, interleaving EEG and
fMRI has important practical and theoretical limitations, mainly
represented by an inefficient sampling of the neural activity and the
consequent hemodynamic response, and by a reduction in the
flexibility of the stimulus presentation paradigm (Garreffa et al.,
2004; Nebel et al., 2005).

In the present study, we attempt recording time-locked EEG
responses to laser stimuli (laser-evoked potentials, LEPs) during
continuous, high-field fMRI. Brief radiant heat pulses, generated by
laser stimulators, selectively excite free nerve endings in superficial
skin layers and thus activate Ad and C fibers (Bromm and Treede,
1984). The EEG brain responses evoked by standard laser stimuli
(late LEPs) are related to the activation of type II mechano-heat
nociceptors (AMH 1II units), small-myelinated primary afferents
(Ad), and spinothalamic tract neurons (Bromm and Treede, 1991;
Treede et al., 1995). Ad-related LEPs consist of different compo-
nents, and their neural generators have been partly localized in
dipole-modeling studies of scalp and subdural recordings, and direct
intracranial recordings (for review see Garcia-Larrea et al., 2003).
The earliest component is a lateralized, relatively small negative
wave (N1), mainly generated by the operculoinsular cortex (Frot and
Mauguiére, 2003; Tarkka and Treede, 1993; Vogel et al., 2003). The
largest signal is a vertex negative—positive complex (N2—P2); the
negative component (N2) seems to be the result of activation in the
bilateral operculoinsular cortices and contralateral primary somato-
sensory cortex (Ohara et al., 2004; Schlereth et al., 2003; Tarkka and
Treede, 1993); the positive component (P2) is mainly generated by
the cingulate gyrus (lannetti et al., 2003; Lenz et al., 1998; Tarkka
and Treede, 1993).

Ad LEPs, investigated in physiological and clinical studies in
patients with peripheral or central lesions (Bromm and Treede,
1991; lannetti et al., 2001; Spiegel et al., 2003), are now
considered the best tool for assessing function of nociceptive
pathways (Cruccu et al., 2004).

Recently, laser stimulation has also been combined with fMRI
recording to investigate the physiology of brain structures involved
in processing nociceptive inputs (e.g., Bornhovd et al., 2002;
Youell et al., 2004). Laser stimulation has been demonstrated to be
reliable and robust in producing brain responses detectable with

fMRI, and laser stimulation during fMRI is becoming increasingly
used because its physical properties make it suitable for designing
experimental paradigms adequate for the investigation of specific
physiological features, like somatotopy (Bingel et al., 2004),
anticipation of pain (Sawamoto et al., 2000), perceptual coding
(Buchel et al., 2002), and lateralization (Bingel et al., 2003).

In pain research, important physiological information can be
obtained using experimental designs which involve single-trial
analysis, or investigate cognitive or drug modulation of laser-
evoked responses. These paradigms require implementation
within a single experiment. Therefore, we investigated the
feasibility of detecting brain responses to laser stimulation, using
EEG and high-field BOLD-fMRI simultaneously. We assessed: (i)
the consistency of LEP results, by comparing latency, amplitude
and scalp topography of the main LEP components recorded
during continuous fMRI with those recorded outside the scanner
room using the same stimulation, recording equipment and
experimental paradigm; (ii) the quality of BOLD-sensitive MR
images collected during the recording of EEG, using specific
stability tests; and (iii) the reliability of recording fMRI responses
to nociceptive stimulation in the presence of functioning EEG
recording equipment.

The details of the algorithm employed to remove the image and
pulse artifacts on EEG data are described in a companion paper
(Niazy et al., this issue).

Methods

Seven healthy volunteers participated in the study (5 males, 2
females, age range 27—32 years). All subjects gave their informed
consent, and the procedure was approved by the local ethics
committee.

Laser stimulation

Painful heat stimuli were generated by an infrared neodymium
yttrium aluminium perovskite (Nd:YAP) laser (El.En., Florence,
Italy, www.elengroup.com) with a wavelength of 1.34 um; at this
wavelength, energy can be easily transmitted using standard glass
fibers (Spiegel et al., 2000), a crucial requisite if the laser
stimulation has to be delivered in the MR environment. The
diameter of the laser beam was set at 6 mm (irradiated area ~28
mm?) by focussing lenses. An MR-compatible, in-house developed
telescopic periscope was used at the end of the fibre optic to
facilitate the stimulation of the hand dorsum when the subject was
lying in the scanner. Laser pulses produced by Nd:YAP stimulators
do not induce damage to the irradiated skin, not even the transient
dyschromic spots sometimes produced by widely-used, high-
intensity CO2-laser pulses (Cruccu et al., 2003; Iannetti et al.,
2003). In previous experiments, we found that Nd:YAP laser pulses
of high intensity (up to a 2 J energy directed to a skin area of about
20 mm?) and short duration are optimal to elicit painful pinprick
sensation (A0 input) and evoke late LEPs after stimulation of
different body sites, without inducing damage to the skin (Cruccu
et al., 2003; lannetti et al., 2004).

