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ABSTRACT - Aim. Epilepsy is difficult to diagnose using routine EEG
recordings of short duration in patients who have low seizure frequency.
Long-term EEG may be useful butis impractical in an out-of-hospital setting.
We investigated whether single-channel scalp EEG placed behind the ear-
lobe is suitable for seizure identification during prolonged EEG monitoring.
Methods. Scalp EEG samples were selected from subjects over 15 years of
age, and comprised two segments of either background followed by seizure
or background followed by background. Bipolar EEG derivations in three
directions (F8-T8, C4-T8 and T8-P8) were evaluated for the presence of a
seizure by two experienced reviewers. For each EEG segment containing a
seizure, one pair of electrodes was oriented towards the suspected region
of seizure onset, while two pairs of electrodes were oriented elsewhere.
Results. The EEG data contained five frontally localized seizures, five pari-
etal, five temporal, two occipital, and four primary or secondary genera-
lized seizures. The sensitivity and specificity for recognition of seizures was
86% and 95% for Reviewer 1, and 79% and 99% for Reviewer 2, respectively.
When identifying a seizure with the lead orientation towards the region
of seizure onset, both reviewers identified 20 out of 21 seizures (95%).
When the lead was not oriented towards the region of seizure onset, the
reviewers identified 34 and 30 out of 42 ictal records correctly, respectively.
Conclusions. These results suggest that it is possible to identify epileptic
seizures by bipolar EEG derivation using only two scalp electrodes. Lead
orientation towards the suspected region of seizure onset is important for
optimal detection sensitivity.
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Epilepsy is a common disorder with an incidence of
50 per 100,000 and a prevalence of around 10 per
1,000 people in developed countries, which has a high
impact on individuals’ lives (Sander, 2003). Scalp EEG
is a non-invasive technique that is particularly use-
ful to support the diagnosis of epilepsy, establish
the type of epileptic seizures, and classify some spe-
cific epilepsy syndromes. Indirectly, by improving the
diagnostic yield of ancillary investigations, it also con-
tributes to the appropriate management of epilepsies
(Angeles, 1981).

To investigate the presence or absence of epileptiform
activity, the first step is to record a relatively short
EEG (30-60 minutes). With repeated measurements
and appropriate stimulation, such as hyperventilation,
visual stimulation and sleep deprivation, a maximum
sensitivity of 80-90% for interictal epileptiform abnor-
malities can be reached using scalp EEG (Pillai and
Sperling, 2006). This means that for at least 10% of
individuals, it is not possible to provide evidence sup-
porting a diagnosis of epilepsy based on standard EEG
workup. The next step is to try to record a seizure
event. With a relatively high seizure occurrence, a 24-
hour or multiple-day recording might be appropriate,
however, with a lower seizure frequency, even longer
EEG recordings are required.

Long-term EEG monitoring is performed in settings
such as intensive care units and epilepsy monitoring
units (Tatum, 2001), usually with 21 electrode positions
according to the international 10-20 system (Klem et al.,
1999). Long-term monitoring with a reduced montage
or single-channel EEG is also possible and has been
used mostly in neonates (Tekgul et al., 2005; Shellhaas
and Clancy, 2007). These methods, however, use scalp
surface or needle electrodes which have limited life-
spans of several days at the most. A reduced electrode
set with a greater lifespan would be more practical for
monitoring for a prolonged time, enabling ambula-
tory EEG recording. As the device would need to be
small, easily placed, and preferably unobtrusive, we
suggest using two electrodes worn closely behind or
next to the ear, such as T7 and T8 of the international
10-10 EEG system of EEG sensor placement, measured
using a single bipolar montage. An implanted device
for the prediction of seizure likelihood in people
with epilepsy (Cook et al., 2013) is also possible and
may perhaps be the next step. It is unclear, however,
whether the sensitivity and specificity of detection
of seizure activity using a single bipolar derivation is
good enough for practical and reliable use for epilepsy
diagnostic purposes. If a single bipolar derivation is
sensitive enough, diagnostic EEGs could be recorded
over many weeks or even months, comparable to long-
term diagnostic monitoring for paroxysmal cardiac
dysrhythmias.

