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ARTICLEINFO ABSTRACT
Article history: Patients with Creutzfeldt-Jakob disease (CJD) show periodic sharp wave complexes (PSWCs)
Accepted 19 January 2007 on electroencephalography (EEG) during the course of their illness. However, the source
Available online 7 February 2007 location of PSWCs and their pathophysiological mechanism remain unclear. Six patients
with sporadic CJD who showed typical PSWCs on EEGs were selected for the study. Sixty
Keywords: epochs, each spanning the period from -0.25 to +0.25 s after the negative maximum of a
Creutzfeldt-Jakob disease typical PSWC, were selected for analysis in each patient. The EEG data matrix was
Periodic discharge decomposed using an independent component analysis based on a simple, neural
Pathophysiology network algorithm that can blindly separate mixtures of independent sources, using
EEG information maximization. The separate independent components were subjected to dipole
Dipole source localization source localization using a single dipole model. Three to seven independent components

responsible for the PSWCs seen in CJD were identified. The EEG recording reconstructed from
the selected independent components accounted for more than 80% of the variance in the
original recording. All patients showed dipole sources responsible for the PSWCs of CJD in
both the cortical and subcortical deep gray matter. In five of six patients, the dorsolateral and
medial frontal cortices were the cortical sources of the PSWCs. Four patients showed dipole
sources in the caudate and/or lentiform nucleus. In three patients, the dipole source was
localized in the thalamus. These findings suggest that basal ganglia and thalami, as well as
frontal cortices, are involved in generating PSWCs in CJD.

© 2007 Elsevier B.V. All rights reserved.

* Corresponding author. Fax: +82 2 3410 0052.
E-mail address: kyjunglO@hanmail.net (K.-Y. Jung).
Abbreviations: EEG, Electroencephalography; CJD, Creutzfeldt-Jakob disease; PSWCs, Periodic spike-wave complexes; ICA, Independent
component analysis

0006-8993/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.brainres.2007.01.127


mailto:kyjung10@hanmail.net
http://dx.doi.org/10.1016/j.brainres.2007.01.127

BRAIN RESEARCH 1143 (2007) 228-237 229

1. Introduction

Creutzfeldt-Jakob disease (CJD) is a rare and fatal neurode-
generative disease in which a rapidly progressive dementia is
associated with cerebellar ataxia, diffuse myoclonus, and a
variety of visual and other neurological abnormalities. The
electroencephalography (EEG) pattern is distinct and changes
over the course of the disease, from a pattern of diffuse and
non-specific slowing to one of stereotypical high-voltage
periodic sharp wave complexes (PSWCs) in an increasingly
slow, low-voltage background (Fushimi et al., 2002; Wieser
et al., 2004, 2006). Characteristic PSWCs are reported in 75-
94% of patients with CJD (Niedermeyer and Lopes da Silva,
2004; Wieser et al., 2006). The presence of PSWCs, in
association with the clinical, cerebrospinal fluid (CSF), and
neuroradiological findings, is diagnostic of CJD (Kretzschmar
et al., 1996). However, the pathogenesis of the PSWCs remains
unknown, although cortical and subcortical mechanisms
have been implicated based on a theoretical background
(Gloor et al., 1968).

Dipole source localization provides information about the
source location of particular EEG activities (Scherg, 1990).
Pathophysiological mechanisms may also be deduced from
the results of source localizations. The PSWCs in CJD are
generalized discharges and may have multiple cortical
sources or alternating pathways of activation in cortical
areas, possibly involving a subcortical pacemaker (Neufeld
and Korczyn, 1992). However, the source localization of PSWCs
in CJD has not been studied.

Independent component analysis (ICA) is based on algo-
rithms that can separate complex, multi-channel data into
spatially fixed and temporally independent components (Bell
and Sejnowski, 1995). Linear mixtures of the independent
components form input data records, and there is no need for
detailed models of the dynamics or spatial structure of the
separated components. Even if two processes occur simulta-
neously, ICA can be used to separate them (Kobayashi et al.,
1999).

