¢ Human Brain Mapping 31:1702-1712 (2010) ¢

Dynamic EEG-Informed fMRI Modeling of the Pain
Matrix Using 20-ms Root Mean Square Segments

Juergen Brinkmeyer,"2 Arian Mobascher,"2>l< Tracy Wal'brick,"2
Francesco Musso,’ Hans-Jorg Wittsack,3 Andreas Saleh,3
Alfons Schnitzler,* and Georg Winterer'”

'Neuropsychiatric Research Laboratory, Department of Psychiatry, Heinrich-Heine University
Duesseldorf, Germany
2Institute of Neurosciences and Biophysics, Helmholtz Research Center Juelich, Germany
*Institute of Radiology, Heinrich-Heine University Duesseldorf, Germany
*Institute for Clinical Neurosciences and Medical Psychology, Heinrich-Heine University Duesseldorf, Germany

* *

Abstract: Previous studies on the spatio-temporal dynamics of cortical pain processing using electroen-
cephalography (EEG), magnetoencephalography (MEG), or intracranial recordings point towards a
high degree of parallelism, e.g. parallel instead of sequential activation of primary and secondary
somatosensory areas or simultaneous activation of somatosensory areas and the mid-cingulate cortex.
However, because of the inverse problem, EEG and MEG provide only limited spatial resolution and
certainty about the generators of cortical pain-induced electromagnetic activity, especially when multi-
ple sources are simultaneously active. On the other hand, intracranial recordings are invasive and do
not provide whole-brain coverage. In this study, we thought to investigate the spatio-temporal dynam-
ics of cortical pain processing in 10 healthy subjects using simultaneous EEG/functional magnetic reso-
nance imaging (fMRI). Voltages of 20 ms segments of the EEG root mean square (a global, largely
reference-free measure of event-related EEG activity) in a time window 0-400 ms poststimulus were
used to model trial-to-trial fluctuations in the fMRI blood oxygen level dependent (BOLD) signal. EEG-
derived regressors explained additional variance in the BOLD signal from 140 ms poststimulus
onward. According to this analysis, the contralateral parietal operculum was the first cortical area to
become activated upon painful laser stimulation. The activation pattern in BOLD analyses informed by
subsequent EEG-time windows suggests largely parallel signal processing in the bilateral operculo-in-
sular and mid-cingulate cortices. In that regard, our data are in line with previous reports. However,
the approach presented here is noninvasive and bypasses the inverse problem using only temporal in-
formation from the EEG. Hum Brain Mapp 31:1702-1712, 2010.  © 2010 Wiley-Liss, Inc.
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INTRODUCTION

A%- and C-fiber-mediated nociceptive input to the brain
activates a distributed network of cortical and subcortical
areas [Apkarian et al.,, 2005; Tracey and Mantyh, 2007].
Key structures of this network (often referred to as the
“pain matrix”) include the primary (S1) and secondary
(S2) somatosensory cortices that receive input from the lat-
eral thalamic nuclei (the “lateral pain system”) and the an-
terior cingulate cortex (ACC)/mid-cingulate cortex that
receives afferences from the medial thalamic nuclei (the
“medial pain system”). The insula is considered part of
both pain systems.

Previous studies on the spatio-temporal dynamics of
pain matrix activation have applied electroencephalogra-
phy (EEG) or magnetoencephalography (MEG) source
localization techniques or intracranial recordings of pain-
induced electrical brain activity. Taken together, these
studies point towards a high degree of parallelism in the
cortical processing of Ad-mediated nociceptive input. It
has for instance been shown that contralateral S1 and S2
are simultaneously activated within 120-170 ms following
painful laser stimulation of the hand [Ploner et al., 1999,
2009; see also Kakigi et al., 2005 for a recent review]. Fur-
thermore, recent evidence from intracranial recordings
suggest that the mid-cingulate cortex is also activated in
that early time window simultaneously with activation in
sensory areas [Frot et al, 2008; Ohara et al.,, 2004ab],
whereas earlier studies using intracranial recordings
reported ACC activation to occur later than 210 ms poststi-
mulus following early sensory activation [Lenz et al., 1998;
Rios et al., 1999]. However, there is also more recent evi-
dence from intracranial recordings for sequential pain
processing in the parietal operculum (S2) and the insula
[Frot and Mauguiere, 2003] with S2 activation preceding
insula activation by around 50 ms. Most studies using
dipole source analysis of the scalp-recorded EEG failed to
differentiate between opercular and insular sources and
suggested that ACC activation is preceded by early pain
processing in sensory areas [e.g. Tarkka and Treede, 1993;
Valeriani et al., 1996; see also Garcia-Larrea et al., 2003 for
a recent review].