In the present study, we aimed to investigate the fea-
sibility of a single bipolar derivation of scalp EEG for
the recognition of epileptic seizure activity. We also
assessed whether recognition of seizure activity can
be improved by preselection of the electrode posi-
tion directed towards the brain area where ictal activity
is most likely, based on the clinical history of ictal
events, which may increase the feasibility of using this
technique.

Materials and methods

Data collection

Scalp EEGs measured for presurgical evaluation over
five days, diagnostic 24-hour EEGs, or standard
EEGs were selected from our clinical database. All
EEGs were sampled with a frequency of 256 Hz
using Micromed’s Systemplus Evolution v1.04.135
(Micromed SpA, Mogliano Veneto, Italy). In the ori-
ginal EEG recordings, Ag/AgCl scalp electrodes were
positioned according to the international 10-20 system,
often with additional electrodes according to the 10%
system; therefore, we used the nomenclature of the
10% system.

EEG reports from an experienced clinical neurophy-
siologist were used to select EEGs with or without
seizures. For EEGs with seizures, the type, latera-
lization, and location of the seizure was noted. EEG
markers for the start and end of the seizure were
checked for appropriate positioning.

We aimed to obtain 25 EEG segments containing a
seizure and 25 EEG segments without seizures, each
from differentindividuals. Segment length was limited
by availability, as the database contained mainly short
EEG segments. A1-2.5-minute segment length was con-
sidered long enough to contain sufficient information
for seizure detection; the short length also reduced
the workload for the two reviewers. All segments were
selected from different individuals aged over 15 years.
This offered the advantage that, by excluding younger
individuals, a more homogenous group, both in terms
of background EEG and ictal pattern, was obtained.
From each selected EEG segment, the signals from
different electrode positions (F8-T8, C4-T8 and T8-
P8, and the corresponding left-sided positions) were
extracted. As each bipolar derivation included the
electrode position T8, the difference between these
derivations can be considered as a difference in orien-
tation, since each electrode configuration represents
the potential of an area with a common electrode
position (T8). The montages F8-T8, C4-T8 and T8-P8
(and corresponding left-sided positions) represent the
device lead to frontal, central, and posterior temporal
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Figure 1. Orientation and position of the bipolar EEG derivations
which were used, according to standard scalp EEG derivation of
the international 10-20 system. The bipolar leads that were used
are shown with arrows: F8-T8, C4-T8 and T8-P8 on the right and
their counterparts on the left side of the scalp.

areas, respectively. Thus, the influence of lead orien-
tation on seizure detection could be investigated. The
orientation of the channels on the scalp is presented
in figure 1. For the EEG segments containing a seizure,
the derivations were selected ipsilateral to the hemi-
sphere of seizure onset on the basis of the report of
the full EEG recording. For the EEG segments without a
seizure, lateralization was chosen randomly. No special
care was taken to remove or avoid artefacts, in order
to represent the real-life setting. No additional filtering
was applied. An example of an EEG segment included
in the dataset is presented in figure 2.

EEG samples with seizures

We grouped seizures corresponding to frontal, tempo-
ral, parietal, occipital seizure onset zones and seizures
that were primary or secondary generalized in order
to investigate the influence of channel selection with
respect to seizure onset localization. Each group con-
sisted of a maximum of five seizures.

Each EEG sample consisted of two segments; a back-
ground segment without seizure activity, followed by
a segment with a seizure. Both segments originated
from the same individual. The background segment
served as a control for the EEG segment with a seizure.
Because of the retrospective nature of this study, it was
not always possible to select the background segment

Single-channel EEG for seizure detection

immediately before the seizure. Control background
segments ranged from one to two minutes, similar to
the length of segments with seizures.

