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Summary: Purpose: To investigate the potential clinical rele-
vance of a new algorithm to remove muscle artifacts in ictal scalp
EEG.

Methods: Thirty-seven patients with refractory partial
epilepsy with a well-defined seizure onset zone based on full
presurgical evaluation, including SISCOM but excluding ic-
tal EEG findings, were included. One ictal EEG of each pa-
tient was presented to a clinical neurophysiologist who was
blinded to all other data. Ictal EEGs were first rated after band-
pass filtering, then after elimination of muscle artifacts using a
blind source separation–canonical correlation analysis technique
(BSS–CCA). Degree of muscle artifact contamination, lateral-
ization, localization, time and pattern of ictal EEG onset were
compared between the two readings and validated against the
other localizing information.

Results: Muscle artifacts contaminated 97% of ictal EEGs,
and interfered with the interpretation in 76%, more often in ex-
tratemporal than temporal lobe seizures. BSS–CCA significantly
improved the sensitivity to localize the seizure onset from 62%
to 81%, and performed best in ictal EEGs with moderate to se-
vere muscle artifact contamination. In a significant number of
the contaminated EEGs, BSS–CCA also led to an earlier iden-
tification of ictal EEG changes, and recognition of ictal EEG
patterns that were hidden by muscle artifact.

Conclusions: Muscle artifacts interfered with the interpreta-
tion in a majority of ictal EEGs. BSS–CCA reliably removed
these muscle artifacts in a user-friendly manner. BSS–CCA
may have an important place in the interpretation of ictal EEGs
during presurgical evaluation of patients with refractory partial
epilepsy. Key Words: Epilepsy—Muscle artifact—Ictal EEG—
Blind source separation—Canonical correlation analysis.

The electroencephalogram (EEG) is frequently con-
taminated by electrophysiological potentials generated by
muscle activity, and these electromyogram (EMG) arti-
facts often interfere with the interpretation of the EEG
(Lopes da Silva, 2005). Ictal EMG artifact on EEG due
to movement during a seizure may be problematic in the
setting of the preoperative evaluation of patients with re-
fractory seizures, since ictal recordings are crucial for
the localization of the seizure onset zone. Ictal scalp
EEG recordings that provide clear localizing information
streamline the presurgical evaluation, often obviating the
need for intracranial EEG.

Ictal EEG recordings give localizing information in
around 50–70% of cases, more often in temporal than ex-
tratemporal lobe epilepsy (Spencer et al., 1985; Walczak
et al., 1992; Foldvary et al., 2001). Although muscle arti-
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fact often interferes with the correct interpretation of ictal
EEG (Spencer et al., 1985), this issue has never been for-
mally addressed in any study of ictal EEG interpretation.
In the study of Foldvary et al. (2001) 11% of ictal EEGs
were entirely obscured by artifacts. In a study of frontal
lobe complex partial seizures, Williamson et al. (1985)
reported that 70% of ictal EEGs had no appreciable scalp
EEG change other than artifact.

In clinical practice, muscle artifacts are suppressed by
digital low-pass filters. However, these filters suppress all
high-frequency activity, including electrical brain activity
relevant to the localization of seizure onset, such as ictal
beta activity. Moreover, muscle artifacts filtered by a low
pass filter can resemble cerebral activity (Klass, 1995), or
epileptic spikes (Barlow, 1986), potentially leading to an
incorrect interpretation of the filtered EEG.

More recently, independent component analysis (ICA)
has been evaluated for artifact removal (Nam et al., 2002;
Urrestarazu, 2004; LeVan, 2006). ICA separates the EEG
into statistically independent sources that generate the
measured multichannel EEG. This technique performs
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adequately for the removal of eye movement artifacts, but
cross-talk was observed when the separation of brain and
muscle activity was attempted. Therefore, ICA not only
eliminates EMG artifacts but at the same time suppresses
genuine brain activity. Thus, or too little EMG artifact is
removed or genuine brain activity is suppressed. More-
over, the identification of the sources containing artifacts
in general and muscle activity in particular is not obvi-
ous. The automatic artifact removal method based on ICA
(LeVan, 2006) showed a good identification of eye arti-
facts, but less good of EMG artifacts.