EEG and MEG are noninvasive and possess excellent
temporal resolution in the range of milliseconds, but the
spatial resolution and certainty of localizing brain activa-
tion is limited due to the “inverse problem.” For instance,
electromagnetic source localization may fail to provide
unambiguous source solutions when several sources are
simultaneously active [Darvas et al., 2004; Winterer et al.,
2001], whereas intracranial recordings strongly suggest
that this is the case in cortical pain processing [Frot et al.,
2008; Ohara et al., 2004a,b]. However, although intracranial
recordings do not present the same uncertainty and are
therefore considered the “gold standard” in that regard,
they are invasive, reserved for small numbers of patients
usually suffering from refractory epilepsy and they do not
provide whole-brain coverage.

Functional magnetic resonance imaging (fMRI) provides
the opportunity to study brain activity in a noninvasive
way with unprecedented spatial resolution. However, the
temporal resolution is poor (> 1 s) and thus, at least one
order of magnitude too low than it would be required to
capture many relevant brain events in the time domain. It
has now been established that it is technically possible to
combine EEG and fMRI in simultaneous experiments [e.g.
Huang-Hellinger et al., 1995; lannetti et al, 2005; Ives
et al., 1993]. However, simultaneous data acquisition per
se provides two distinct data sets with their inherent
strength and weaknesses in the time domain (fMRI) or
spatial domain (EEG). More recently, it has been shown
that (single-trial) EEG information can be used to model
the fMRI blood oxygen level-dependent (BOLD) response,
thereby emphasizing certain aspects of task-related brain
activity, such as trial-to-trial covariation of the BOLD sig-
nal with the amplitude of evoked potentials [Benar et al.,
2007; Debener et al., 2005; Mobascher et al., 2009a; Mulert
et al., 2008; Warbrick et al., 2009]. For example, Eichele
et al. [2005] showed that BOLD models informed by dis-
tinct peaks of a composite event-related potential (ERP)
can produce distinct fMRI activation maps reflecting corre-
lations of the BOLD response with task-related neuronal/
electrical events that were only 30-150 ms apart from one
another.

In this study of the cortical representation of painful
laser stimulation, we sought to maximize the inferences in
the temporal domain that can be made from EEG-
informed fMRI. To accomplish this, we used consecutive
20 ms segments of the root mean square (RMS) covering
the time window 0-400 ms poststimulus to inform the
fMRI analysis. The EEG RMS was chosen because it is a
global measure of event-related EEG activity across elec-
trode positions that is largely independent from reference
electrode selection. This way, we minimized any a priori—
assumptions about spatial aspects of the scalp-recorded
EEG when using the EEG to inform the fMRI BOLD
model.

It was our major objective to contribute to the clarifica-
tion of the extent of parallel versus sequential stimulus
processing in the pain matrix using EEG-informed fMRI.

MATERIALS AND METHODS
Subjects

Ten healthy, right-handed subjects (seven males) with a
mean age of 32.3 years (SD: 12.7) were recruited from a
larger population-based sample. Subjects had no history of
neurological or psychiatric disease and did not take any
medication that could affect the experiment. All subjects
had normal pain thresholds (350-500 m]) as determined in
a series of laser stimuli increasing in steps of 50 m] from
200 to 600 mJ (and backwards) prior to the main experi-
ment. Subjects gave written informed consent to partici-
pate in the study. The study was conducted in compliance
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with the declaration of Helsinki and was approved by the
local ethics committee.

Paradigm

Sixty laser stimuli were applied to the dorsum of the
left hand using a Thulium: YAG laser (Baasel Lasertech)
with a wavelength of 2,000 nm as described previously by
several groups including our own [e.g. Bingel et al., 2007;
Mobascher et al., 2009a; Ploner et al., 2004]. Pulse duration
was 1 ms, stimuli were spots of 6 mm in diameter. Stimu-
lus intensity was 600 mJ. Stimuli were applied from a dis-
tance of 3 cm in a 90° angle. The site of the stimulation
was manually moved after each trial to avoid tissue dam-
age. The interval between stimuli was pseudorandomized
between 8 and 12 s. Every third laser-stimulus in the
sequence was skipped to allow the hemodynamic response
to return to baseline. Subjects were instructed to attend to
the painful stimuli. At the end of the experiment, 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 Data Acquisition

Continuous EEG data were recorded simultaneously
with MR-image acquisition using a 32 channel MR com-
patible EEG system (Brain Products, Gilching, Germany).
The EEG cap (BrainCap MR, EasyCap GmbH, Breitbrunn,
Germany) consisted of 30 scalp electrodes distributed
according to the 10-20 system and two additional electro-
des, one of which was attached to the subjects’ back for re-
cording the electrocardiogram (ECG), while the other was
attached on the outer canthi of the left eye for detection of
ocular artifacts. Data was recorded relative to an FCz ref-
erence and a ground electrode was located at Iz [10-5 elec-
trode system, Oostenveld and Praamstra, 2001]. Data were
sampled at 5,000 Hz, with a bandpass of 0.016-250 Hz. Im-
pedance at all recording electrodes was less than 10 kQ.