Experimental paradigm

For each subject, LEPs were recorded in two sessions on
different days, using the same recording system and stimulation
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paradigm. In one session LEPs were recorded during continuous
fMRI at 3 T (fMRI session). In the other session, LEPs were
recorded outside the scanner room (control session). The order of
sessions was balanced across subjects.

In each session, 60 laser pulses were directed to the skin of
the dorsum of the right hand. The onset, duration, and intensity
of the laser stimulation were controlled using in-house developed
software (LasCo, Laser Control) and, simultaneously with each
pulse, a trigger signal was generated by the laser stimulator and
recorded in the EEG system for signal averaging, thus eliminat-
ing possible timing discrepancies. Timing of the stimulation was
pseudo randomly generated according to a Poisson distribution,
with an average inter stimulus interval (ISI) of 22.3 s (ranging
between 14 and 33 s); this has been demonstrated to be optimal
in detecting the BOLD response in event-related fMRI experi-
ments (Donaldson and Buckner, 2001). To avoid nociceptor
fatigue or sensitization, the laser beam was slightly moved after
each stimulus by an investigator, and stimuli were delivered
arhythmically to minimize central habituation. The duration (4
ms) and the energy (2 J) of the laser pulses, as well as the area
(~28 mm?) of the irradiated spot, were kept constant across
sessions and subjects. With these parameters, the stimuli elicited
a moderately painful, pinprick sensation that the subjects could
tolerate across all 60 stimuli. At the end of each session, subjects
were asked to rate verbally the perceived sensation on a
numerical rating scale ranging from 0 to 100, where 0 was
“no pain” and 100 “pain as bad as it could be” (Jensen and
Karoly, 2001).

EEG recording

The EEG recording setting was identical in the fMRI and in the
control session. Participants wore MR-compatible, laser-safety
goggles and were asked to stay awake and relax their muscles.
They were also instructed to keep their eyes opened and gaze
slightly downwards. In the fMRI session, the subject’s head was
restrained using a vacuum pillow. Electroencephalogram was
recorded with 30 conventional plastic coated Ag/AgCl electrodes
fixed on the subject’s head by a common plastic EEG cap,
according to an extended 10—20 system. Electrode impedance was
kept below 5 k(. Current-limiting safety resistors (10 k€}) were
applied on each electrode lead close to the electrode itself, to limit
the induced current and minimize lead loops (Lemieux et al.,
1997). In order to monitor ocular movements or eye-blinks and to
discard contaminated trials, electroculographic (EOG) signals were
simultaneously recorded from surface electrodes, one placed over
the mid-lower eyelid and the other 1 cm lateral to the lateral corner
of the orbit. In order to subtract the pulse artifact, electrocardio-
gram (ECG) was also recorded in the fMRI session. ECG and EOG
channels had 100 k) current-limiting safety resistors. All cables
were twisted and harnessed in a plastic tube, which in the fMRI
session was protected and fixed using foam rubber. Using AFz as
common reference, EEG data were digitized with an MR-
compatible, 22-bit, 32-channel amplifier (SD-MRI, Micromed,
Italy) with the following technical characteristics: bandwith 0.15—
600 Hz, sampling rate 2,048 Hz, input dynamic range +26.5 mV
(53 mV peak-to-peak). Such high values of sampling rate and
dynamic range are required to record linearly the high-amplitude
imaging artifact without amplifier saturation. The signals were then
transmitted outside the scanner room through an optic fibre, and
stored in a personal computer.

fMRI recording

Functional MRI scanning was performed continuously on
Varian INOVA MRI system, with a 3-T magnet (Oxford Magnet
Technology). A head-only gradient coil (Magnex SGRAD
MKIII) was used with a birdcage radiofrequency head coil for
pulse transmission and signal reception. A whole-brain gradient-
echo, echo-planar imaging sequence was used for functional
scans (TE = 30 ms, 24 contiguous 6-mm-thick axial slices, flip
angle 87°, in-plane field of view 256 x 192 mm, image matrix
64 x 64) with a repetition time (TR) of 3 s over 460 volumes,
corresponding to a total scan time of 23 min. To allow optimal
removal of MR-induced artifacts, a trigger signal was generated
from the scanner simultaneously with the RF excitation pulse of
every slice of each volume, and recorded on the EEG system
(Niazy et al., this issue). Furthermore, for each subject, a TI-
weighted, high-resolution structural image (70 contiguous 3-mm-
thick axial slices, in-plane field of view 256 x 192 mm, matrix
256 x 192) was collected for anatomical overlay of brain
activation and registration.

EEG data processing

Removal of MR-induced artifacts

EEG data were imported and all analyses carried out using
EEGLAB (www.scen.ucsd.edu/eeglab), an open-source toolbox
running under MATLAB environment (Delorme and Makeig,
2004). Imaging and pulse artifacts present in the EEG data
collected in the fMRI session were removed with in-house
developed algorithms, the details of which are described in a
companion paper (Niazy et al., this issue).