Recently, using source localization of the independent
components determined by ICA, we found that only a few
sources were responsible for the generalized, apparently
synchronous, epileptiform discharges, which may have dif-
ferent orientations and source locations (Jung et al., 2005). In
the same way, a combined method using ICA and dipole
source localization may be useful in defining sources of
generalized discharges such as PSWCs in CJD.

The aims of this study were to identify the source location
of PSWCs using combined ICA and dipole source localization
and to identify the pathophysiological mechanisms of PSWCs
in CJD. To do this, we applied ICA to PSWC data obtained from
EEGs, analyzed the characteristic spatiotemporal patterns of
the independent components, and localized the sources of
the independent components, using single-dipole source
estimation. To characterize the dipole source responsible for
PSWCs across the patients, we performed cluster analysis
using the K-means algorithm. We found a few sets of dipole
clusters among the patients and sought to explain the
pathophysiological mechanism(s) of PSWCs based on these
results.

2. Results

2.1. Patients and clinical characteristics

Six patients (4 men, 2 women) were included in this study; their
mean age was 67.0+3.4 years (range, 63-72 years). EEGs were
performed one to three times in each patient (mean, 2.3+1.0).
The mean interval between the onset of disease and the
appearance of PSWCs on EEG was 14+16.7 weeks (range, 4-
48 weeks). Progressive memory deficit and gait disturbance
were the most common initial symptoms. All patients suffered
from akinetic mutism and generalized myoclonus by the time
the PSWCs became apparent on EEG (Table 1). One patient
(no. 6) suffered from visual hallucinations.

The mean interval from scanning brain MRI to EEG
recordings showing PSWCs was 14.8+10.8 days. Brain MRI
showed no abnormalities in three patients. One patient (no. 6)
showed high-signal lesions on T2-weighted and fluid-attenu-
ated inversion recovery (FLAIR) images, involving multiple
cortical and subcortical structures, including the cingulate,
insula, temporal, and occipital cortices; the caudate; and the
putamen. Two patients (nos. 4 and 5) showed subtle high-
signallesions on T2-weighted and FLAIR images in the bilateral
caudate nuclei.

2.2. ICA and dipole source localization

Sixty 0.5-s epochs spanning the period from -0.25 to +0.25 s
after the negative maximum of the typical PSWC were
selected from whole EEG recordings in each patient. These
were subsequently concatenated to construct an EEG data
matrix that was used for the ICA (Fig. 1A). As EEG was
conducted using 21 channels, 21 independent components
were decomposed from each EEG dataset (Figs. 1B, C). The
mean number of independent components to reach a “percent
variance accounted for” (PVAF) of more than 80% was 4.8+1.5
(range, 3-7) in each patient (Fig. 2). As a result, 29 independent
components from six patients were further analyzed. The

Table 1 - Clinical status of the patients

Patient Age Sex Clinical manifestation Interval
no. (years) at the time of EEG to PSWCs
recording (weeks)

1 63 M  Akinetic mutism, R 12
hemiparesis, myoclonus

2 66 M Rigidity, myoclonus 48

4 72 M  Gait disturbance, poor oral 4
intake, myoclonus

5 66 M Dysequilibrium, rigidity, 12
myoclonus

6 65 F  Gait disturbance, memory 4
deficit, visual
hallucinations, myoclonus

10 70 F Insomnia, agitation, rigidity, 8

myoclonus

PSW(Cs: Periodic sharp wave complexes, M: Male, F: Female.
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mean residual variance of the fitted dipoles for each selected
independent component was 6.3+2.3%.