EEG Analysis

Raw EEG data were processed offline using BrainVision
Analyzer version 1.05 (Brain Products, Gilching, Ger-
many). Gradient artifact correction was performed using
modified versions of the algorithms proposed by Allen
et al. [2000], where a gradient artifact template is sub-
tracted from the EEG using a baseline corrected sliding av-
erage of 20 MR-volumes. Data were then down-sampled
to 250 Hz. Following gradient artifact correction, the data
were corrected for cardioballistic artifacts. An average arte-
fact subtraction method [Allen et al., 1998] was imple-
mented in Brain Vision Analyzer. This method involves
subtracting the artifact on a second by second basis using
heartbeat events (R peaks) detected in the previous 10 s.

As such, it requires accurate detection of R peaks which is
aided by the employment of a moving average low-pass
filter and a finite impulse response high-pass filter [for
details, see Allen et al., 1998]. In this study, the R peaks
were detected semiautomatically, with manual adjustment
for peaks misidentified by the software. To average the ar-
tifact in the EEG channels, the R peaks are transferred
from the ECG to the EEG over a selectable time delay. The
average artifact was then subtracted from the EEG. Fur-
thermore, infomax independent component analysis (ICA)
[Bell and Sejnowski, 1995; Makeig et al., 1997] was per-
formed on continuous EEG data. Components related to
artifacts were rejected. The EEG signal was then recon-
structed using inverse ICA.

Once gradient and cardioballistic artifacts had been
removed, the data were segmented into 1,000 ms epochs
(—200 to 800 ms). The baseline-corrected RMS amplitudes
(1V) across 30 electrode positions were calculated for a
total of 20 consecutive 20 ms time windows from 0-
20 msi—y) poststimulus to 380-400 ms(;_,g), poststimulus on
a single-trial basis and subsequently used for single-trial
EEG-informed BOLD modeling.

RMS, = [ > (&)/N

For each point in time (), the root is calculated from the
average of the squares of the number (N) of individual
electrode values (e).

fMRI Data Acquisition

Functional MR-images were acquired using a 3T scanner
(Trio, Siemens, Erlangen, Germany). To avoid head move-
ments, the head of each subject was tightly fixated during
the scanning procedure using vacuum cushions and
sponge pads. Using echo planar imaging (EPI), 350 vol-
umes were obtained applying the following EPI parame-
ters: 44 slices, no gap, slice thickness 3 mm, FOV 192 mm
x 192 mm, matrix 64 x 64, repetition time (TR) 2,670 ms,
echo time (TE) 30 ms, and flip angle 90°. To facilitate local-
ization and co-registration of functional data, structural
scans were acquired using T1-weighted MRI sequences
(Magnetization prepared rapid gradient echo (MP-RAGE)):
TR/TE = 1,700/3.5 ms, flip angle = 9°, 208 sagittal slices,
FOV 240 mm x 195 mm, matrix 320 x 260, voxel size 0.75
mm x 0.75 mm x 0.75 mm.

fMRI Analysis

fMRI-analysis was performed with FSL (FMRIB’s Soft-
ware Library, www.fmrib.ox.ac.uk/fsl). The following pre-
processing procedure was applied: Employing different
modules of the FSL-software package, we conducted
motion correction using MCFLIRT [Jenkinson et al., 2002],
nonbrain removal using BET [Smith, 2002], spatial
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Figure I.

Averaged EEG response to laser stimulation. (a) RMS (root mean
square) grand average. The arrows reflect the time windows typi-
cally reported for the NI, N2, and P2 peaks of the scalp-recorded
laser-evoked potential [e.g. Kakigi et al., 2005]. Black line = grand

smoothing using a Gaussian kernel of FWHM = 6 mm,
mean-based intensity normalization of all volumes by
the same factor, and highpass temporal filtering (sigma =
30 s). Whole brain general linear model (GLM) time-series
statistical analysis of individual data sets was carried out
using FILM (FMRIB’s Improved Linear Model) with local
autocorrelation correction [Woolrich et al., 2001]. Registra-
tion of functional images to high-resolution structural
images was done with FLIRT [Forman et al., 1995; Jenkin-
son et al., 2002]. For the initial standard analysis of the
functional data, we used the time course of laser stimuli
as the main explanatory variable (EV-A) convolved with a
Double-Gamma hemodynamic response function. The
Double-Gamma function is a mixture of two Gamma func-
tions—a standard positive function and a small delayed,
inverted Gamma to model the late undershoot.

