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ABSTRACT

The accuracy of the inverse solution that finds the
spatial location of the generating sources from
averaged scalp-recorded event related potentials
(ERPs) relies on assumptions about the ERP signals
and the sources. We provide evidence that using
independent component analysis (ICA) as a signal
decomposition filter prior to applying the inverse
solution reveals sources that cannot be detected by
conventional source localisation methods.

Five clusters of sources emerged: a single source
cluster in caudal cingulate and bilateral sources in
secondary somatosensory cortex (SII), inferior
parietal cortex, premotor cortex and insular cortex.
The locations of the source dipoles were consistent
with findings using fMRI and PET but have not all
been  previously detected in a  single
electrophysiological study. In addition, the time-
course of the activation of these dipoles was
estimated.

The results suggest that using ICA to localise single
trial data is a powerful tool for exploring the spatio-
temporal dynamics of rapid and complex brain
processes.

INTRODUCTION

In standard electrical dipole source localisation,
averaged event related potentials (ERPs) are used as
a ‘noise free’ version of ERP. On the basis of a
priori knowledge of the neurophysiology and/or
analysis of the variance data, a decision is made
whether the ERP peak under investigation is likely
to be the result of single dipole or multiple dipole
sources, for which the inverse solution aims to find
the best fit.

This modelling method has two problems. The first
problem is the validity of the use of averaged ERPs.
The single trial ERPs have been considered as

resulted from discrete, functionally defined neural
activity. Therefore, the averaged ERPs have been
considered as the noise free version of single trial
ERPs, since averaging progress have removed the
background EEG. However, recently, works by
(Basar et al., 2001; Jung et al., 2001; Makeig et al.,
2002) show that the single trial ERPs are likely to
result from phase oscillation of ongoing EEG.
Therefore averaged ERPs are not noise free version
of single trial ERPs, but may in fact introduce
artefacts (see Hoang et al, BICS 2004, submitted).

The second problem is that the inverse solution for
the multiple dipole sources has been shown to be not
as reliable as inverse solution for single dipole
source(Cuffin, 1998; Mosher et al., 1993). If the
ERP peak is due to a single-dipole source, the
solution is only affected by the accuracy of the head
model parameters but not by the fitting method,
whereas the solution for a peak due to multiple
sources is dependent on the accuracy of the
assumption about the number of sources (Wang,
1994), which is more ambiguous. In particular, the
pain process is unlikely to have multiple sources
which do not have overlapping activation, therefore
the accuracy of single source dipole inverse solution
in this case is questionable.

Jung et al (2001), Makeig et al (2002) and Zhukov
et al (2000) have suggested using independent
component analysis (ICA) to separate the mixture of
generating sources in the ERP signals into
independent components. The inverse solution for a
single source dipole can then be applied to each of
the components to estimate their spatial locations.
The advantage of this technique is that it uses single
trial ERPs signals without any averaging, and avoids
the problems associated with the inverse solution for
multiple source dipoles.
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In this paper, we apply ICA methods to source
localisation for the single trial laser evoked pain
potentials (LEPs) to localise the brain source dipoles
related to pain process. LEP is ERP recorded from
laser stimuli, which evoke the heat pain response on
the skin.

Neuroimaging studies of pain process in laser
evoked heat pain using PET and fMRI have
suggested the involvement of a number of cortical
areas: Insula, Primary and Secondary
Somatosensory (SII), Inferior Parietal, Premotor and
mid-cingulate or caudal anterior Cingulate cortices.
(Coghill et al., 1999; Derbyshire, 2000; Derbyshire
et al., 1997; Lotze et al., 2001; Niddam et al., 2002;
Peyron et al., 2000).

In addition, source localization studies of EEG and
MEG from multi-channel LEP recordings have also
been used to identify possible cerebral generators of
pain-related signals (Bentley et al., 2003; Frot et al.,
2001; Peyron et al., 2002; Watanabe et al., 1998)
(Ninomiya et al., 2001) (Bromm and Lorenz, 1998;
Kanda et al., 2000; Nakamura et al., 2002; Tarkka
and Treede, 1993). These have shown sources in SII,
insula and mid cingulate. However, these studies
have not revealed the full extent of the sources in the
same way that PET and fMRI studies have.

Hence it is difficult to interpret the relationship
between the estimated sources from
electrophysiological (LEP, MEP) studies and
activated brain region in fMRI and PET as well as
inferring the functionality of these regions.

In this study, the result of source localisation using
ICA shows five clusters of source dipoles, which
clearly identified in the caudal cingulate, secondary
somatosensory (SII), inferior parietal, insular and
pre-motor cortices, consistent with results from
/MRI and PET in other research(Coghill et al., 1999;
Derbyshire et al., 1997; Lotze et al., 2001; Niddam
et al., 2002).

MATERIALS AND METHODS

Laser stimulation and data acquisition

The study was approved by the Local Research
Ethics Committee. Data were recorded from one
right-handed female volunteer, aged 30 years, who
gave her informed consent. She was in good health
and not taking medication at the time of the study.
Throughout the experiment, the subject wore
protective goggles for safety and earplugs to mask
acoustic interference from the laser.

