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ABSTRACT - Temporal lobe epilepsy is the most common type of epilepsy
in adults with medically intractable, localisation-related epilepsy, amenable
to surgery. Together with clinical and neuroimaging data, presurgical ictal
scalp-EEG findings are often sufficient to define the epileptogenic zone. It
is widely believed that ictal scalp-EEG findings in temporal lobe epilepsy
are represented by 5-9-Hz lateralised rhythmic theta activity or 2-5-Hz
lateralised rhythmic delta activity. On the basis of experimental models
and experience with intra-cerebral EEG recordings, the pattern of low-
voltage fast activity is considered to be the electrophysiological hallmark
of the epileptogenic zone. We reviewed the ictal scalp-EEG data relating
to 111 seizures in 47 patients with temporal lobe epilepsy who under-
went video-EEG recordings during presurgical work-up. We found that 35
patients (74.4%) showed flattening, low-voltage fast activity or fast activity
as the initial EEG pattern. When visible, the rhythmic delta or theta activity
followed the fast activity. Low-voltage fast activity, flattening or fast activity
occurs in the majority of patients with temporal lobe epilepsy and repre-
sents the main ictal EEG pattern. Low-voltage fast activity (or similar) is also
identifiable as the initial ictal EEG pattern in scalp-EEG recordings.

Key words: low-voltage fast activity, ictal scalp-EEG, temporal lobe epilepsy,
epileptogenic zone, epilepsy surgery, video-EEG recording

Temporal lobe epilepsy is the most depends on the interaction of

common type of epilepsy in adults
with drug-resistant, localisation-
relatedepilepsy,amenabletosurgery.
Together with clinical and neuro-
imaging data, the presurgical evalu-
ation of interictal and ictal scalp-EEG
findings is often fundamental for
defining the epileptogenic zone
(EZ). However, ictal EEG modifica-
tionsare now considered to be more
important than interictal EEG abnor-
malities in localising the EZ (Engel
et al., 2003; Jan et al., 2010).

The identification of any specific
activity in scalp-EEG recordings

various factors, such as the electrical
properties of the conductive tissues
of the head, background activity, the
setting in which the recording is
made, and the patient’s condition
(Jan et al., 2010; Cosandier-Rimélé
etal., 2012). However, the evaluation
of EEG findings is complete and reli-
able only when it is strictly related
to ictal onset because the secondary
propagation of ictal discharges can
involve different and distant brain
areas.

Published studies of the subject date
back some decades and describe
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only a few ictal EEG patterns. The ictal scalp-EEG
findings in temporal lobe epilepsy are historically
described as 5-9-Hz lateralised rhythmic theta activity
or 2-5-Hz lateralised rhythmic delta activity (Blume et
al., 1984; Risinger et al., 1989; Ebner and Hoppe, 1995;
Ebersole and Pacia, 1996; Pacia and Ebersole, 1997; Jan
et al., 2010). More recent studies have not dealt with
the subject directly and electrophysiological findings
are typically described on the basis of previous reports
(Bentes et al., 2008; Jung et al., 2009; Rodin et al., 2009;
Napolitano and Orriols, 2010; Adamolekun et al., 2011).
Ictal scalp-EEG propagation is generally more evi-
dent and easily identifiable, but determining the ictal
onset discharge is more complicated because of the
presence of artefacts and low signal-to-noise ratio in
scalp-EEG (Pacia and Ebersole, 1997; Rodin et al., 2009;
Jan et al., 2010; Cosandier-Rimélé et al., 2012). Low-
voltage fast activity (LVFA) is characterised by elevated
frequency (20-80 Hz) and low amplitude (no more than
20 wV) and is often considered as an electrophysio-
logical hallmark of EZ.