RMS amplitudes of 20 ms time windows from 0-20 ms
to 380-400 ms poststimulus (see EEG analysis) were used
as additional regressors (EV-B;.59), each containing quan-
titative information about single-trial electrical brain ac-
tivity in a specific 20 ms time window poststimulus. The
time course of that second regressor was identical to that

average. Dashed red line = standard deviation. (b) Grand average
of the laser-evoked potential obtained from electrode position Cz.
Black line = grand average. Dashed red line = standard deviation.
(c) Field maps of three selected time windows.

of the standard model (time course of laser stimulation).
A total of 20 EEG-informed models were applied to each
individuals fMRI time series each model containing EV-
A (standard model with no EEG-derived single-trial in-
formation) and one of the 20 EEG-informed EV-Bs (EV-
B1.20). EV-B was always orthogonalized to EV-A to spe-
cifically determine the variance in the data that is
explained by the model containing the quantitative sin-
gle-trial EEG information but not by the standard model
[Eichele et al., 2005; Mulert et al., 2008; Mobascher et al.,
2009a].

Thus, EEG-information contributed in two ways to the
fMRI analysis. First, EEG single-trial information were
used to reveal trial-to-trial variations in the BOLD
response that are not captured by EV-A. Second, the tem-
poral dynamics of stimulus-induced EEG-activity (as
measured by changes in the RMS from 0 to 400 ms poststi-
mulus) were used to model the dynamic part of brain acti-
vation with high-temporal resolution.

Subsequently, the resulting 20 fMRI activation maps
were ordered in the time domain for each individual
subject.

* 1705



¢ Brinkmeyer et al. ¢

We then conducted group level mixed effect analyses—
again, one for each 20 ms time window poststimulus—
using FMRIB’s Local Analysis of Mixed Effects (FLAME)
[Behrens et al., 2003] with spatial normalization to Mon-
treal Neurological Institute (MNI) space. A cluster signifi-
cance threshold of Z > 2.3 was applied for single subject
as well as for group-level results [Forman et al., 1995;
Friston et al., 1994; Worsley et al., 1992]. For visual display
of the group results, Z-maps of the functional data were
imported to MRIcron [Rorden et al., 2007].

RESULTS
Subjective Pain Ratings

Laser stimuli elicited a clear pinprick sensation in all 10
subjects. The post-hoc average pain rating to the laser
stimuli was 44.7 (SD 20.3) points out of 100.

Laser-Evoked EEG Activity

The time course of the RMS—a global measure of event-
related EEG activity—is shown in Figure 1. For comparison
with the previous literature on laser-evoked potentials
(LEPs), the time windows for the main LEP peaks N1, N2,
and P2 as well as the grand average of the LEP obtained
from electrode position Cz are also provided in Figure 1.
The first peak had a mean amplitude of 4.04 puV (SD: 1.85
uV) and a mean latency of 176 ms (SD: 17.0 ms). It peaked
between the time windows typically found for the N1 and
N2 components of the LEP. The second peak had a mean
amplitude of 497 puV (SD: 1.72 pV) and a mean latency of
305 ms (SD: 42.0 ms). This latency was in the range typically
found for the LEP P2 peak.

Pain-Induced BOLD Signal

Standard analysis of functional MR-images (modeled on
the basis of the time course of laser stimulation only)
revealed significant stimulus-induced BOLD responses in
cortical and subcortical areas that have been identified as
components of the pain matrix in numerous previous
studies such as the contralateral primary somatosensory
cortex (S1), bilateral secondary somatosensory cortex (S2),
bilateral Insula, ACC, (pre)frontal areas, thalamus, and
brainstem (see Table I and Fig. 2 for detailed information).

Time Course of RMS-Informed BOLD Activation

A total of 20 segments of the RMS covering the time win-
dow 0 to 400 ms poststimulus (each 20 ms long) were used
to inform the fMRI BOLD model on a trial-to-trial basis.
Because of the orthogonalization of the EEG-derived regres-
sor with respect to the standard model this resulted in 20
fMRI images of group level activation, each reflecting the
BOLD correlate of trial-to-trial fluctuations in that specific
time window post stimulus that was not captured by the
standard model. A movie showing the concatenated activa-