All patients showed dipole sources responsible for the
PSWCs of CJD in both the cortical and subcortical deep gray
matter (Fig. 3, Table 2). In four patients, we observed sources in
the dorsolateral frontal region, including the superior, middle,
and inferior frontal gyrus. In four patients, we observed
sources in the medial frontal regions, such as the medial
frontal gyrus and cingulate cortex; dipole sources were in both
the dorsolateral and medial frontal regions in three of these
patients. One patient (no. 6), with visual hallucinations, had
two dipole sources in both occipital cortices (left lingual gyrus
and right cuneus). A source was observed in the insular cortex
in one patient (no. 5). The caudate nucleus, lentiform nucleus,
and thalamus were the locations of the subcortical structures.
Four patients showed dipole sources in the caudate and/or
lentiform nucleus. In three patients, the dipole source was
localized in the thalamus. One patient (no. 1) had dipole
sources in both the caudate nucleus and thalamus.

2.3. Clustering dipole sources across the patients

Defining multiple clusters that represent relatively common
EEG activities across subjects and examining the nature of
subjectdifferences within and between clusters allows detailed
exploration of subject EEG differences (Onton and Makeig, 2006;
Onton et al., 2006). Dipole sources located in proximity to each
other were classified into the same subsets (clusters), according
to the distance measured in vector space using the K-means
algorithm. Thedipolesineach clustermaysharecommontraits.
Seven clusters of dipole sources were classified from the 29
components responsible for PSWCs across the six CJD patients
(Fig. 4). Because the K-means algorithm does not consider the
orientation of the dipole but only the distance among dipole
sources, the scalp map of each dipole has a slightly different
topographic pattern in a given cluster (Fig. 4). Three dipoles
located in the deep white matter, subgyral gray, and insular
cortex were classified as outliers, because the locations of the
sources were far (>2.5 S.D.) from the other dipoles.

Four distinct groups of clusters were identified according to
the homotopic anatomical locations between both hemi-
spheres. Clusters 5, 7, and 3 represented cortical sources of
PSWCs in CJD patients (Fig. 4). The blue dots in clusters 5 and 7
show subsets of dipole sources in the dorsolateral and medial
frontal region, respectively, and the red dots indicate the
centroid of the blue dots in Fig. 4. Cluster 5 consisted of three
components from two patients, and cluster 6 involved six
components from four patients. Cluster 3 revealed two dipole
sources, located in the occipital cortices, in patient no. 6.
Clusters 6, 8, and 4 involved subcortical sources, including the
caudate, lentiform nuclei, and thalami. Clusters 6 and 8
demonstrated dipole sources from both the caudate and
lentiform nuclei from five patients. In three patients, cluster
4 was the thalamic source in either hemisphere.

3. Discussion

We attempted to identify the location of dipole sources
responsible for the PSWCs in CJD. Both cortical and subcortical

areas accounted for the generalized periodic discharges. In five
of six patients, the dorsolateral and medial frontal cortices
were the cortical sources of the PSWCs. The basal ganglia and
thalamus were the subcortical locations.

The medial and dorsolateral frontal regions are frequently
involved in producing generalized epileptiform discharges in
generalized epilepsy (Holmes et al., 2004; Rodin, 1999). In
addition, only a few dipole sources could explain the general-
ized discharges of absence epilepsy (Junget al., 2005; McKeown
etal., 1999; Meeren et al., 2005; Rodin et al., 1994) and of juvenile
myoclonic epilepsy (Santiago-Rodriguez et al., 2002). Experi-
mental electron microscopy evidence in CJD has shown that
fusions of cortical neuronal processes can lead to abnormal
electronic coupling between cells, whereby large neuronal
aggregates burst with near synchrony, resulting in generalized
synchronized discharges (Traub and Pedley, 1981). Thus, the
frontal cortices may participate in producing generalized
discharges in CJD.

Dipole sources accounting for PSWCs in CJD were located
in the subcortical deep gray matter, in addition to the cortical
sources. All of the patients had source locations in the
caudate/lentiform nuclei and/or thalamus. Four patients had
dipole sources in the caudate and/or lentiform nuclei. Signal
changes in the caudate and putamen are characteristic
findings on MRI in CJD patients (Tschampa et al., 2005;
Urbach et al.,, 1998). Depth electrodes in the caudate nucleus
have shown that the PSWCs in CJD arose from subcortical
sources (Chiofalo et al., 1980). Thus, we speculate that the
caudate nucleus is an important source for generating PSWCs
in CJD.