In fact, studies on experimental models have demon-
strated that LVFA plays a role in epileptogenesis
and correlates with the EZ (Wendling et al., 2003;
Bartolomei et al., 2008; Jacobs et al., 2008; Bragin et al.,
2010). Moreover, it has been demonstrated that LVFA
can be identified in intracranial EEG recordings, thus
opening up a new perspective for interpreting seizure
onset. In particular, many studies have demonstrated
that LVFA does not depend on the underlying patho-
logy (Jacobs et al., 2008; Jacobs et al., 2009) and that
the surgical prognosis is related to the removal of
brain areas producing it (Lee et al., 2000; Jacobs et al.,
2008; Wetjen et al., 2009; Bartolomei et al., 2010; Jacobs
etal., 2010). However, to the best of our knowledge, no
studies have yet investigated the presence of LVFA in
scalp-EEG recordings, despite its recognised value in
localising the EZ.

In order to identify any change before the first clinical
manifestation (corresponding to ictal onset), we
reviewed the ictal EEGs of patients with temporal lobe
epilepsy who had undergone video-EEG recordings
during the presurgical work-up. The aim of this study
was to determine whether LVFA can also be identi-
fied in scalp-EEG recordings and evaluate its role in
defining the EZ.

Patients and methods

Patients

Between September 2005 and July 2011, 636 patients
were investigated in the Laboratory of the “Claudio
Munari” Epilepsy Surgery Centre as part of their
presurgical work-up or in order to determine correct
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diagnosis. The digitalised EEG data were available for
review (Nihon Kohden System). For each patient, one
or more seizures were recorded and all were followed
for at least one year after surgery.

For the purposes of this study, we selected 47
patients with medically intractable temporal lobe
epilepsy and reviewed their clinical, anatomical, and
neurophysiological data in detail (i.e. their clini-
cal history, neurological examination results, seizure
semiology, brain magnetic resonance imaging (MRI)
findings, neuropsychological assessment results, and
neuropathological information). Twenty-four patients
(51.1%) did not have any significant risk factors for
seizures (i.e. a family history of epilepsy, pre- or peri-
natal brain damage, febrile seizures, or head trauma),
and 9 (19.1%) had a history of febrile seizures. Twelve
patients (25.5%) reported a seizure-free period of at
least one year during the disease.

Forty-three patients (91.5%) had positive brain MRI
findings. Twenty-five patients (53.2%) underwent left
and 22 (46.8%) right temporal lobe surgery. The main
clinical characteristics, neuropathological data, and
outcomes are shown in table 1.

Methods

Video-EEG monitoring and EEG analysis

All of the patients underwent video-EEG monitoring
at the Claudio Munari Epilepsy Surgery Centre, with
electrodes positioned according to the 10-20 inter-
national system (Fpz as reference). No sphenoidal
electrodes were used. During long-term monitoring,
impedance and the possible presence of artefacts
were constantly checked. The neurophysiological
findings were retrospectively reviewed by two
competent independent investigators.

Video-EEG monitoring was performed by means of
a referential montage, thus allowing the recordings
to be reviewed in numerous bipolar and referen-
tial montages. During the review, digital filtering and
gain adjustment were used to optimise the EEG dis-
play. The sampling rate was 500 Hz. The low filter
was always 1.6 Hz, and depending on the technical
“aspect” of the EEG, the range of the high filter was
30-120 Hz. Every patient underwent baseline EEG with
stimulation tests (hyperventilation, intermittent photic
stimulation, and auditory stimulation). If necessary,
sleep deprivation and/or antiepileptic drug withdrawal
was used to increase the probability of a seizure.

We analysed interictal abnormalities during wake-
fulness and sleep but, above all, we evaluated the
ictal scalp-EEG findings in order to identify any
change before the first clinical (subjective or objec-
tive) manifestation (ictal onset) and subsequent ictal
EEG propagation.
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Table 1. Main clinical characteristics of patients.