Laser-evoked potentials (LEPs)

Continuous EEG data were first downsampled to 256 Hz and
band-pass filtered from 0.5 to 50 Hz. EEG epochs containing the
laser stimuli were then extracted using a window analysis time of 2
s (from 500 ms pre-stimulus to 1500 ms post-stimulus). For each
epoch, a baseline correction for the data preceding the stimulus by
500 ms was performed. Preliminary analysis of EEG recordings
included visual inspection and removal of trials contaminated by
artefacts due to eye blinks or gross movements. To identify LEP
components, EEG sweeps time-locked to the laser stimulation were
averaged. We measured the peak latency and the baseline-to-peak
amplitude of the contralateral early response (N1 component) at the
temporal electrode contralateral to the stimulated side (T3) against
Fz, and the peak latencies and the baseline-to-peak amplitudes of
the late negative (N2) and positive (P2) components of the late
response at the vertex (Cz) against average reference. To compare
scalp distribution of LEPs, isopotential topographical maps were
obtained by linear interpolation of the four nearest electrodes,
using amplitudes from grand averaged, reference-free LEP data of
each session. Trial-to-trial consistency of the main N2—P2 vertex
response was qualitatively assessed by sorting single-trial
responses vertically in order of occurrence, with signal amplitude
colour-coded (Delorme and Makeig, 2004).

Since both LEP values and psychophysical ratings were
distributed normally, their differences in the fMRI and control
sessions were assessed by calculating paired Student’s ¢ tests, using
Prism 4.0 (GraphPad, Sorrento Valley, CA, USA). Since the
latency values of the P2 components had different variances in the
fMRI and control sessions, their difference was assessed by
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calculating a ¢ test with Welch’s correction. Results are given as
mean * standard deviation.

fMRI data processing

EPI quality

In order to assess the effect of the presence of EEG recording
components and of their functioning on the quality of the fMRI
data, a number of specific stability tests were performed. These
tests were carried out using a well-characterized agar gel spherical
phantom, used in our laboratory for daily image quality assurance
testing (Jezzard and Clare, 2002). The phantom was 18 cm in
diameter and loaded the head RF coil in a similar way to a human
head. Five tests were performed under three different experimental
conditions. In condition A, continuous EPI data using identical
parameters as those for fMRI were collected without any EEG
recording equipment present in the scanner room. These data
provided the baseline measurement of stability for our system, and
replicated our daily quality assurance procedure. In condition B the
EEG cap was placed over the phantom with electrodes attached
and filled with conductive gel, but these were not connected to the
EEG amplifier. In condition C, the electrodes were connected to
the EEG amplifier, and recordings were made from the EEG
electrodes during fMRI data acquisition. This last condition
simulated that in which EEG data would be recorded from human
volunteers.

Each run consisted of a gradient-echo echo-planar imaging (EPI)
time series acquisition with the following parameters: TR =3 s, TE=
30 ms, 21 contiguous 5-mm-thick axial slices, in-plane field of view
256 x 256 mm, image matrix 64 x 64, 104 volumes. The first four
volumes from each run were discarded in order to exclude non
steady-state magnetization effects from the analysis. The remaining
100 volumes collected in each of the four conditions were analyzed
for stability using the following five tests:

Test 1: standard deviation of signal time-course. This test
assesses the temporal stability of the signal from a large region
of interest (ROI). The ROI was constructed by thresholding the
images to remove voxels with less that 5% of maximum signal
intensity. This masked image region was then further eroded to
yield a final ROI containing the central 80% of the phantom
image in each slice. The mean signal in the ROI was calculated
for each collected volume, it was plotted against time, and the
percentage standard deviation of this time-course was calcu-
lated. The desired value of percentage standard deviation is
below 0.1%.

Test 2: image signal-to-noise ratio.  The signal-to-noise ratio of
the image was obtained by dividing the average signal in the image
ROI (as described above) by the noise (calculated as the standard
deviation, within the same ROI, of the difference image of two
volumes collected adjacent in time). Expected signal-to-noise ratio
should be >250.

Test 3: standard deviation of single-voxel signal time-course. ~ This
test assesses the temporal stability of the signal at single voxel level.
The standard deviation of the signal time course was first calculated
for each voxel of the image, and a statistical map was produced. This
map was then divided by the average image intensity (taken from the
large ROI mask). Finally, an average value from this percent
standard deviation map was calculated within the large ROI. The

value of single voxel temporal stability under these conditions
should be below 0.5%.

Test 4: ghost artifact.  The level of ghosting was calculated and
expressed as a percentage of the main image intensity. This
should be below 5% of the main image intensity.

Test 5: signal dropout. This test assesses the depth of
penetration of the signal dropout artifact caused by the presence
of the electrode on the scalp. This was accomplished by first
unwarping the geometric distortion in each of the runs using the
FUGUE algorithm contained in FSL (FMRIB’s Software
Library, www.fmrib.ox.ac.uk/fsl). Following removal of geo-
metric distortion the data sets were registered to the data
collected in condition A (bare phantom, no EEG components),
and then were assessed for unrecoverable signal loss artifact by
calculating the depth below each electrode where a signal loss
of 25% or greater was observed.

Finally, images were inspected for evidence of image artefacts,
both in image- and k-space.