We have developed a new method for muscle artifact
elimination in scalp EEG to circumvent the disadvantages
of ICA (De Clercq et al., 2006). This technique is based
on the statistical Canonical correlation analysis (CCA)
method applied as a blind source separation (BSS) tech-
nique, further referred to as BSS–CCA. Using simulation
experiments, we have shown that BSS–CCA outperforms
ICA and low-pass filters in removing EEG muscle arti-
facts with no or minimal modification of the underlying
brain activity (De Clercq et al., 2006). Moreover, a user-
friendly implementation of the BSS–CCA method is now
available, which makes the technique applicable in clinical
practice.

The aim of this study was to compare the clinical perfor-
mance of the BSS–CCA muscle artifact removal method
with the commonly used low-pass filters in ictal scalp
EEG recordings. We hypothesized that this method would
improve the ability to localize the site of ictal onset with
more precision and at an earlier time than when reading
the same recordings filtered by the routinely used low-pass
filter.

METHODS

Patients
Patients were included after a presurgical evaluation of

refractory partial epilepsy when seizure semiology, struc-
tural MRI, interictal EEG, subtraction of ictal SPECT
coregistered with MRI (SISCOM) and neuropsychologi-
cal assessment were all concordant, and for our study pur-
poses reliably defined the epileptogenic zone. Ictal EEG
findings were not an inclusion criterion. Thirty-seven pa-
tients fulfilled the inclusion criteria. Twenty-four were
women. Median age was 33 years (range: 14–62). Me-
dian age at seizure onset was 14 years (0–62). The median
seizure frequency per month was 6 (1–600). MRI showed
unilateral hippocampal sclerosis (n = 10), focal cortical
dysplasia (n = 5), scar tissue (n = 5), a tumor (n = 3),
dual pathology (n = 2), a cavernous angioma (n = 1), or
no abnormality (n = 10). Seventeen patients underwent an
operation. With a follow-up of more than 2 years, 12 have
remained seizure-free, and 5 almost seizure-free. Five pa-
tients refused surgery, and 15 were not offered surgery,
because the epileptogenic zone involved eloquent cortex
(n = 6) or the MRI did not reveal an abnormality (n = 9).

EEG acquisition
Video-EEGs were recorded on 21-channel OSG EEG

recorders (Rumst, Belgium). Electrodes were placed ac-
cording to the International 10–20 System (Nuwer et al.,
1998) with additional sphenoidal electrodes. Sampling
frequency was 250 Hz and an average reference montage
was used. The EEG was digitally filtered by a band-pass
filter (0.3–35 Hz). A notch filter was applied to suppress
the 50 Hz power-line interference.

Sample selection
Ictal EEG recordings for this study were selected by

the epileptologist (WVP) who was aware of all the data
of the presurgical evaluation. The selected EEGs started
30–40 s before clinical seizure onset or ictal EEG onset,
whichever was first. The selected EEGs were around 60 s
in duration and contained around 30 s of ictal EEG activity,
when visible on the band-pass–filtered EEG. The selected
EEG was of the seizure during which the ictal SPECT
injection was given. One ictal EEG per patient was used
in this study. The ictal SPECT injection was given during
a complex partial seizure (n = 32), simple partial seizure
(n = 2), or secondarily generalized seizure (n = 3). The
median duration of the injected seizure was 70 s (range:
11–389) and the median time of injection was 26 s after
seizure onset (range: 3–109).

The ictal EEGs were presented to a clinical neurophys-
iologist and epileptologist (AP) who was blinded to all
other clinical and localizing data. The same EEG portion
was read twice, sequentially, initially only with the help of
the band-pass filter, and later after full removal of muscle
artifacts using the new BSS–CCA muscle artifact removal
technique. To quantify improvements in the interpretation
accuracy, the assigned lateralizations, localizations, and
time of seizure onset were compared between the two
readings, and also with the other localizing data. These
procedures are detailed below.