TABLE I. Brain regions with BOLD activation in
response to laser stimulation

MNI coordinates

Anatomical region® x y z Z value
R. postcentral gyrus (S1) 64 —-18 40 2.51
R. parietal operculum (S2) 54 —26 20 3.26
R. insula 40 12 -10 371
R. superior frontal gyrus 6 22 52 4.16
R. mid-cingulate cortex 4 18 32 3.86
R. precentral gyrus 8 —18 48 4.14
R. amygdala 24 0 —22 2.61
L. parietal operculum (S2) —56 —38 24 3.86
L. insula —34 18 -10 3.87
L. mid-cingulate -2 14 24 3.94
L. cerebellum —4 —62 —44 3.52
R. thalamus 16 -12 2 3.59
L. thalamus —6 -12 12 2.94
Midbrain 0 —28 -10 3.24
Brainstem 8 —34 —42 3.52

?According to Harvard-Oxford structural atlas; S1, primary somato-
sensory cortex; S2, secondary somatosensory cortex; R, right; L, left.

tion images 0 to 400 ms poststimulus is provided in the Sup-
porting Information (Supp. Info. 1). An overview on the
EEG-informed dynamics of BOLD brain activation is also
given in Table II. In Fig. 3 BOLD activation patterns of three
selected 20 ms time windows post stimulus are shown.

Consistent with no stimulus-induced EEG activity in the
first 140 ms post stimulus the RMS-informed BOLD model
did not explain additional variance in the pain matrix up to
140 ms poststimulus. The EEG-derived regressor reflecting
the time-window 140-160 ms poststimulus explained activa-
tion in the contralateral parietal opercular cortex comprising
secondary sensory cortex (S2). In the subsequent time win-
dow (160-180 ms poststimulus), BOLD activity specific to
RMS single-trial variability was found in bilateral S2, bilat-
eral insula, and the anterior cingulate cortex (ACC)/mid-cin-
gulate cortex. According to this model, bilateral insula
remained active until 200 ms poststimulus and bilateral S2
until 220 ms poststimulus. Consistent with a RMS minimum
at 220-240 ms poststimulus no (EEG-informed) BOLD acti-
vation was found in this time window. Insula and S2 and
sensory association areas were again active in the remaining
time windows 260—400ms poststimulus. A second time win-
dow of ACC/mid-cingulate cortex activation was also found
between 280 and 340 ms poststimulus. In this EEG-informed
analysis, no contralateral S1 activation was found through-
out the entire time window 0400 ms poststimulus. See Ta-
ble II and Supporting Information for further details.

DISCUSSION

The main purpose of this study was to investigate the
spatio-temporal dynamics of cortical pain processing with
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Figure 2.
BOLD response to laser stimulation, standard model. Second-level mixed-effects FLAME. N =
10 subjects. Cluster-corrected threshold Z = 2.3, P = 0.01. Upper row: surface projection.
Lower row: axial slices. R = right. L = left.

EEG-informed fMRI. To fully exploit the temporal resolu-
tion of EEG, we used consecutive 20 ms segments (0400
ms post-laser stimulation) of single-trial event-related
responses to inform the fMRI BOLD model. At the same
time, we sought to minimize any a priori assumptions
about the spatial aspects of the scalp-recorded EEG. There-
fore, we used the RMS which is a global measure of event-
related EEG activity that—unlike amplitudes obtained
from individual electrodes—is largely independent from
reference electrode selection.

In the standard analysis of the fMRI BOLD signal, in
which no EEG-derived single-trial variability was mod-
eled, the expected pattern of laser-induced activation of
the pain matrix was found [Bornhovd et al., 2002; Biichel
et al., 2002; Derbyshire et al., 2002; Iannetti et al., 2005;
Mobascher et al., 2009b; see also Apkarian et al., 2005;
Tracey and Mantyh, 2007 for recent reviews]. RMS exhib-
ited a biphasic time course. The first peak had an average
latency that was somewhat shorter than the latency typi-
cally found for the N2 peak [200-240 ms; Kakigi et al.,
2005] of the LEP recorded from vertex electrodes but lon-
ger than the latency of the earlier N1 peak [140-160 ms;
Garcia-Larrea et al., 2003]. This suggests that generators of
both the N1 and N2 components contributed to the first
RMS peak. The second peak had an average latency com-
patible with that of the LEP P2 [300-360 ms, Kakigi et al.,
2005].