Males/Females (%) 32/15 (68/32)

Age at epilepsy onset 10.26+8.53 (0-37)

Duration of epilepsy 21.424+12.43 (1-47)

Age at surgery 31.72415.01 (2-57)

Number of seizures/month 15.28417.06 (2-60)

Number of AEDs 2.1540.72 (1-4)

NEUROPATHOLOGY 14 isolated HS (29.8%)
7 FCD llla (14.9%)

5 MCD (10.7%)

4 low-grade brain
tumour (8.5%)

4FCD 1 (8.5%)

3 FCD Illb (6.4%)

2 double pathology
(4.2%)

8 negative (17%)

OUTCOME (months)
follow-up 40.2::20.6 (12-86)

35 la+lc (74.6%)
2 1b (4.2%)

11d (2.1%)

211 (4.2%)

7 11 (14.9%)

HS: hippocampal sclerosis; FCD: focal cortical dysplasia;
MCD: malformation of cortical development.
Neuropathological data are reported according to Bliimcke clas-
sification (Bliimcke et al., 2011). Outcome is reported according
to Engel classification (Engel et al., 1993).

Ictal EEG classification

We retrospectively reviewed a total of 2,884 hours of
EEG recordings and 111 seizures (2.3 seizures/patient).
We analysed all the seizures of the patients, but due
to certain circumstances (position or activities of the
patient, technical and muscular artefacts), the EEG of
ictal onset was not clear in 42 seizures (37.8% of the
total number) and consequently not included in our
analysis. Nevertheless, only in 4 patients (8.5%) was
the ictal onset (considered as “no visible pattern”) not
identified. For the majority of the patients (26 patients;
55.3%), we recorded at least two seizures and the
other patients (17 patients; 36.2%) each had one seizure
which was suitable for analysis. The total number of
analysed seizures was 69.

We observed the following ictal EEG patterns:

- no visible pattern;

- background attenuation (disappearance of back-
ground activity mainly localised in posterior regions);

- reduction/disappearance of interictal EEG
abnormalities;

- rhythmic spikes;

- rhythmic slow activity (theta or delta);

- flattening (clear reduction of focal amplitude without
any distinct fast activity, with different localisation);

- fast activity (generally beta activity);

- low-voltage fast activity (fast activity associated with
a clear reduction in amplitude; no more than 20 pv).

Statistical analysis

The associations between ictal EEG patterns and post-
surgical outcomes or neuropathological findings were
evaluated using the Pearson’s x? test with Yates’ correc-
tion. One-way analysis of variance (ANOVA) was used
to evaluate any differences in age at epilepsy onset,
illness duration, seizure rate or seizure freedom, in
relation to postsurgical outcome.

Results

Ictal EEG

Analysis of the ictal EEGs revealed two distinct phases:
i) ictal onset; and ii) subsequent discharge develop-
ment and possible contralateral propagation.

The following EEG patterns were observed in relation
to ictal onset (figures 1-5):

- no visible pattern in 4 patients (8.5%);

- background attenuation in 4 patients (8.5%);

- reduction in interictal EEG abnormalities in 3 patients
(6.3%);

- fast activity in 2 patients (4.2%) (figure 4);

- rhythmic spikes in 1 patient (2.1%);

- flattening in 23 patients (48.9%) (figures 1 and 5);

- LVFA in 10 patients (21.5%) (figures 2 and 3).

EEG flattening, LVFA, and fast activity were observed in
a total of 35 patients (74.4%), of whom 27 (77.1%) had
favourable postsurgical outcome (Engel class I). None
of the patients showed rhythmic slow activity (theta or
delta) at seizure onset. All of the patterns were clearly
localised on the EEG unless otherwise specified, and all
the discharges were clearly confined to the temporal
lobe (F8-T4, T4-T6 and F7-T3, T3-T5).

A favourable outcome was observed in 18/23 patients
with EEG flattening (78.3%), 8/10 with LVFA (80%), and
1/2 with fast activity (50%); i.e. 71.1% of all patients with
favourable outcome. The other favourable outcomes
were observed in the 4 patients with background
attenuation, the 3 patients with reduced interictal
abnormalities, and the patient with rhythmic spikes.
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Figure 1. Left temporal EEG flattening. We observed rhythmic delta activity ten seconds later.
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Figure 2. Low-voltage fast activity in left temporal regions. Rhythmic theta activity becomes visible 13 seconds later.