The study comprised 3 recording sessions held at
approximately the same time on different days. Each
session consisted of 3 LEP recordings using the
same methodology. During each recording, 60 CO,

laser stimuli (100 ms pulse duration, 15 mm beam
diameter) were delivered to the right dorsal forearm
at 10 s intervals. Stimuli were randomly moved
around a 5x3 cm area (positioned relative to
individual anatomical characteristics for accurate
reproduction) to avoid habituation/sensitization and
possible skin damage.

The subject rated each stimulus on a 0—10 scale for
pain intensity, approximately 3 s after the stimulus.
Stimuli were kept at an intensity that the subject
rated as moderately painful (i.e. 6-7 on the 0-10
scale).

Late LEPs were recorded from 64 scalp electrodes
(positioned according to the 10-20 system),
referenced to linked earlobes (QuikCap system,
NeuroScan, Inc.). EEG data were sampled at a rate
of 500 Hz, with a gain of 500, and band pass filters
of 0.15-30 Hz (SynAmps, NeuroScan, Inc.). The
vertical and horizontal electrooculogram was also
recorded for the purposes of ocular artefact
reduction. The impedance of all electrodes was
below 5 kQ. At the end of each LEP recording
session, a digitiser (Polhemus ‘Fastrak’) was used to
encode the electrode positions, which are later used
to co-register the ERP with the structural MRI of the
brain of the same subject (see Bentley et al for
details). The structural MRI was acquired on a
different day to the LEP recordings (1 Tesla
Siemens scanner, Tl-weighted image, 256x256
pixels, each 0.94x0.94 mm, 108 sagittal slices, each
1.67 mm thick).

Data pre-processing

Continuous EEG data were corrected for ocular
artefact prior to epoching. A 200 ms pre-stimulus
interval was used for baseline correction. Epochs
with further artefact and not rated as painful (i.e. less
than 4 on the 0-10 scale) were rejected. The
accepted epochs of each block then concatenated
together. Therefore, the data using in this paper will
be 9 matrixes from 9 blocks of experiment.

Concatenation of single trial ERPs

The purpose of ERPs source localisation problem is
to reconstruct the brain electrical sources, which
generated the ERPs of certain stimulus. The single
trial ERPs of the same stimulus are concatenated
before applying ICA to do blind source separation.
The continuous EEG may contain the signal from
the sources, which are not active in ERPs time
windows.

Source separation process using informax ICA
algorithm(Bell and Senowski, 1995) was applied to
the 64 channels of each concatenated LEP signal of
each of the nine experimental blocks, decomposing
the signal into 64 maximally independent
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components. Each independent component, now a
partial signal of the original recording, was averaged
across the trial in the same block.

Theoretically, applying ICA to each single trial
ERPs separately is possible. However, applied ICA
to each single trial ERPs will generate larger number
of ICs, which is not practical to compute the inverse
solution for each single extracted ICs. By
concatenated single trial ERPs, it is possible to
reduce the number of extracted IC, and do not
reduce the accuracy of source localisation if the
ERPs of the same stimulus are generated from
similar brain domains.

Independent components selecting method

Assume that we want to do source localisation from
M channels of single trial ERPs data. Source
separation  process  using informax ICA
algorithm(Bell and Senowski, 1995) first applied to
this M channels of each concatenated ERPs signal,
decomposing the signal into M maximally
independent components. The projection of each
component back onto the electrodes, now a partial
signal of the original recording, was averaged across
the trial in the same block. The derived averaged
independent components then ordered by their
averaged activation power by following formula:

M N
Ic 2
P(IC) =Y > V()]
i=1 j=1
where P(ICy) is the averaged activation power of the
ke, v (¢,) is the voltage of averaged IC; at

electrode i at sampling timing #. N is the number of
data point (N = sampling frequency X length of time
windows of single trial ERP).

In each block, we have M ICs, therefore the total
averaged power of all ICs in each block is:

iP(ICk).

The following step is to select the ICs, which
corresponded to 80% contribution to this fotal
averaged power. By this method, the selected IC is
the ICs which have more activation after averaging,
and therefore more likely relevant to laser stimuli.
Source localisation then be applied to each selected
IC to calculate the location of the dipole source.

Base on this power criteria, from 9x64 ICs, 180 ICs
which have dominant power on total averaged
power of each block are selected for the inverse
solution. By this method, the selected IC is the ICs
which have more activation after averaging.

Source localisation

Source localization analysis was performed by
CURRY® 4.5 software (Compumedics USA
Ltd) on realistic head model, which was rebuilt by
the module of the same software from MRI images
of the same subject. The source localisation was
applied on entire data window (from 0 to 1000ms) of
averaged IC. Electrodes location using in the head
model was measured at each experiment block by
digitizer. Because of the nature of the ICA, the
activation of extracted IC is statistically independent
from each other; hence, it is reasonable to assume
that, each IC is generated by single dipole source or
synchronised bilateral dipole sources. Therefore, for
each IC, two mode of source localization are used:

(i) Source localization for single dipole source
(i1) Source localization for bilateral dipole source

The results with smaller error are selected. In case,
where the solution for single dipole source gives a
smaller error, but the location of that source is not
physiologically relevant (in the area which not likely
to be EEG source like white matter area), then the
bilateral dipole source result are selected. Any result
with variance (error) larger than 20% are consider as
noise.