EEG RMS-informed BOLD modeling revealed single-
trial covariation of the fMRI BOLD and the EEG RMS sig-
nals for EEG data obtained in two time windows from 140
to 220 poststimulus and from 240 to 400 ms poststimulus.
Compared to the activation pattern according to the con-
ventional BOLD model, EEG-informed BOLD activation
was generally more restricted to known generators of
LEPs, namely the secondary somatosensory cortex (S2),
the insula, the ACC/mid-cingulate cortex and to the thala-
mus that provides direct input to these cortical structures.
This is consistent with previous studies using EEG data to
inform the fMRI BOLD model that also found the EEG-
informed models to be more task/stimulus specific [e.g.
Debener et al., 2005; Warbrick et al., 2009]. EEG-RMS sin-
gle-trial information did not explain additional variance in
the BOLD signal in the contralateral primary somatosen-
sory cortex (S1). This is probably due to the fact that
S1 generator activity contributes little to scalp-recorded
LEPs compared to sources in S2, the insula, and the ACC
[Garcia-Larrea et al., 2003]. Furthermore, in the conven-
tional fMRI analysis (not informed by the EEG), contralat-
eral S1 activation was just above threshold and
substantially lower than in S2, the insula, and the ACC.

Obviously, EEG-informed fMRI—as it was applied in
our study—does not change the fundamental physical and
physiological features of fMRI that restrict the temporal re-
solution of the method which are as follows: (a) the
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TABLE Il. Time course of RMS-informed
BOLD activation

MNI coordinates

Time (ms)  Z value x y b4 Anatomical region®
0-140 <23 - - - No activation
140-160 2.83 60 24 18 R.S2
160-180 3.12 60 24 18 R.S2
2.96 —-64 24 18 L.S2
3.15 40 22 —4 R insula®
2.96 —42 8 -2 L. insula
3.16 4 14 36 R.MCC
2.84 —6 24 24  L.MCC
2.85 16 -16 6 R thalamus
180-200 3.00 66 20 28 R.S2
—64 24 20 L.S2
297 38 22 2 R insula
2.83 —44 8 -2 L. insula
200-220 2.90 60 24 18 R.S2
220-240 <2.3 No activation
240-260 2.95 52 =22 14 R.S2
2.8 —58 28 16 L.S2
3.06 42 22 —6 R. insula
2.64 —34 10 6 L. insula
260-280 2.96 66  —20 28 R.S2
2.83 —-58 28 18 L.S2
3.15 38 22 —4 R. insula
2.8 —42 8 -2 L. insula
3.09 6 16 38 R.MCC
2.81 —4 14 38 L.MCC
280-300 3.01 64 38 24  R.S2
3.02 —-64 24 20 L.S2
3.19 38 24 -4 R insula
2.77 —42 8 -2 L. insula
3.05 6 16 38 R.MCC
2.79 —4 14 40 L.MCC
3.03 -8 —18 6 L. thalamus
300-320 2.94 50 30 14 R.S2
2.94 —64 26 18 L.S2
3.16 38 24 —4 R. insula
2.99 —42 20 -8 L. insula
3.02 2 16 36 R.MCC
320-340 2.68 36 14 4 R insula
3 2 16 34 R.MCC
340-360 291 52 =22 14 R.S2
2.9 42 24 -8 R. frontal orbital
cortex
360-380 29 50 28 20 R.S2
2.68 36 8 4 R. insula
380-400 2.93 56  —32 22 R.S2
2.70 —34 12 4 L. insula
2.92 16 -22 8 R. thalamus

®According to Harvard-Oxford structural atlas; S2, secondary
somatosensory cortex (parietal operculum; activation extended
into supramarginal gyrus)

PIn both hemispheres anterior insula activation extended into
frontal orbital cortex; MCC, mid-cingulate cortex; R, right; L, left.

limited number of time points per experiment/trial and
(b) with respect to the underlying neuronal activity, the
delayed and blurred hemodynamic response that gives
rise to the BOLD signal. Thus, the EEG-informed fMRI
activation maps do not capture neuronal events 0-400 ms
poststimulus with a temporal resolution of 20 ms. They
only reveal single-trial correlations of an electrophysiologi-
cal signal (reflecting neuronal activity) a few hundred
milliseconds poststimulus with the BOLD response a few
seconds later. Therefore, two preconditions/limitations
apply. First, there must be a certain degree of single-trial
variability in the underlying neuronal activity that gives
rise to the EEG and fMRI BOLD signals. This variability
must be captured by EEG and fMRI. Otherwise, EEG sin-
gle-trial variability cannot explain additional variance in
the BOLD signal. Second, the EEG voltage changes from
trial to trial measured at different time points poststimulus
(e.g. two peaks of a composite evoked potential) must dif-
fer to a certain degree for the fMRI to show generator ac-
tivity in different brain areas. Otherwise, they will inform
the BOLD model in a similar way and will therefore give
rise to the same BOLD activation pattern.

However, some of the temporal resolution of EEG
may be transferred to fMRI in this way [Eichele et al.,
2005; Debener et al., 2006]. Keeping this conceptual frame-
work in mind, one may consider the BOLD activation
images(—1-o9) showing correlations with the EEG single-
trial variability in the 20 time windows from 0-20 ms;_1,
to 380—-400 ms poststimulus; — gy as proxies for the brain
activation pattern in that particular 20 ms time window.