The following patterns were observed in relation to
subsequent discharge development or propagation:

- rhythmic slow activity (theta) in 30 patients (63.8%)
(figures 2 and 5);

- rhythmic slow activity (delta) in 10 patients (21.3%)
(figures 3 and 4);

- rhythmic spikes in 6 patients (12.8%);

- fast activity in 1 patient (2.1%).

In 9 patients (19.1%), 4 of whom had unfavourable sur-
gical outcome, the propagation of discharge involved
contralateral regions or was diffuse.

Twenty-one of the 35 patients with EEG flattening, LVFA
or fast activity showed rhythmic theta activity, of whom
17 had favourable outcome (81%).

Considering the total number of seizures, we observed
the following at ictal onset:

- no visible pattern in 42 seizures (37.8%);

- background attenuation in 4 seizures (3.6%);

- reduction in interictal EEG abnormalities in 5 seizures
(4.5%);

- fast activity in 2 seizures (1.8%);
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Figure 3. Low-voltage fast activity in right temporal regions. Rhythmic delta activity appears seven seconds later.
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Figure 4. Fast activity in right temporal regions.

The subsequent development of the ictal discharge (ten seconds later) is characterised by rhythmic delta activity.

- rhythmic spikes in 1 seizures (0.9%);

- flattening in 35 seizures (31.6%);

- LVFA in 22 seizures (19.8%);

- in 59/111 seizures (53.2%), we observed EEG flatten-
ing, LVFA or fast activity.

Moreover, we analysed the extent of localisation of
the initial ictal onset relative to the subsequent EEG
patterns (65 seizures; EEGs in which there was “no
visible pattern” or no localised background attenua-
tion were excluded). In 59 seizures (90.8%), localisation
of the initial ictal onsetwas better defined, with respect
to the delimitation of the subsequent pattern. In 6
seizures (9.2%), localisation of the initial ictal onset and
subsequent pattern was identical. Localisation of the

subsequent pattern was consistently less defined than
that of the initial ictal onset.

Finally, we evaluated the duration of the ictal EEG
pattern. The median duration of initial ictal EEG pattern
observed was 13+8 seconds (meanz+standard devia-
tion; range: 2-50 seconds).

Postsurgical outcome

Postsurgical outcome was favourable in 38 patients
(80.9% in Engel class I). All of the 14 patients with
hippocampal sclerosis had a favourable outcome and
the presence of hippocampal sclerosis was statistically
significant (p=0.0087). Four patients with a negative his-
tological examination had an unfavourable outcome,
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Figure 5. EEG of two different seizures of the same patient. The ictal EEG pattern is identical and starts with a slow wave of elevated
amplitude followed by EEG flattening with right temporal localisation. Also, in these seizures, the subsequent development of the ictal
discharge appears four seconds later and is characterised by rhythmic theta activity.

but this association was not statistically significant
(p=0.052). We did not find any significant correlations
between neuropathology and the ictal patterns.

The associations between outcome and age at surgery,
illness duration or seizure frequency were not
statistically significant (p=0.65, p=0.68, and p=0.10,
respectively), nor were the associations between out-
come and interictal spikes during wakefulness or sleep
(p=0.73 and p=0.70, respectively).

Discussion

We reviewed the ictal EEGs of 47 patients with
drug-resistant temporal lobe epilepsy who, on the
basis of clinical, anatomical, and video-EEG findings,
underwent temporal cortectomy. Our aim was to anal-
yse and describe early ictal EEG patterns, determine
whether LVFA is also identifiable on scalp-EEG, and
assess its value in defining the EZ.

The analysis of scalp-EEG recordings of 111 seizures
allowed us to identify ictal onset (i.e. EEG changes
occurring before or at the same time as the first clinical
signs) in all but four patients (8.5%).