The thalamocortical system has been implicated in produ-
cing generalized spike-wave discharges (GSWDs) in absence
epilepsy (McCormick and Contreras, 2001). Here, dipole source
localization showed that the thalamus was involved in three
patients. Tschampa and colleagues reported that the inspec-
tion of brain MR images, using apparent diffusion coefficients,
revealed thalamic involvement in most CJD patients
(Tschampa et al., 2003). Neuropathological data also suggest
that the numbers of thalamus and brainstem neuronal cells
decrease in the early stages of CJD (Iwasaki et al.,, 2005;
Tschampa et al, 2002). In addition, damage to thalamic
neurons has been associated with PSWCs (Tschampa et al,,
2002; Zochodne et al., 1988). These findings are consistent
with the thalamus playing a role in the production of PSWCs
in CJD.

Experimental data suggest that basal ganglia circuits,
including cortico-striatal and cortico-subthalamo-pallidal net-
works, participate in the control of abnormal oscillations in the
thalamocorticalloop (Paz et al., 2005; Slaght et al., 2004). Frontal
intermittent rhythmic delta activity (FIRDA) and triphasic
wave-like activities are recognized as forerunners of PSWCs
(Hansen et al., 1998; Wieser et al., 2004) and are observed when
cortical and subcortical gray matter are involved (Gloor et al.,
1968). Severe impairment of cortical-subcortical structures is
also necessary for subacute sclerosing panencephalitis com-
plexes, which may be analogous to the PSWCs of CJD (Celesia,
1973). Thus, the basal ganglia and thalamus may have a
supplementary role in the production of PSWCs in CJD.
Considering all these results, we hypothesize that a subcortical
mechanism in combination with cortical sources is involved in
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generating the generalized periodic discharges in CJD. This is
consistent with the results of Gloor and colleagues (Gloor et al.,
1968). Further experimental studies using animal model are
needed to examine this.

Statistical analyses using the clustering method are con-
sistent with both frontal cortices and subcortical nuclei being
the regular dipole sources accounting for PSWCs in CJD
patients. All patients showed akinetic mutism, myoclonus,

generalized rigidity, and variable degrees of impaired con-
sciousness, including drowsiness and confusion. Akinetic
mutism and myoclonus may be associated with frontal lobe
dysfunction. Lesions in the basal ganglia can cause rigidity,
and thalamic dysfunction may contribute to impaired con-
sciousness. These clinical manifestations may relate to dipole
sources in the frontal cortices and subcortical structures.
Remarkably, one patient with visual hallucination (no. 6) had
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Fig. 1 - (A) Concatenated EEG data (patient no. 6), composed of 30 0.5-s epochs. A single epoch is defined as EEG

data spanning the period from -0.25 to +0.25 s after the negative
in this figure. Activation wave forms (B) and scalp topographic m

maximum of a typical PSWC. Only 10 epochs are presented
ap (C) of the resulting 21 components separated by ICA

in the same patient. PSWCs: Periodic sharp wave complexes, ICA: Independent component analysis.
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Fig. 1 (continued).

it is necessary to evaluate relationships between source
locations of EEG activity and clinical manifestations in a
large patient group, according to disease stage.

dipole sources in both occipital cortices, in addition to the
subcortical nuclei. Dipole source localization of PSWCs in CJD
appears to be in line with clinical symptomatology. However,

IC4 IC8 IC5S IC1 IC2

Potential (uV)

o
Time (s)

Fig. 2 - Identifying independent components accounting for PSWGCs using an envelope map in EEGLAB (patient no. 6, as in
Fig. 1). Five (1, 2, 4, 5, and 8) of the 21 components account for 82.5% of PSWGCs. PVAF: Percent variance accounted for PSWGs,

PSWCs: Periodic sharp wave complexes.
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Patient 1

Patient 5

Patient 2

Patient 6

Patient 4

Patient 10

Fig. 3 - Localization of independent components responsible for PSWCs in each patient as a single dipole source on a standard

MRI template. PSWGCs: Periodic sharp wave complexes.