Laser-evoked fMRI responses

Image analysis to reveal significant brain activity based on
changes in BOLD signal was performed on each subject’s data
using FEAT (part of FSL). Prior to statistical analysis, the
following processing was applied to each subject’s time series
of fMRI volumes: motion correction using MCFLIRT (Jenkin-
son et al., 2002), spatial smoothing using a Gaussian kernel of full
width at half maximum 5 mm, subtraction of the mean of each
voxel time course from that time course, and nonlinear high-pass
temporal filtering (Gaussian-weighted least-squares straight line
fitting, with a high-pass filter cut-off of 50 s). The fMRI signal was
then linearly modeled (Worsley and Friston, 1995) on a voxel-by-
voxel basis using a general linear model approach, with local
autocorrelation correction (Woolrich et al., 2001). The results of
single-subject statistical analyses were combined in a group
analysis carried out using OLS (ordinary least squares) simple
mixed effects, thus generating group-representative statistical maps
of brain activity in response to nociceptive laser stimulation. For
the purpose of such a group-level analysis, registration of low-
resolution functional images to high-resolution structural scans was
performed for each subject using FLIRT (Jenkinson and Smith,
2001), followed by registration to a standard brain (Montreal
Neurological Institute template, Collins et al., 1994). This
procedure placed individual subjects’ functional image datasets
into a common stereotactic space. The raw Z statistic images from
the group analysis were thresholded at Z scores greater than 2.5.
For each resulting cluster of spatially connected voxels surviving
this Z threshold, a cluster probability threshold of P = 0.01 was
applied to the computed significance of that cluster. The cluster-
based significance thresholding at P = 0.01 provides a correction
for the problem of multiple comparisons (Forman et al., 1995;
Worsley et al., 1992).

Results
Quality and intensity of sensation

Laser stimuli elicited a clear pinprick sensation in all subjects.
The average pain ratings to laser stimuli were 36 £ 14 in the fMRI
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session and 39 + 17 in the control session, and were not
significantly different (P > 0.20, paired ¢ test).

Laser-evoked potentials (LEPs)

Nd:YAP laser stimulation of hand dorsum during continuous
fMRI evoked clear and reproducible time-locked A6-LEPs. Fig.
1 shows the grand mean LEP waveforms and scalp maps
obtained during fMRI and in the control session. Examining the
grand mean of both sessions, the earliest identifiable response
was the negative component (N1) visible in EEG data recorded
from the temporal electrode contralateral to the stimulated side
(Tc). The N1 waveform was similar in the two sessions; its
latency and amplitude were 164 ms and 1.5 pV in the fMRI
session and 163 ms and 2.9 pV in the control session. The N1
component was followed by the main negative (N2) and
positive (P2) components, both with a scalp maximum in the

during fMRI

8uV+

200 400 600 800
Time (ms)

=200 0

midline near the vertex. Latencies and amplitudes of N2 and P2
components, as well as scalp maps at the corresponding peak
latencies, were remarkably similar in the fMRI and control
sessions (N2—fMRI: 208 ms, 8.8 uV; N2—control: 215 ms, 7.8
uV; P2—fMRI 338 ms, 8 pV; P2—control: 351 ms, 8.1 uV)
(Fig. 1).

In all subjects, laser stimulation evoked clear vertex N2 and
P2 components in both sessions. One subject did not yield a clear
N1 component in both sessions, and another subject did not yield
a clear N1 component in the fMRI session only. Paired
comparisons of all measured LEP data did not disclose any
significant difference between fMRI and control sessions (P >
0.20; ¢ test, Table 1). Trial-to-trial consistency of the main N2—
P2 vertex response was also remarkably similar in the two
sessions, as qualitatively assessed by sorting single-trial responses
vertically in order of occurrence, with signal amplitude colour-
coded (Fig. 2).
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Fig. 1. Laser-evoked potentials (LEPs) recorded during fMRI. Comparison between waveforms and scalp topography of LEPs recorded during continuous
fMRI at 3 T (left panel) and in the control session outside the scanner room (right panel), using the same recording equipment and experimental paradigm.
Grand averages from the same 7 subjects, after stimulation of the right hand. Negativity is plotted upward. Recordings from the vertex (Cz) and the temporal
electrode contralateral to the stimulated side (Tc) are computed against average reference (AVG). Electro-oculogram (EOG) was recorded to monitor eye-blinks
and discard contaminated trials. Arrows indicate early N1 and late N2—P2 components. Scalp topographies are shown at N2 and P2 peak latencies. Note the
similarity between scalp maps obtained during fMRI and in the control session, as well as the equivalence between latencies and amplitudes of N2 and P2
vertex components, as shown in the superimposed grand averages (lower panel).
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Table 1

713

Laser-evoked potentials (LEPs) and perceived intensity obtained during fMRI and in a control session in 7 normal subjects

Experimental N1 component® N2 component® P2 component® Perceived intensity

session Latency (ms) Amplitude (uV) Latency (ms) Amplitude (uV) Latency (ms) Amplitude (uV) (0-100)

fMRI 162 £7 33+2.1 214 £ 17 10.5+ 5.4 343 + 26 89 +32 39+ 17
(152-167) (1.1-6) (201-243) (4.1-19.7) (301-382) (6.1-13.1) (19-68)

Control 163 + 11 4.1+3.6 215+ 14 8+1.2 352+ 6 8.1+1.8 36 £ 14
(152-174) (0.9-8.2) (199-233) (6.9-9.7) (344-360) (6.2-10.1) (23-62)

Difference ns ns ns ns ns® ns ns

Mean + standard deviation (range).

ns = not significant (paired ¢ test, P > 0.20).
# Recorded from the contralateral temporal electrode (T3) against Fz.
® Recorded from Cz against average reference.
¢ ¢ test with Welch’s correction.