To our knowledge, the fMRI BOLD response to painful
stimuli has never been investigated with a “temporal reso-
lution” of this kind. Therefore, the fMRI “time course”
reflecting neuronal activity from 0 to 400 ms poststimulus
must be discussed in the context of existing literature that
used EEG and MEG source localization and foremost in-
tracranial recordings that addressed the spatio-temporal
dynamics of brain matrix activation. The absence of BOLD
activation in the EEG-informed model in the first 140 ms
poststimulus is consistent with the averaged RMS time
course in our experiment that does not show meaningful
stimulus-related EEG activity up to that point. It is also
consistent with the existing electrophysiological literature,
at least with regard to painful stimulation of the hand
[Garcia-Larrea et al., 2003; Perchet et al., 2008].

According to our EEG-informed BOLD analyses, activa-
tion of the pain matrix starts with contralateral S2 in the
time window 140-160ms poststimulus which is also con-
sistent with previous EEG-, MEG, and intracortical find-
ings [Forss et al., 2005; Frot et al., 2008; Garcia-Larrea
et al., 2003, Ohara et al., 2004a,b; Ploner et al., 2002]. When
scalp-recorded event-related EEG potentials in response to
laser stimulation (LEPs) are used to study the temporal
dynamics of pain processing, the first detectable LEP is
the N1 component that is often reported to peak 140-160
ms poststimulus for hand stimulation [Garcia-Larrea et al.,
2003 and references therein]. MEG [Forss et al., 2005;
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Zvalue |

140-160ms

160-180ms

300-320ms

Figure 3.
BOLD response to laser stimulation, EEG RMS-informed model. Second-level mixed-effects
FLAME. N = 10 subjects. Cluster-corrected threshold Z = 2.3, P = 0.01. The additional activa-
tion that was specific for the regressor containing single-trial EEG information is given for three

EEG time windows poststimulus: from top to bottom

300—320 ms poststimulus. R = right. L = left.

Ploner et al.,, 2002] and EEG [Tarkka and Treede, 1993;
Valeriani et al., 1996] studies as well as intracranial record-
ings [Frot and Mauguiere, 2003; Frot et al.,, 2008] have
located the generator of this signal in the parietal-opercu-
lar cortex (52) contralateral to the stimulated side, which is
exactly what we find in the EEG-informed fMRI. Subse-
quent time frames showed activation of bilateral S2 and
insula up to 200 to 220 ms poststimulus. Ipsilateral S2 has
often been reported to become active within 20ms after
contralateral activation [see Garcia-Larrea et al., 2003; for a
review]. Source-localization studies have often described
“operculo-insular” generators, not further specifying the
source of the potential [Garcia-Larrea et al., 2003]. In fact,

140—160 ms, 160—180 ms, and

bilateral insula activation has sometimes been reported to
occur concomitantly with sensory processing as early as
the N1 time window [Perchet et al., 2008]. However, in a
study by Frot and Mauguiere [2003] that used intracranial
recordings the opercular response to laser stimulation pre-
ceded activation of the insula by 50 ms. Our data are in
line with the notion of initial activation in contralateral S2
followed by largely parallel activation in bilateral S2 and
insula that extends beyond the classical N1 time window.
With regard to the EEG literature on generators of LEPs,
our finding of ACC/mid-cingulate activation as early as
160-180 poststimulus is somewhat striking. Most studies
reported the ACC/mid-cingulate source to peak 220-
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340ms post stimulus corresponding to the N2/P2 peaks of
the LEP [Garcia-Larrea et al., 2003]. Interestingly, using in-
tracranial recordings directly from the mid-cingulate cor-
tex and SII, Frot et al. [2008] showed mid-cingulate
activation parallel to the earliest sensory processing in S2
119 ms poststimulus. An earlier MEG study by Ploner
et al. [2002] also found ACC activation in response to laser
stimulation as early as 188 ms poststimulus which was
only 20-30 ms later than the earliest sensory response that
was located in the contralateral S2. However, in this study,
a more anterior portion of the ACC was found to be
activated.