Muscle artifact removal by BSS–CCA
Muscle artifacts were semi-automatically removed

from the presented EEG portions with the technique de-
scribed in the paper of De Clercq et al. (2006). This tech-
nique, as principal component analysis (PCA) and ICA,
estimates the underlying sources S, which generate the
multichannel EEG and estimates the attenuation of each
source to each electrode. These estimations are made,
while knowing very little of how these sources propagate
to the electrodes and making little assumptions on these
source signals. This is schematically illustrated in Fig. 1.
The assumptions of BSS–CCA are ideal for separation of
muscle artifacts from other EEG activity. The technique
assumes that the sources that are responsible for the EEG
signals are not correlated with each other and have differ-
ent autocorrelation structures. The most random sources,
such as muscle artifacts, have the lowest autocorrela-
tion coefficient. The method orders the estimated sources
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FIG. 1. The BSS–CCA technique as a tool to remove muscle artifact from EEG. For simplification, assume two main sources in the
brain (blue) and one muscular source (green) generating electrical activity measured by three scalp EEG electrodes (black). Each EEG
electrode measures a combination of the activity of the three sources S1, S2 , and S3 . The attenuation of the sources, due to propagation
through different media (brain, skull, scalp) and the distance of propagation, is presented by the attenuation factors aij , with i the number
of electrode, and j the number of source. The BSS–CCA technique estimates these sources (shown) and attenuation factors (not shown),
giving the muscular sources the highest source numbers, corresponding with the lowest autocorrelation coefficient (here 0.49). By removing
the contribution of the muscular sources (here only S3 ) to the electrodes, the muscle artifact free EEG can be reconstructed as shown in
the lower part of the figure.

automatically by a decreasing autocorrelation coefficient.
Muscle artifacts, therefore, appear always in the lowest
sources. Furthermore, these muscle artifact sources are
well separated from the more highly autocorrelated gen-
uine brain activity sources. In a 21-channel EEG record-
ing, 21 sources were identified. In our algorithm, it is
possible to remove selected sources, and hence the contri-
bution from these sources to the EEG signal. By gradually
removing the sources with the lowest autocorrelation co-
efficient, we have shown, using simulation experiments,
that muscle artifact progressively disappears without any
modifications of the genuine EEG signals (De Clercq
et al., 2006). Since the number of sources containing mus-
cle artifact may vary, depending on the severity of muscle
artifact contamination, the neurophysiologist has to de-
cide how many sources have to be removed in order to

FIG. 2. Ten seconds ictal EEG tracing of
a patient with a small focal cortical dys-
plasia in the right posterior area. Chan-
nels F8, T4, T6, and O2 are shown. (A)
Band-pass (0.3–35Hz) and notch-filtered
ictal EEG was contaminated with muscle
artifacts and revealed ictal activity from
6.4 s onwards (vertical line). (B,C) By ex-
cluding progressively more sources us-
ing BSS–CCA muscle artifacts gradually
disappeared. (D) After removal of all mus-
cle artifacts, using BSS–CCA, low volt-
age fast ictal beta activity was revealed
more than 3 s earlier (vertical line) than
the band-pass–filtered EEG (A) at T6 and
O2. BSS–CCA allowed a confident local-
ization of the seizure onset zone in the
right occipital–posterior temporal region,
which was confirmed by subtraction ictal
SPECT visualized on a template MRI (E).

remove all muscle artifacts, judging from the visual inter-
pretation of the resulting EEG signals. Removal of higher
sources containing genuine cerebral activity will lead to
removal of cerebral EEG signals. The technique is, there-
fore, user-dependent and semi-automatic. Removal of all
sources leads to loss of all EEG signals, that is, a com-
pletely flat EEG. This process has to be repeated for every
10-s epoch of each EEG segment, and takes around 1–2
min for every 10-s epoch (see below). Fig. 2 illustrates a
progressive removal of muscle artifacts from a 10-s EEG
epoch (see supplemental material for a full demonstra-
tion). Mathematical details can be found in the paper of
De Clercq et al. (2006). It should be noted that it was not
our intention to estimate real muscle artifact and genuine
brain activity sources, but only a good separation between
them. Although muscle artifacts from different positions
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may well be correlated with each other during short time
windows, this is not a problem for our BSS–CCA method,
as long as no correlation exists between muscle artifact
sources and genuine brain activity. The BSS–CCA method
is available for academic use at http://www.neurology-
kuleuven.be/?id=210.