Quality of MR images

Test 1: standard deviation of signal time-course

The left graph in Fig. 3 shows the results of the analysis of
temporal standard deviation in a large ROL In a stable system
with no sources of interference, this value indicates the stability
of the radio-frequency amplifier used for RF pulse trans-
mission. As shown in the graph, no indication of compromised
stability was observed, with the percentage standard deviation
for each condition being below the desired value of 0.1%, and
with no statistically significant differences in the stability
between conditions. The error bars in each graph represent
the variability (standard deviation) of results across the 21
slices analyzed.

Test 2: image signal-to-noise ratio

The results for image signal-to-noise ratio are plotted in the
right graph of Fig. 3. No significant difference in signal-to-
noise ratio was observed between condition C (simulating
EEG acquisition) and condition A (phantom without EEG
equipment).

Test 3: standard deviation of single-voxel signal time-course

Fig. 4 shows the results of the assessment of voxel-by-voxel
standard deviation within the image ROI. Again, these data show
that there was no significant difference between conditions C
(simulating EEG acquisition) and A (phantom without EEG
equipment).

Test 4: ghost artifact

The analysis of the level of EPI ghosting in the images
showed a stable level of ghosting across slices and across runs of
4 + 2%.

Test 5: signal dropout

Analysis of the signal dropout artifact caused by the magnetic
field distortions surrounding the electrodes revealed an observable
effect in our 3 T gradient-echo EPI data. The average depth of
affected signal (depth within which a 25% or greater signal dropout
was observed) was calculated to be between 4 mm and 8 mm in the
vicinity of each electrode. This level of signal loss was seen in each
of the 2 conditions (B and C) when the electrodes were attached to
the phantom.

The final inspection of the data for signs of interference or other
artifacts did not reveal any further unwanted features.

Laser-evoked fMRI responses

Group analysis of fMRI data collected continuously during
the LEP recording revealed a network of brain regions activated
in response to laser stimulation (Fig. 5). Cortical and subcortical
regions including the bilateral thalamus, the peri-acqueductal
gray, the bilateral insular cortex, the anterior cingulate cortex,
the bilateral secondary somatosensory cortex (SII) and the
contralateral sensorimotor cortex showed significant activation in
response to laser stimulation (Z > 2.5 and activated cluster
significance P < 0.01). This pattern of activity is consistent
with previous reports of nociceptive-related brain activity (Jones
et al.,, 1991; Peyron et al., 2000; Tracey et al., 2002).

Discussion

In this study we demonstrate that brain responses to selective
laser stimulation of nociceptive afferents can be detected by
recording EEG and fMRI simultaneously.

The quality of EEG signals collected during continuous fMRI is
sufficient to record LEPs with latencies, amplitudes, and scalp
distribution similar to control recordings. BOLD-fMRI images
acquired during LEP recording were not affected by the presence
of the functioning recording equipment, and the fMRI responses to
laser stimulation were consistent with the common patterns of
brain activity in response to nociceptive stimulation.

Afferent input and EEG brain responses

To study the physiology of sensory systems, the availability of a
stimulus able to activate the system under investigation in a robust,
highly controllable and selective way is a crucial requirement. In
addition, when the temporal characteristics of the underlying brain
processing need to be explored (e.g. recording stimulus-evoked
EEG responses), the stimulus has to be very short, to elicit a sensory
volley sufficiently synchronized to allow the recording of time
locked brain responses using EEG or MEG. In pain research, solid-
state (YAG/YAP) lasers fulfil these requisites, eliciting reliable
pain-related EEG brain responses (LEPs), selectively related to the
activation of AMH II nociceptors (Cruccu et al., 2003; Iannetti et
al., 2004; lannetti et al., 2005). Compared with CO2 lasers, solid-
state lasers emit a radiation with a much shorter wavelength (1-2
um), and consequently their radiation penetrates deeper and the
energy is dispersed over a larger skin volume. As a consequence,
the heat is directly absorbed at the nociceptor depth (approximately
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Fig. 3. Stability of echo-planar images (EPIs) collected during EEG
recording. The graphs show the results of two different stability tests
performed in three different experimental conditions. In condition A,
pseudo fMRI data were collected on a phantom without the EEG recording
equipment in the scanner room. In condition B the EEG cap with electrodes
and conductive gel was placed over the phantom, but the electrodes were
not connected to the EEG amplifier. In condition C, the electrodes were
connected to the EEG amplifier, and recordings were made from the EEG
electrodes during fMRI data acquisition, thus simulating the conditions
under which EEG data were recorded from human volunteers. The left
graph shows the results of the test which assesses the temporal stability of
the signal time-course from a large region of interest (ROI), by calculating
the percentage standard deviation in the signal time course (desired values
are below 0.1%); y axis: percentage standard deviation; x axis: experi-
mental condition. The right graph shows the results of the test which
assesses the image signal-to-noise ratio, by dividing the average signal in
the large ROI by the standard deviation within the same ROI applied to the
difference image of two image volumes adjacent in time; y axis: signal-to-
noise ratio; x axis: experimental condition. The error bars in each graph
represent the variability (SD) of results across the 21 slices analyzed.
Details of the ROI definition are reported in Methods.