RESULTS

-200 0 200 400 600 800 1000
ms

(a)

Figure 1: Examples of averaged LEP signal.
(a) Averaged LEP signal at Cz from 9 data
sets. (b) Example of averaged LEP signal of
one data set at 9 groups of electrodes. The LEP
signals have a positive peak between
350~450ms. The peak appears in most
electrodes around the head shows the large-
scale integration of the LEP signal.

The examples of averaged LEPs at Cz from 9 data
sets are showed in Figure 1.a. The LEP signals have
a positive peak between 350~450ms. The peak
appears in most electrodes around the head shows
the large-scale integration of the LEP signal (see
Figure 1.b)
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Group 1: 48 bilateral source dipoles at SII

0 500 1000 Group 3: 19 bilateral source dipoles at inferior parietal cortex

0 Group 4: 15 bilateral source dipoles at insular cortex

Group 5: 21bilateral source dipoles at premotor cortex

Figure 2: Clusters of dipole sources in separate brain region, their averaged activation course and
corresponded topographic map. First column shows the averaged topographic maps of each source group,
at the timing marked by strait line in the graph on the second column. Second column shows the averaged
activation of each source group. Three right columns show the detail of source on MRI slides. Each group
of source dipoles include the dipole from all 9 data sets, except group 6 (primary cortex) only have dipole

from 4 data sets.

From 180 ICs, 30 single dipole sources and 114
bilateral dipole sources were reconstructed. The
remaining 36 ICs were considered as noise, since the
error in source localisation calculation of these ICs
were larger than 20%, or their locations were outside of
the brain. Errors of the analysis were relatively small
since the source localisation was applied for entire time
window of averaged ICs (Figure 3).

The dipoles were classified by their anatomical
location (Figure 2). The dipoles then were clustered by
their anatomical location verified by brain atlas (Mai et
al., 1997). From each data block, 5 clusters of dipoles
were found. These clusters are located in SII,
cingulated cortex, inferior parietal cortex, insular
cortex, premotor cortex.

DISCUSSION

The brain responses at SII in laser pain stimuli are
reported in (Lotze et al., 2001; Niddam et al., 2002)
using fMRI, in (Coghill et al., 1999) using PET. The
responses in insula were reported in (Peyron et al.,
2002) using fMRI, PET as well as LEP source dipole
localisation, in (Coghill et al., 1999) (Niddam et al.,
2002) using PET. The brain responses at premotor
cortex in laser pain stimuli are reported in (Derbyshire
et al,, 1997; Niddam et al.,, 2002) using PET. The
responses in cingulate cortex are reported in (Coghill et
al., 1999)(PET). The responses at inferior parietal
cortex are reported in (Coghill et al., 1999; Derbyshire
et al., 1997) (PET). Although some of the previous
study using LEP source localisation have detected the
brain source at SII, insular and cingulated
cortex(Bentley et al., 2003; Frot et al., 2001; Peyron et
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al., 2002), this study is the first time have localised all
these sources in the same experiment.
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Fitting error (%)
Figure 3: Distribution of source localisation
error for each dipole. The term 'error' is
equivalent to 'variance' in CURRY® software.

The larger number of component that localise the
dipole in SII suggest that activity in this region may not
time locks to stimulus onset and hence broken down to
several distinguish ICs. However, it is difficult to
assess the functional role of these components in pain
perception since the experiment reported here had only
one condition. In future research, comparing these I1Cs
from the dataset, which have different experiment
condition, should give the information about the
psycho-physiological function of them.

Furthermore, because ICA separate LEP signal into
different components, each component assumed to be
generated from only one source, the time course
activation of each source become available for the
entire epoch. In this analysis, all major source dipole
appear to peak at around 400ms. This may be due to
inter-regional synchronisation of brain signal as
suggested by Varela et al.(2001). The synchronised
activation happen at 400ms may explain why they are
not detectable in standard source localisation method
using averaged LEPs. This synchronised phenomenon
suggests that the perception of painful stimulus by the
subject may be established when the activation of
different brain source are integrated at certain time
after the laser stimulus.

CONCLUSION

For a long time, the study of pain-related brain
processes (spatially) using PET and fMRI, and study
(temporally) wusing LEP have been developed
separately. This study demonstrates that by applying
ICA to single trial LEP prior to do source localisation,
the LEP source dipoles location were consistence with
the finding using imaging technique (fMRI and PET) in
other research. Although this result did not verify that
the LEP source dipole and the source found in fMRI
and PET are the equivalent, this result has provided the
promising solution to investigate the interactive
between different imaging modalities.
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