Performance measures
Comparison between accuracy of ictal EEG readings

using the band-pass–filtered ictal EEG and the BSS–CCA
processed EEG proceeded in a stepwise fashion. The
EEGs were presented to the clinical neurophysiologist on
a computer screen in 10-s epochs. The EEG signal could
be moved in 5- or 10-s steps to fine-tune the readings. A
fixed average referenced montage was used.

Step 1: The neurophysiologist interpreted the ictal EEG
using the routine approach. The band pass filter parameters
were set at 0.3 Hz–35 Hz. These, as well as the standard
applied notch filter and the amplitude scale, could be freely
modified. If a seizure onset was identified, the following
features were specified or scored: (i) degree of muscle ar-
tifact contamination in the EEG sample, in a qualitative
fashion; (ii) lateralization of seizure onset; (iii) localiza-
tion of seizure onset; (iv) time of onset of the seizure; and
(v) frequency band of the rhythmical pattern that char-
acterized the onset. The possible categories pertinent to
each feature are provided in Table 1. After determining
or scoring these features, the reviewer proceeded to Step
2. If a seizure was not identified, the features were not
determined and the reviewer proceeded immediately to
Step 2.

Step 2: The neurophysiologist interpreted the ictal EEG
after applying the BSS–CCA algorithm to remove mus-
cle artifacts, as in Step 1. At this stage, the amplitude
scale could still be changed and the reviewer could com-
pare the cleaned EEG with the band-pass–filtered EEG
epochs and their previous interpretation, which was dis-
played on a second screen, although the latter could not be
modified.

TABLE 1. Possible categories of the investigated features

Amount of muscle
artifact contamination Lateralization Localization Pattern

Not present Impossible Impossible Impossible
Mild, no interference

with interpretation
Bilateral onset F,T,C,P,Oa Delta

Moderate, some
interference with
interpretation

Left Theta

Severe, interpretation
difficult

Right Alfa

Beta
Rhythmic

spikes

F, frontal; T, temporal; C, central; P, parietal; O, occipital.
aAll possible combinations were allowed.

Step 3: The reviewer was asked whether BSS–CCA (i)
made interpretation of ictal EEG easier, (ii) allowed the
identification of “hidden” ictal patterns, (iii) suppressed
not only muscle artifacts but also cerebral EEG signals.

Step 4: Finally, the reviewer had to comment on why
the interpretation was changed (or not), to monitor the
consistency with the assigned feature values.

The interpretations with the routine band-pass filter and
using the BSS–CCA algorithm were compared and val-
idated against the other localizing information. Lateral-
izations and localizations obtained with the two artifact
removal techniques were compared and verified in rela-
tion to the corresponding SISCOM and other data. Time of
ictal EEG seizure onsets of the two techniques was com-
pared with the clinical onset time, which was determined
on video recordings of the seizures.

Improvements in the interpretation of ictal EEGs were
quantified and one point was assigned when BSS–CCA
was better than band-pass filtering for each of the follow-
ing six parameters: (i) correct lateralization of the ictal
onset zone, (ii) improved localization of the ictal onset
zone, (iii) time of EEG ictal seizure onset was rated as
more than 3 s earlier, (iv) identification of seizure onset
frequency pattern, (v) faster seizure onset frequency pat-
tern, (vi) appearance of a previously hidden ictal pattern.
Results were presented in terms of the number of patients
in whom the above statements were true, and also in an
overall quantified fashion.

A more subjective feature “easiness of interpretation”
was assessed in terms of the number of patients in whom
BSS–CCA was considered to facilitate the interpretation.

Statistical analysis
Differences in degree of muscle artifact contamination,

and accuracy of localization and lateralization between
temporal and extratemporal lobe seizures were assessed
with the nonparametric Wilcoxon or Mann–Whitney test.
Accuracies of lateralization, localization, and interval be-
tween clinical and EEG onset time were compared be-
tween band-pass– and BSS–CCA–filtered EEGs using
Wilcoxon’s signed ranks. A p-value of <0.05 was con-
sidered a statistically significant difference.

RESULTS

Muscle artifacts were present in 36 of 37 band-pass–
filtered ictal EEGs (97%) and interfered with the in-
terpretation in 28 (76%) (Table 2). Ictal EEGs were of
temporal lobe seizures in 27 and of extratemporal lobes
seizures in 10. Moderate to severe muscle artifacts were
present in all 10 extratemporal lobe seizures (100%) in
comparison with 18 of 27 temporal lobe seizures (67%)
(p = 0.007).