200 pm), and nociceptive afferents are activated more rapidly and
mostly directly (Spiegel et al., 2000). In addition, the high energy
density of laser emission allows stimulus durations in the order of
milliseconds, and the resulting activation of afferent nerve fibers is
thus also highly coherent (Iannetti et al., 2004). For these reasons,
solid-state laser stimulation yields a highly synchronized afferent
volley, which provides a stronger and selective nociceptive input to
the brain (Baumgirtner et al., 2005).

Raw EEG data recorded during MRI scanning includes major
artifacts and must undergo several additional processing steps
which introduce the risk of signal degradation. In this study, we
used a solid-state Nd: YAP laser stimulator because it allowed us to
deal with EEG responses with maximal signal-to-noise ratio and
hence more resistant to possible signal degradation by optimizing
the quality of the temporal features of the somatosensory input
(Tannetti et al., 2004).

Our results show that LEPs can be recorded reliably during
continuous fMRI, and that the processing of raw EEG signal does
not significantly affect the quality of the stimulus-evoked
responses (Figs. 1, 2). When LEP waveforms from the fMRI
session were compared with those from the control session, the
latency of the components constituting the main N2—P2 vertex
complex was extremely similar (Table 1). While the peak latency
of a time-locked response is less sensitive to the quality of the

ongoing EEG, the amplitude is more susceptible to noise in the
data, especially when the number of trials is relatively low, and
more important size differences in response amplitude could have
been expected. However, the amplitudes of the N2 and P2 vertex
components were remarkably well matched between the fMRI and
the control session (Table 1).

Among all the explored LEP values, the only one which
showed a noticeable (although non-significant) reduction in the
fMRI session (both in grand mean and single-subject data) was the
amplitude of the early-latency N1 component (mean, 25%
reduction, see Table 1). At least two factors could explain this
dissociation between the behavior of N1 and that of N2 and P2
during the fMRI session. Possibly most important is the lower
signal-to-noise ratio of the N1 component, which makes it certainly
more sensitive to the degradation introduced by the processing of
signals recorded in the fMRI session. In addition, a stronger and
tonic EMG activity from the femporalis muscle could have been
recorded selectively in the temporal electrodes during the fMRI
session. In fact, the increased sensory input produced by the noise
and the vibration of the working scanner, and the increased level of
anxiety due to the fMRI experimental setup (where the head
position is physically constrained) are factors known to increase
the cortical facilitation on interneurons and motoneurons, thus
enhancing the tonic background EMG activity. Moreover, visual
inspection of the pre-stimulus EEG signals in temporal electrodes
suggests increased high-frequency activity when recordings of
fMRI sessions are compared to control recordings (data not
shown). Because less affected by noise in the data, the latency of
N1 was comparable in LEPs recorded in the fMRI and in the
control session (Table 1, Fig. 1).

Compared to studies in which single EEG events need to be
identified simultaneously with the collection of fMRI data (e.g.
detection of interictal spikes in epileptic patients (Lemieux et al.,
2001) or of switches between different sleep stages (Czisch et al.,
2004)), the averaging technique applied to the evoked potential
recognition can help in overcoming some of the difficulties linked
to the recording of EEG and fMRI at the same time. If stimulus
presentation is jittered in time in respect to the occurrence of the
main causes of EEG artifact during fMRI recording (i.e., volume
acquisition time and cardiac cycle), possible residuals of imaging
and pulse artifacts are treated as background noise and cancelled
out during the stimulus-locked averaging procedure. However,
standard averaging techniques also can hide important physiolog-
ical information, and the ability of disclosing responses to single
events would allow additional analytical approaches. Single-trial
plots of N2—P2 vertex responses in our simultaneous EEG/fMRI
data are similar to those observed in the control sessions (Fig. 2),
suggesting the feasibility of an analytical approach on a single-
event basis. This would permit the assessment of between-trial
variations of electrophysiological responses and their relationship
with other parameters (e.g., stimulus intensity, psychophysical and
fMRI responses), increase the power of statistical analysis and
allow within-subject comparisons. In addition, in pain research, the