In the time window, 240400 ms poststimulus, in which
the EEG-derived regressor explained additional variance in
the fMRI, RMS-informed fMRI activation was found again
in ACC/mid-cingulate cortex, insula, S2, and sensory associ-
ation cortex/supramarginal gyrus. The ACC has been
shown to be the major generator of the P2 component of the
LEP that peaks between 250 and 380 ms poststimulus
[Truini et al.,, 2005]. Thus, our data are in line with the
emerging notion of a biphasic ACC/mid-cingulate activation
with the earlier component peaking at latencies similar to
those of early sensory activation [Frot et al., 2008]. The sus-
tained activation of the insula, S2 and sensory association
cortex is somewhat harder to interpret. Operculo-insular
sources may remain active for more than 100ms beyond the
N1 time window [Garcia-Larrea et al., 2003]. But at least S2
is not considered an important generator of the scalp-
recorded P2 peak. However, in a number of recent studies
that applied intracranial recordings, evoked potentials in the
P2 time window induced by painful laser or electrical nerve
stimulation were recorded from somatosensory cortical areas
[Dowman et al.,, 2007; Ohara et al., 2004a,b]. In their EEG
study, Perchet et al. [2008] also found source maxima of the
LEP P2 peak (310410 ms post stimulus) in the insula and
even in sensory areas (S1, Brodmann area 40). One possible
explanation for our results is that the EEG-informed fMRI
activation pattern in the later time window may reflect
some residual more “tonic” activation in sensory areas and
the insula that outlasts the actual more “phasic” peak activ-
ity but covaries with it on a trial-to-trial level. C-fiber-medi-
ated “second” pain seems an unlikely explanation because
the latencies of these late responses have been reported to
be several hundred milliseconds longer [Forss et al., 2005;
Ploner et al., 2002].

Mouraux and Iannetti [2009] recently showed that even
though brief radiant laser pulses activate Ad and C noci-
ceptors selectively, LEPs do not reflect nociceptive-specific
neural activity. Instead, they seem to reflect multimodal
and somatosensory-specific neural activities. Furthermore,
our paradigm did not include a control condition with
innoxious unattended stimuli. Therefore, we provide data
on the time course of cortical processing of nociceptive
input to the brain but not necessarily nociceptive-specific
brain activity per se.

Taken together, our data support the notion of parallel
signal processing in sensory areas of the pain matrix (the

lateral pain system) and the ACC (the medial pain system)
[Frot et al., 2008]. However, according to our data, contra-
lateral S2 activation may precede activation of the ipsilat-
eral S2 and the ACC in the range of 20 ms. Our approach
has two strengths compared to EEG/MEG studies and in-
tracranial recordings. With regard to the former, we solely
used temporal information from the EEG to inform the
fMRI BOLD model thereby minimizing assumptions about
the spatial information contained in the EEG. With regard
to the latter, EEG-informed fMRI is a noninvasive research
tool.

However, our approach of using RMS to inform the
BOLD model is only one of several ways of EEG-fMRI
data fusion. Other approaches that have been taken
include using single-trial amplitudes from certain electro-
des to inform the BOLD model, using the amplitude of
individual components after ICA-decomposition of the
ERP, or parallel or joint ICA of EEG and fMRI signals
[Debener et al., 2006; Eichele et al., 2009]. Although the
limitations of fMRI with regard to the temporal resolution
of the method apply to all these approaches, they may
have their particular merits and disadvantages. On one
hand, global measures of event-related EEG activity such
as RMS are intriguing as they minimize assumptions about
the spatial aspects of EEG and are in that regard
“unbiased”. On the other hand, many stimuli and tasks
elicit wide-spread event-related responses that are spa-
tially and temporally mixed [Baudena et al., 1995; Halgren
et al.,, 1995a,b]. In the case of RMS, these sources overlap-
ping in time are pooled into one single-time course that is
used to inform the BOLD model. Therefore, the fMRI out-
put could in theory be less specific in the spatial domain
compared to models where other measures such as indi-
vidual ICs of the decomposed EEG are used. In fact, while
the RMS-informed BOLD model applied in this study
explained additional variance in the BOLD signal in a
wide time window poststimulus, the LEP P2 peak (defined
by the amplitude of an individual component after ICA
decomposition) revealed fMRI activation that was more
specific for the medial pain system [Mobascher et al.,
2009a].

In that regard, new strategies to fuse simultaneously
acquired EEG and fMRI data like parallel ICA or joint ICA
[Eichele et al., 2008, 2009; Moosmann et al., 2008], symmet-
rical EEG/fMRI data fusion using a Bayesian framework
[Daunizeau et al., 2007] or estimation of the hemodynamic
response function from the concurrent EEG-fMRI data [de
Munck et al., 2007, 2008] provide a promising avenue for
future research. They allow a more symmetric, data-driven
approach to simultaneous EEG-fMRI analysis and do not
rely on specific assumptions about the spatial aspects of
the EEG while at the same time potential (over-)reduction
of the EEG data is avoided.

Nonetheless, to our knowledge, this is the first study
using fMRI to visualize the spatio-temporal dynamics
of pain matrix activation with a temporal resolution of
20 milliseconds.
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