In three patients the reviewer was not able to identify
a seizure onset on the band-pass–filtered EEG. In one of
these, a seizure onset could be correctly determined in time
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TABLE 2. Quantification of the degree of muscle artifact
contamination of ictal EEGs, n (%)

Temporal lobe Extratemporal
Degree of muscle Total seizures lobe seizures
artifact contamination n = 37 n = 27 n = 10

Not present 1 (3) 1 (4) 0 (0)
Mild, no interference 8 (21) 8 (30) 0 (0)

with interpretation
Moderate, some interference 17 (46) 13 (48) 4 (40)

with interpretation
Severe, interpretation difficult 11 (30) 5 (18) 6 (60)

and space after applying BSS–CCA. In addition, in all 3
cases an easier interpretation was reported after applying
BSS–CCA, in that a recruiting rhythmic activity could be
reliably ruled out.

The remaining 34 band-pass–filtered ictal EEGs, which
displayed ictal activity, were further analyzed. Application
of the BSS–CCA algorithm did not change the interpreta-
tion of EEGs with no or minimal muscle artifacts, but had
an important impact on the interpretation of ictal EEGs
with moderate to severe muscle artifact (Table 3, Figs. 3
and 4). Significant improvements were observed for lo-
calization of ictal EEG onset, earlier identification of ictal
EEG changes, and recognition of ictal EEG patterns that
were hidden by muscle artifact. There was a trend for im-
proved lateralization of ictal EEG onset and recognition
of faster onset patterns. On average 1 or 2 of 6 features
improved in 25 ictal EEGs with moderate to severe muscle
artifact contamination. In the group of severely contami-
nated EEGs, improvements in three of six features were
observed.

Correct lateralization and localization of band-pass–
filtered ictal EEGs were significantly higher in temporal
lobe compared with extratemporal lobe seizures. Improve-
ments in both lateralization and localization after applica-
tion of BSS–CCA were seen more often in extratempo-
ral lobe (33% and 44%, respectively) than temporal lobe
seizures (8% and 12% respectively) (Table 4).

TABLE 3. Improvement in ictal scalp EEG interpretation by applying BSS–CCA, according to the
degree of muscle artifact contamination in the routinely band-pass filtered signalsa

Degree of muscle artifact contamination

No or minimal Moderate to severe
muscle artifacts muscle artifacts

Feature n = 9 n = 25 p-valueb

Improved lateralization – 5 (20%) 0.06
Improved localization – 7 (28%) 0.02
Onset > 3 sec earlier – 6 (24%) 0.03
Improved pattern identification – 3 (12%) 0.25
Faster onset pattern – 5 (20%) 0.06
Appearance hidden patterns – 10 (40%) <0.01

aThree patients with no identifiable ictal EEG activity on band-pass–filtered EEG were excluded from this
analysis.

bBand-pass vs. BSS–CCA-filtered EEGs moderately to severely contaminated with muscle artifacts.

The median interval between clinical seizure onset and
the first unequivocal evidence of seizure onset in band-
pass–filtered EEG was 4 s, and after BSS–CCA 2 s. In the
25 EEGs with moderate to severe muscle artifacts, this
interval was reduced from 5 to 3 s (p = 0.05).

In five EEGs a faster and in seven a slower ictal onset
pattern was indicated when applying BSS–CCA. This was
often due to a pattern frequency lying on the border of two
frequency ranges from which one had to choose, and was
felt to be of little clinical significance. More important,
in two cases, an ictal beta activity was identified that was
hidden by muscle artifact, and in two cases, muscle artifact
was misinterpreted as ictal beta activity before muscle
artifact removal by BSS–CCA. By applying BSS–CCA
the ictal pattern could be identified more correctly.

The reviewer felt it was “easier” to interpret 23 of all
37 ictal EEGs (62%). This percentage increased to 76%
if only the 25 ictal EEG with moderate to severe muscle
artifacts are considered.