Fig. 2. Reproducibility of single-trial LEP responses during fMRI. LEPs were collected during continuous fMRI at 3 T (left column) and in the control session
outside the scanner room (right column), using the same recording equipment and experimental paradigm. Recordings from the vertex (Cz) in three
representative subjects, showing the N2 and P2 components. Each row represents one subject. To emphasize the high trial-to-trial consistency, one
bidimensional plot of single-trial responses is shown for each session of each subject. Horizontal lines in the plot represent single-trial responses, with signal
amplitude colour-coded at each time point. Responses are sorted vertically in order of occurrence, from bottom (first trial) to top (last trial). The waveform
below each plot is the average of all responses. Negativity is plotted upward. Note that single trial responses have considerably higher amplitude than the
averaged response, mostly because the latency jitter between trials causes the averaging of signals in opposing phase.
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Fig. 4. Single-voxel stability of echo-planar images (EPIs) collected during EEG recording. Same conditions as Fig. 3. This figure shows the results of the test
which assesses the temporal stability of the signal time course at single-voxel level. A statistical map where each voxel represents the standard deviation of its
signal time course was first calculated, then this map was divided by the average image intensity (taken from the same ROI of the other tests), and finally an
average value from this percent standard deviation map was calculated within the large ROI. Percentage standard deviation maps for conditions A (bare
phantom, no EEG equipment) and C (phantom with recording EEG equipment) are shown. EPIs collected from one subject in similar conditions (A, no EEG
equipment; C: recording EEG equipment) are shown for comparison. Average data are plotted in the graph; y axis: percentage standard deviation; x axis:
experimental condition. The error bars represent the variability (SD) of results across the 21 slices analyzed. Details of the ROI definition are reported in

Methods.

use of a single-trial analysis approach is further suggested by the
characteristic physiological variability of amplitude and latency of
single pain-related neural responses (Carmon et al., 1980; lannetti
et al., 2005; Towell and Boyd, 1993).

Quality of MR images and fMRI brain responses

Collection of MR images in the presence of a functioning EEG
recording system is associated with several technical problems,
especially when high field echo-planar imaging is performed.
Magnetic susceptibility effects and eddy currents associated with
EEG electrodes and wires cause signal dropout and geometric
distortion (Bonmassar et al., 2001a). Reduction in image signal-to-
noise ratio occurs if the electromagnetic noise emitted by the EEG
recording headbox is not properly shielded (Krakow et al., 2000).
In order to assess the quality of EPI images in the presence of
functioning EEG recording equipment, we performed a number of
specific and standardized stability tests. The observed results (Figs.
3, 4) indicate that no detrimental effects were introduced into the
fMRI data quality by the addition of the functioning EEG
recording equipment, beyond the expected effects of signal loss
in the immediate vicinity of the electrodes. The size of the
observed signal dropouts (4—8 mm) is consistent with what was
previously reported on gradient-echo weighted EPIs collected at
1.5 and 3.0 T in the presence of Ag/AgCl electrodes (Bonmassar et

al., 2001a; Krakow et al., 2000). In human data acquisitions such
effects do not compromise the MR signal from the cortex, because
in adult subjects the distance between cerebral cortex and scalp
surface is higher than 10—15 mm, and in a dedicated measurement
of scalp-cortex distance in 10 normal subjects the smallest
individual reported value was 7.5 mm in the temporal region
(Krakow et al., 2000). Accordingly, the observed fMRI responses
to Nd:YAP laser stimulation were consistent with previous reports
of brain activity during processing of nociceptive stimuli (Jones et
al., 1991; Peyron et al., 2000; Tracey et al., 2002). Importantly, all
the brain structures known to generate scalp LEP components (for
review see Garcia-Larrea et al., 2003) showed significant activation
in the fMRI data.

Advantages and caveats of simultaneous fMRI/EEG recording

Collecting EEG and fMRI at the same time is challenging. The
experimental setup is difficult, and issues related to subject safety
and quality of collected data must be addressed using dedicated
EEG hardware. Optimal removal of MR-induced artifacts on EEG
data requires a complex and time-demanding processing. EEG data
processing restrictions and subject’s discomfort limit the length of
the experimental session and reduce the flexibility of the
experimental design. For all these reasons, repeating the same
experimental paradigm in separate, single-modality experiments is

5.4

Fig. 5. Laser-evoked fMRI brain responses recorded during EEG. Random effect group analysis, voxel threshold Z = 2.5 and cluster threshold P = 0.01. The
background gray-scale image is the mean structural scan after each scan was coregistered to the standard MNI brain. Brain structures known to generate scalp
LEP components show significant activation in the fMRI data. Slices are displayed in radiological convention (right is left, left is right).
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a practical strategy for multi-modal studies, and several researchers
are focussing on different approaches to combine EEG and fMRI
data collected separately.