Although PSWCs in CJD are similar to the GSWD of
idiopathic generalized epilepsy in terms of distribution and
morphology of discharges by visual inspection, we found
differences between the two by source localization using ICA.
The number of independent components accounting for
PSWCs in each patient ranged from three to seven. Although
the distribution of PSWCs in CJD was generalized, only a few
cortical and subcortical sources were responsible for the
generalized discharges in CJD, as was true for the GSWD of
generalized epilepsy. However, it seems that the number of
sources required to explain periodic generalized discharges
was slightly higher than previously reported in generalized
epilepsy (Jung et al., 2005; McKeown et al., 1999; Santiago-
Rodriguez et al., 2002). All of the patients in our study showed a
markedly asymmetric distribution of dipole sources, in con-
trast to the fairly symmetric distribution between the hemi-
spheres seen in generalized epilepsy. These findings suggest
that, in contrast to generalized epilepsy, CJD shows more
widespread and heterogeneous involvement during the dis-
ease process.

We used the localization of independent components,
decomposed by ICA, as a single dipole source. Discrete
sources of neural activity add linearly to form the observed
electrical activity recorded using scalp electrodes. In other
words, each scalp electrode records a weighted mixture of
different cortical sources by volume conduction. Further-
more, the activities of the cortical EEG sources can be
concurrently modulated by more than one process (Delorme

and Makeig, 2004). Thus, applying the source localization
method to raw EEG data could erroneously localize sources,
which inevitably contain artifacts and extracerebral activ-
ities in addition to the brain signals of interest. It is more
accurate to localize sources pertaining to only brain activ-
ities after separating EEG data into maximally independent
components.

ICA algorithms can separate complex multi-channel data
into spatially fixed and temporally independent components,
linear mixtures of which form the input data records,
without detailed models of either the dynamics or spatial
structure of the separated components (Delorme and Makeig,
2004). The mathematical idea behind ICA is to minimize
mutual information among the data projections. As decom-
posed components produced by ICA are maximally tempo-
rally independent and spatially fixed, each independent
component has its own scalp voltage topographic distribu-
tion. Thus, the independent components that have been
selected could be used for a single dipole source in a head
model. The usefulness of source localization of independent
components in the dipole model and current density recon-
struction after ICA has recently been demonstrated (Barbati et
al., 2006; Jung et al., 2005; Kobayashi et al., 2001; Marco-Pallares
et al., 2005).

To our knowledge, the source localization of PSWCs in CJD
has not been studied previously. Our results suggest that both
subcortical and cortical mechanisms are involved in generat-
ing PSWCs in CJD. Source localization with EEG may help
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Table 2 - Summary of EEG source localization and MRI
findings

Patient IC  Location of Talairach RV  Sum
no. # dipole source coordinate (%) of

- PVAF

x vz (%)

1 1 R caudate nu. 7 10 5 1.2 82.6
4 Rmed. fr. gy. 13 34 -2 110
5 Rcaudate n. 16 0 16 4.7
6 Rinf fr. gy. 37 27 9 13.0
9 Rlentiform nu. 18 5 -6 130
13 L thalamus -10 -32 12 140

2 1 R thalamus 1 -16 20 8.1 83.5
2 Lcingulate -2 -30 29 6.0
3 L deep WM -23 -12 24 9.0
10 L mid. fr. gy. -29 11 54 12.0

4 1 LACC -12 23 23 2.6 81.7
2 Lsup.fr. gy. =7 62 21 23
3 Rcaudate nu. 3 16 3 5.7
5 L cingulated -9 -1 27 30

5 1 L med. fr. gy. -10 55 12 7.8 81.0
3 Rmed. fr. gy. 11 46 7 4.0
4 Rmed. fr. gy. 4 56 6 5.7
5 RACC 16 38 11 5.7
6 Linsula -31 20 0 7.7
7 RACC 22 41 2 5.3
10 R thalamus 4 -19 6 5.5