Application of the BSS–CCA algorithm was not useful
in 11 of 25 EEGs with moderate to severe muscle artifact
contamination (44%). BSS–CCA did not change interpre-
tation in eight EEGs. In several of these cases, we noticed
that muscle artifacts were not always optimally removed
when superimposed on slow artifacts, such as eye move-
ments. BSS–CCA led to incorrect lateralization in three
cases. In one of these mislateralization was due to exces-
sive signal removal, leading to the suppression of genuine
cerebral activity; in another due to incomplete removal of
muscle artifact, which was interpreted as cerebral activ-
ity. In the third case of mislateralization, muscle artifact
revealed a rhythmic low voltage pattern of unclear signif-
icance in the contralateral temporal lobe.

DISCUSSION

Scalp EEG is the most commonly used technique to de-
termine the seizure onset zone during presurgical evalua-
tion of refractory partial epilepsy (Rosenow and Lüders,
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FIG. 3. Muscle artifact removal in a tem-
poral lobe seizure. Patient was a 35-year-
old woman with refractory left mesial
temporal lobe epilepsy with hippocam-
pal sclerosis. The first 8 s of the ictal
EEG of a complex partial seizure were
severely contaminated with muscle arti-
facts, making interpretation of the ictal
EEG impossible (A). After muscle arti-
fact removal using BSS–CCA (B), a re-
cruiting theta rhythm was clearly visible
in the left temporal derivations (F7-Avg,
T3-Avg, T5-Avg, and T1-Avg (sphenoidal
electrode).

2001). Excessive muscle artifacts in a majority of ictal
EEGs is one of the factors that make this technique rel-
atively insensitive for the detection of the seizure onset
zone. Muscle artifacts were present in 97% of ictal EEGs,
and interfered with the interpretation in 76% in our study.
Moderate to severe muscle artifacts, interfering with the
interpretation of the ictal EEG were more frequent in ex-
tratemporal lobe than temporal lobe seizures, confirming
previous reports (Foldvary et al., 2001). Sensitivity for
the detection of the seizure onset zone on ictal EEG after
band-pass filtering in our study was around 62%, which
is consistent with reported sensitivities of 50–70%. BSS–
CCA significantly improved the sensitivity for the detec-
tion of the seizure onset zone in ictal EEGs to around 81%.
BSS–CCA also allowed earlier detection of the ictal ac-
tivity and identification of ictal patterns hidden by muscle
artifacts. Ictal beta activity is a common pattern in seizures
of neocortical onset, and has been reported in around 25%
of frontal lobe seizures (Worrell et al., 2002). Recogni-
tion of ictal beta is important, because it carries a good

prognosis with respect to seizure outcome after epilepsy
surgery. Ictal beta, however, is readily obscured by muscle
artifact. BSS–CCA improved the reliable identification of
ictal beta by removing muscle artifacts that masked the
pattern or that were misinterpreted as ictal beta.

In 63% of ictal EEGs which were severely contaminated
with muscle artifacts, superior localization and lateraliza-
tion were observed. The largest improvements were seen
in EEGs of extratemporal seizures, since these were most
often contaminated with muscle artifacts. Generally, it is
believed that ictal EEGs have more localizing value in tem-
poral than extratemporal seizures (Foldvary et al., 2001).
However, our results suggest that EEGs in extratemporal
lobe seizures contain valuable information, which is of-
ten hidden by muscle artifacts. By eliminating the muscle
artifact contamination using BSS–CCA, hidden ictal ac-
tivity may appear leading to a correct lateralization and
localization.

Our methodology had several shortcomings. As gold
standard for localization, we used all information of the
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FIG. 4. Muscle artifact removal in an
extratemporal lobe seizure. Patient was
a 38-year-old woman with refractory
late posttraumatic epilepsy. MRI of the
brain showed a large contusion affect-
ing the left frontal, temporal and pari-
etal lobes, and left hippocampal scle-
rosis. She was admitted to determine
whether the seizures started in the tem-
poral lobe or extratemporal regions. The
first 16 s of the ictal EEG (A and C) were
severely contaminated with muscle arti-
facts and, therefore, difficult to interpret.
Ictal SPECT during a partial seizure with
injection 3 s after seizure onset showed
hyperperfusion in the left frontal and tem-
poral lobes. After muscle artifact removal
using BSS–CCA, it became clear that the
seizure started in the left frontocentral re-
gions (B: channels F3-Avg, C3-Avg, and
to a lesser extent FP1-Avg and F7-Avg)
with propagation toward the left temporal
lobe (D: channel T3-Avg).