LVFA is considered the electrophysiological signature
of the EZ (Fisher et al., 1992; Wendling et al., 2003;
Bartolomei et al., 2008) and does not depend on the
underlying pathology (Bragin et al., 2004; Jacobs et al.,
2008; De Curtis and Gnatkovsky, 2009; Jacobs et al.,
2009; Cosandier-Rimélé et al., 2012). Moreover, it has
been shown that surgical prognosis is related to the
removal of brain areas generating LVFA (Lee et al., 2000;
Wetjen et al., 2009; Bartolomei et al., 2010).

The frequency of scalp-EEG LVFA is clearly different
from that observed in intra-cranial EEG recordings, but
the concept and significance remain the same. The
differences are mainly due to the presence of arte-
facts and the electrical properties of the conductive
media in the head. It was commonly held that LVFA
cannot be seen on scalp-EEGs because of artefacts and
the low signal-to-noise ratio (Cosandier-Rimélé et al.,
2012). However, we found that the main early ictal EEG
pattern was LVFA, flattening or fast activity (variants
of the principal pattern), which we distinguished as
different expressions of the same EZ activity that
depended on the patients’ condition (position of the
patient, i.e. standing, sitting, lying; what the patient
was doing, i.e. eating, speaking, sleeping; where the
recordings were performed; and the presence of the
technical and muscular artefacts). LVFA was observed
in 21.5% of patients, and flattening, LVFA or fast acti-
vity in 35 patients (74.4%), of whom 27 (77.1%) had
favourable surgical outcome. None of the patients
showed rhythmic theta/delta activity at the time of ictal
onset.

Considering the total number of seizures (111), we
observed flattening, LVFA or fast activity in 59 seizures
(53.2%). Moreover, we observed that the initial ictal
pattern was more localised compared to the sub-
sequent EEG pattern in 59/65 seizures (90.8%).

Unlike previously published findings, our data suggest
that scalp-EEG patterns can also play an important role
in localising the EZ. It is important to underline the
significance of greater accuracy in localising LVFA (or
its variants) which should be considered in order to
carefully investigate these ictal EEG patterns.
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Moreover, despite one of the limitations of our study
which was certainly the small number of patients, we
suggest that scalp-EEG LVFA is probably related to
favourable outcome, as demonstrated by intracranial
EEG recordings.

The first ictal discharge in patients with temporal lobe
epilepsy is usually described as rhythmic theta/delta
activity (Risinger et al., 1989; Walczak et al., 1992; Ebner
and Hoppe, 1995; Pacia and Ebersole, 1997; Vossler
et al., 1998; Tatum et al., 2008; Jan et al., 2010), however,
although we observed rhythmic theta/delta activity in
85.1% of the patients, this appeared on average 13
seconds after the LVFA (or similar activity). We there-
fore consider this to be a subsequent EEG pattern
that corresponds to ictal discharge development (or
propagation, if contralateral).

This is of importance with regards to localising the
“true” onset of ictal discharge since, clinical signs may
otherwise be overlooked and the EZ may be incor-
rectly localised. Considering the long time (mean: 13
seconds) between the initial and subsequent ictal EEG
discharges, there is a high risk of overlooking some
important clinical and neurophysiological charac-
teristics, not only because the development of an
ictal discharge appears later, but also because it can
involve different, and in some cases even contralateral,
regions. Nine of our patients (19.1%) showed discharge
propagation involving the contralateral regions or
diffuse involvement, four of whom had unfavourable
surgical outcome. This underlines the need to search
for the “true” onset of discharge which may be found
once the first clinical sign has been identified.
Identifying the ictal onset discharge is complicated
because of the presence of artefacts and the low signal-
to-noise ratio of scalp EEG, however, this is not a
major limitation as we failed to identify the ictal onset
in only 8.5% of our patients. Probably, this limitation
can be further reduced by increasing the number of
recorded seizures of each patient (generally at least
two seizures).

It therefore appears that, in clinical practice, the
ictal onset should always be carefully investigated by
analysing any subtle EEG modifications before the first
clinical sign. O
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