Nevertheless, simultaneous recording of EEG and fMRI is
necessary when the experimental design introduces time-depend-
ent effects such as habituation or learning, or when the brain
activity under investigation has, at least, a certain degree of
unpredictability. As mentioned earlier, typical examples are
abnormal activities in epileptic patients (Salek-Haddadi et al.,
2002), sleep stages (Lovblad et al., 1999), and spontancous
fluctuations of different EEG rhythms (Laufs et al., 2003). Also,
when the drug modulation of brain responses is investigated
(especially in studies involving anaesthetic agents, e.g., Rogers et
al., 2004) single, multi-modal recording is advantageous. Lastly,
when cognitive or late sensory-evoked potentials need to be
explored, the additional sensory stimulation present in a working
MR scanner can introduce an important source of difference with
the data collected outside, making simultaneous collection
desirable; however, the problem reproducibility of cognitive
experiments during fMRI acquisition and in a control session is
still debated (George et al., 2001). Our results clearly indicate that
recording LEPs simultaneously to fMRI does not affect latencies
and amplitudes of main waveforms, as well as scalp distribution,
and hence suggests the feasibility of combining data from
separate, single-modality experiments when the interest is
focussed on standard averaged data; this include comparison of
results from each modality (locations of LEP sources and fMRI
clusters), direct data fusion (constraining the LEP source local-
ization problem with the fMRI clusters), and use of computa-
tional neural models (comparing simulated data with
experimentally observed values) (Horwitz and Poeppel, 2002).
In contrast, when the multi-modal analysis is focussed on single-
trial responses to nociceptive stimulation, their intrinsic variability
introduces a degree of unpredictability, which imposes the use of
simultaneous EEG and fMRI in order to explore the neural
activity evoked by the same stimulus. Recording and measuring
the same neural response on a trial-by-trial basis with different
techniques, besides disclosing relevant physiological information
possibly embedded in the between-trial variations, could clarify
better the relationship between the nature of the signal measured
by EEG and fMRI. For example, the latency jitter of LEPs
strongly reduces the amplitude of the average signal as compared
to the average of single-trial amplitudes (lannetti et al., 2005),
while it has probably much less impact on the amplitude of the
fMRI response because of the intrinsic sluggishness of the
hemodynamic response. Furthermore, besides the classical LEP
attributes (amplitude and latency), also temporal modulation of
EEG power and the phase coherence or resetting relationships
induced by single stimuli (a field becoming known as event-
related brain dynamics, Makeig et al., 2004) can be compared
with the evoked fMRI responses on a single-trial basis. This
approach has the potential for developing a new field with the
aim of identifying EEG characteristics that correlate most closely
with fMRI measures.

Most of the studies recording stimulus-evoked potentials
(EPs) and fMRI have adopted an interleaved approach, either
alternating relatively long periods of fMRI acquisition with
similar periods without fMRI scanning (Bonmassar et al.,
2001b), or performing “sparse” fMRI, i.e., collecting single
images with a delay that allows the registration of the predicted
peak of an evoked hemodynamic response (Christmann et al.,

2002; Kruggel et al., 2001). In either case, EP recording is
carried out during a time window free of RF and gradient
switching, thus avoiding the problem of imaging artifact on EEG.
Our results show that reliable LEPs can be recorded also when
EEG and fMRI are collected at the same time, and this truly
simultaneous multi-modal recording avoids the important theo-
retical and practical limitations of the interleaved approach. First,
when long periods of EEG acquisition are interleaved with long
periods of fMRI scanning, the two techniques do not sample the
same neural phenomenon. Second, even when “sparse” image
collection is performed, the hemodynamic response is not
sampled in an efficient way (Garreffa et al., 2004; Nebel et al.,
2005). Lastly, the interleaved design reduces the flexibility in the
stimulus presentation paradigm and increases the overall duration
of the experiment, thus augmenting subject discomfort (a
particularly important issue in simultaneous EEG/fMRI record-
ing), reducing subject attention and increasing the risk of time-
dependent variations of the cognitive state of the subject.

Besides the technical difficulties, it is important to consider
that collection of LEPs and fMRI data at the same time has a
number of potential confounds related to the nature of EEG and
fMRI signals and to the physiology of nociceptive responses. In
general, while EEG and fMRI signals are certainly the conse-
quence of spontaneous and stimulus-evoked synaptic activity, the
nature of the neural activity they capture is different. LEPs detect
time-locked neural activities over a relatively small time window,
while fMRI integrates time-locked and non time-locked neural
activities. In addition, EEG scalp signals often fail to resolve
spatially neural sources overlapping in time, and LEP compo-
nents, according to the time course of their dipolar sources (e.g.,
(Schlereth et al., 2003; Valeriani et al., 1996), probably merge
neural activity of different cerebral structures (Garcia-Larrea et al.,
2003).

The physiological features of the nociceptive system introduce
an additional important difference in the way the brain processing
of nociceptive input is captured by LEPs and fMRI. While
suprathreshold laser stimulation activates concomitantly Ad and
C skin nociceptors and produces the typical dual perception of first,
Ad-mediated, pricking pain followed by a longer-lasting, C-
mediated, burning pain, LEPs are present only in the Ad time
window (150—450 ms), without any response in the time window
of the C-fibre input (Bromm and Treede, 1984), since cortical EPs
primarily reflect changes in sensory input (Garcia-Larrea, 2004;
Naatanen and Picton, 1987). In contrast, the different nature of
BOLD signal makes fMRI capable to detect slow-rising and
longer-lasting sensory stimulation (Bandettini et al., 1997; Porro et
al., 1998), and thus it integrates neural processing of both Ad- and
C-fibre input.

Conclusion

Here, we have demonstrated for the first time the feasibility of
recording reliable pain-related LEPs and fMRI responses in a
truly simultaneous way. We have shown that LEPs recorded
during fMRI have very similar characteristics with LEPs recorded
outside the magnet with the same experimental paradigm and
recording equipment. This finding indicates that multi-modal
integration of LEP and fMRI results can be carried out using data
collected in separate, single-modality experiments. However,
simultaneous collection of LEPs and fMRI now allows analysis
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of single-trial responses or experimental designs for paired
comparisons of changes during drug modulation or cognitive
processes such as memory and learning.
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