presurgical evaluation (except for ictal EEG), including
SISCOM. We did not use seizure freedom after surgery,
since not all patients underwent surgery. Selection of pa-
tients who were rendered seizure-free after surgery, would
have made our sample size rather small. We have used
SISCOM as a gold standard for the ictal onset zone. It
is well known that the time resolution of ictal SPECT is
poor, and that areas of hyperperfusion often represent a
combination of ictal onset zone and propagated activity,
even when ictal SPECT injections were given early during
a seizure. Since the aim of the present study was to com-
pare the sensitivity of two methods of analysis of the same
EEG data set (visual analysis of band-pass–filtered EEG
vs. EEG after application of BSS–CCA) to detect the ictal
onset zone, we believe that our current inclusion criteria
were sufficient to reliably indicate the lobe of seizure on-
set. Some of the features in our study did not have an inde-
pendent gold standard, such as ictal onset pattern. Interpre-
tation of EEG is known to vary between observers. In our

study, we only had one blinded observer, and results might
have been different if we had used more blinded observers.
This subjective aspect of EEG interpretation is reflected in
some arbitrary definitions of improvements in our study,
such as “easiness of interpretation,” which should be in-
terpreted with caution. To ensure improvements were due
to BSS–CCA, our methodology deviated at certain points
from a real clinical situation. The reviewer had no informa-
tion about seizure or patient except for the presented EEG.
Moreover, the average referenced montage and window
length were fixed. This made the interpretation in some
cases more difficult compared with real clinical practice,
especially for lateralization due to the fixed montage. On
the other hand, to approach real clinical ictal EEG inter-
pretation, we choose not to present only a 10-s ictal EEG
including seizure onset, as in other studies (Urrestarazu
et al., 2004), but an EEG of minimal 70 s duration. De-
spite these methodological shortcomings, we believe that
our methodology reflected routine clinical practice as
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FIG. 4. Continued.

closely as possible, and that our positive results should
be readily apparent to the clinician using the BSS–CCA
algorithm.

The BSS–CCA method is currently implemented as a
semi-automated tool. The EEG reader has to remove all

TABLE 4. Improvements in localization and lateralization of
ictal EEGs after applying BSS–CCA in temporal versus

extratemporal lobe seizures, n (%)a

Temporal Extratemporal
n = 25 n = 9 p-value

Correct lateralization
Band-pass filtering 18 (72) 3 (33) 0.05
BSS–CCA 20 (80) 6 (67) 0.44
Improvement 2 (8) 3 (33) 0.07

Correct localization
Band-pass filtering 22 (88) 1 (11) <0.01
BSS–CCA 24 (96) 5 (56) <0.01
Improvement 3 (12) 4 (44) 0.04

aThree patients with no identifiable ictal EEG activity on band-pass–
filtered EEG were excluded from this analysis.

sources containing muscle artifact without removing cere-
bral activity in every 10-s EEG epoch, which could take
from 30 to 60 s. Insufficient removal of muscle artifact
and removal of cerebral activity led to mislateralizations
in two of our patients. BSS–CCA may not remove mus-
cle artifacts optimally, when these are superimposed on
other slow artifacts, such as eye movement and blinking,
which could be removed with other techniques, such as
ICA (Urrestarazu et al., 2004). We believe that the method
is best suited for the interpretation of ictal EEGs con-
taminated with muscle artifact. The use of the BSS–CCA
method can be limited to the epochs in the neighborhood
of the clinical seizure or ictal EEG, when muscle arti-
facts are present. This will reduce the extra time required
for applying the BSS–CCA muscle artifact removal al-
gorithm, which makes the use of the technique attractive
in clinical practice. BSS–CCA could also be applied in
magneto-encephalography and could potentially improve
dipole localization. BSS–CCA may have an immediate
clinical impact on the presurgical evaluation of patients
with refractory partial epilepsy, and may obviate the need
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for invasive EEG monitoring when the seizure onset zone
can be reliably identified on ictal scalp EEG.
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