6 1 R caudate nu. 18 8 12 2.2 82.5
2 Rcaudate nu. 13 26 -4 4.3
4 Llingual gy. -9 -81 -2 3.1
5 Rsubgyral gy. 24 -16 53 11.0
8 R cuneus 18 -81 25 7.8

10 1 Rmid. fr. gy. 34 40 21 5.1 81.0
2 R caudate nu. 20 22 18 3.9
3 L lentiform nu. 22 -4 -5 5.5

IC #: Independent component number, RV: Residual variance, B:
Bilateral, L: Left, R: Right, nu.: Nucleus, fr.: Frontal, gy.: Gyrus, med.:
Medial, sup.: Superior, mid.: Middle, inf.: Inferior, WM: White
matter, ACC: Anterior cingulate cortex, PVAF: Percent variance of
sum of the independent components accounting for periodic sharp
wave complexes.

elucidate the pathophysiological mechanisms as well as
provide information about the anatomical location itself.

4. Experimental procedures
4.1. Patients

Ten patients were consecutively diagnosed with sporadic CJD
between 1995 and 2000 at the Samsung Medical Center. The
diagnoses were based on pathology (2 patients) or clinical and
EEG findings, according to diagnostic criteria (Kretzschmar et
al., 1996). CSF 14-3-3 protein data were not available for all
patients. Six patients showing typical PSWCs with generalized
symmetric distribution on EEG were selected in the present
study. Four patients were excluded for the following reasons:
digital EEG was not available for one patient, one patient
showed no typical PSWCs but did demonstrate some features
of periodic patterns, and two patients had only lateralized
periodic discharges in the left hemisphere. Both T1- and T2-
weighted MR images were obtained for all patients.

4.2. EEG recordings

Routine EEG recordings were obtained for at least 30 min from
each patient, while awake and sleeping, using a 32-channel
digital EEG machine (Vanguard system, Cleveland Clinic
Foundation Healthcare Ventures, Inc., Cleveland, OH). The
EEG recordings were made using 21 electrodes (Fp1, F7, T7, P7,
F3,C3,P3,01, Fp2, F8, T8, T8, F4, C4, P4, 02, Fz, Cz, Pz, FT9, and
FT10) placed on the scalp according to the international 10-20
system, with reference to the Pz electrode. Electrode impe-
dance was maintained at less than 5 k(2. The band pass filter
setting was 0.5-70.0 Hz, with a sampling rate of 200 Hz.

PSWCs were defined as a sharp wave or sharp bi- or
triphasic complexes of 100 to 500 ms in duration, with 500- to
2000-ms intervals between complexes and with a stable
repetition rate and monomorphic configuration in the same
derivation (Steinhoff et al., 1996). Patients with EEG findings of
frontal intermittent rhythmic delta activity, lateralized peri-
odic patterns, or triphasic wave-like periodic patterns without
PSWCs were excluded from the study.

4.3. ICA and selection of relevant component

All recorded data were reviewed for technical and biological
artifacts. To select similar epochs, we used a spatiotemporal
pattern search that used the information from all channels for
the marked epoch in the BESA program (Scherg et al., 2002).
After marking an epoch spanning the period from -0.25 to
+0.25 s after the negative maximum of a typical PSWC by visual
inspection, a single channel having the highest amplitude was
selected as a transient search template. The marked pattern in
the selected channel was searched, and an average waveform
was generated from a few PSWCs. Then, this initial average
was used as a template, and all segments having a spatiotem-
poral correlation greater than 85% with the average template
were identified. Sixty 0.5-s epochs were selected for analysis;
these epochs were concatenated to construct an EEG data
matrix that was used for the ICA (Fig. 1A).

The EEG data matrix was decomposed using an ICA
algorithm based on a simple, neural network algorithm that
could blindly separate mixtures of independent sources, using
information maximization (Bell and Sejnowski, 1995). We
used an open-source ICA program (EEGLAB version 5.03;
Delorme and Makeig, 2004) and operated in the MATLAB
environment (version 7.01, MathWorks, Natick, MA). The ICA
algorithm was applied, and it produced 21 independent
components. The components accounting for the PSWCs
were selected according to literature procedures (Onton et
al., 2005). Initially, the decomposed component activations
were plotted temporally (Fig. 1B) and mapped spatially to scalp
topography (Fig. 1C). Independent components of extracer-
ebral origin, including muscle artifacts, eye movements, and
60 Hz noises, were excluded by visual inspection of scalp
voltage topography and activation spectra. Then, after con-
ducting single dipole source localization for each independent
component using the DIPFIT function of EEGLAB (see below),
components of that dipole source located outside the head
model or with a residual variance of more than 15% were
further excluded (Onton et al., 2005). Each remaining compo-
nent was back projected, and scalp potential was recon-
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Fig. 4 — Cluster analysis using the K-means algorithm showed seven clusters of dipole sources, including an outlier (not shown).
Blue dots indicate individual independent components, and red dots indicate the centroid of clustered components in a

given cluster. Four distinct clusters (apart from an outlier) are noted, if the homotopic anatomical location between both
hemispheres is taken into consideration. Clusters 5 and 7 represent dipole sources in the medial and dorsolateral frontal cortices.
Cluster 3 shows dipole sources in the occipital region. Clusters 6 and 8 reveal dipole sources located in the caudate and lentiform
nuclei. Cluster 4 indicates thalamic sources. Scalp map of individual independent component in each cluster is also presented.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

structed, for comparison with the original EEG. The compo-
nent(s) behaviorally most relevant to the PSWCs of the original
EEG in the time period between -100 ms and +100 ms were
selected from the remaining components, using an envelope
topographic map (Fig. 2). The degree of relevance of the
component(s) to the original EEG was estimated by calculating
‘percent variance accounted for’ (PVAF) as follows: 100x[1-
variance(original EEG-reconstructed EEG)<variance(original
EEG)], where reconstructed EEG means the EEG data resulting
from reconstructing one or more independent component(s)
responsible for PSWCs (Delorme and Makeig, 2004). The
independent components were selected in order, starting
from the component with the highest PVAF value, until the
sum of the PVAFs for the selected components was more than
80%.

4.4. Dipole source localization
A single equivalent dipole source model was used for each

independent component selected. We used the DIPFIT func-
tion in EEGLAB, which uses a non-linear fitting of a single

dipole model, to explain the scalp potential distribution
(Scherg, 1990). The source location was estimated within a
four-shell, spherical model of the head. For the head model,
we assumed conductivities (mhos/m) of 0.33, 0.0042, 1.00, and
0.33 for the scalp, skull, CSF, and brain, respectively. The radii
of the spheres were standardized to 85, 79, 72, and 71 mm,
respectively. Transposition of the dipole location from the
spherical head model to the average MRI template was
included in the DIPFIT function, by co-registering the Montreal
Neurological Institute (MNI) average brain image with the
electrode landmark positions (http://www.sccn.ucsd.edu/
eeglab/dipfittut/dipfit.html). Then, the anatomical location of
the fitted source was defined using the Talairach Daemon
client (version 1.1) with 7 mm of cube search range (Research
Imaging Center, University of Texas Health Science Center,
San Antonio, TX) (Lancaster et al., 2000).

4.5. Cluster analysis

Dipole sources having similar spatial locations were clustered
using the K-means algorithm, implemented in EEGLAB. The K-
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means algorithm clusters objects into k partitions based on
attributes (MacQueen, 1967). The algorithm starts by partition-
ing the input points into k initial sets. The algorithm then
assigns the observations into various clusters to minimize the
total within-class sum of squares. We set 12 as an initial k and
2.5 S.D. for the cut-off of outliers. After inspection of the initial
clustering result, the k value was adjusted stepwise until the
resulting clusters were stable and anatomically plausible. The
final k was 7.
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