EEG samples without seizures

EEG segments without a seizure were selected from
individuals, independent of the diagnosis. These were
preceded by a control segment, ranging from one to
two minutes long.

Review of EEG samples

Data was reviewed offline using MATLAB (Mathworks,
Natick, MA USA, version 8.2.0.701). The EEG signals
obtained from three bipolar derivations were reviewed
independently and separately by a clinical neuro-
physiologistand a physician’s assistant-in-training. The
reviewers were blinded to any demographic or clini-
cal information and to the time when the recordings
were made.

Having reviewed one segment, reviewers were
blinded to the segments from the same individual
in other orientations. The reviewers used a custom
EEG visual review and scoring program, presented in
figure 2. This program shows a randomly selected seg-
ment from a randomly selected individual. A marker
shows where the control segment stops and the seg-
ment with a possible seizure starts. Reviewers were
able to change the high-and low-pass filters, amplitude
gain, time basis, and part of data plotted. Reviewers
indicated whether a seizure was present at the end of
the control segment, after which a different segment
was shown and scored. This was continued until all EEG
segments from all individuals were scored.

Data analysis

The sensitivity and specificity of identification of
seizure occurrence were used to evaluate the per-
formance of our method in practice. Sensitivity was
defined as the percentage of true seizures that
were recognized, and specificity as the percentage
of non-seizure segments recognized. Inter-observer
variability was evaluated using Cohen’s kappa score.

Results

A total of 46 EEG epochs were selected, of which
21 contained a seizure and 25 were without seizure
activity. The EEG data contained five frontally loca-
lized seizures, five parietal, five temporal, two occipital,
and four primary or secondary generalized seizures.
We were unable to find 25 segments with seizures
as too few suitable EEG epochs for occipital and
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Figure 2. lllustration of the custom program which was used to review and score the EEG samples. One bipolar derivation is presented,
in this case F8-T8, with the transition from control (interictal) EEG segment to a segment possibly containing a seizure, marked by a
vertical line. Filters, the proportion plotted, the start of the plot, magnification (amplitude), and plot length (time base) could be

adjusted by the reviewer for a detailed view.

generalized seizures were available. As three channels
were extracted from each epoch, there were 138 seg-
ments to evaluate; seizure activity was present in 63
segments but absent in 75 segments.

Reviewer 1 obtained a sensitivity of 86% and a speci-
ficity of 95%; 13 segments were wrongly classified, of
which four were false positive and nine false nega-
tive. The wrongly classified EEGs for both Reviewer
1 and 2 are shown in table 1. The 13 misclassified
segments for Reviewer 1 were recorded from 10 dif-
ferent individuals. The EEG was wrongly classified in
one individual in all three channels, in one individual
in two channels (both channels not directed towards
the seizure onset zone), and in eight individuals in
one channel. The number of correct classifications for
EEG segments with a seizure, with respect to the loca-
tion of the seizure onset zone and the direction of the
electrodes, are shown in table 2 for both Reviewer 1
and 2. Regarding the signals obtained from the leads

oriented towards the seizure onset zone, 20 out of 21
seizures (95%) were recognized. Regarding the signals
obtained from leads not oriented towards the seizure
onsetzone, Reviewer1 correctly classified the segment
as containing a seizure in 81% of the cases. This indi-
cates an increase of 14% in the yield of recognized
seizures for Reviewer 1 when the lead was oriented
towards the seizure onset zone.

Reviewer2 misclassified 14 segments, of which one was
a false positive and 13 were false negative. This cor-
responds to a sensitivity of 79% and a specificity of
99%. The EEG was wrongly classified in one individual
in all three segments, in four individuals in two seg-
ments (for all four individuals this occurred for signals
obtained from leads not directed towards the seizure
onset zone), and in three individuals in one signal.
Regarding channels directed towards the seizure onset
zone, 20 out of 21 seizures (95%) were recognized.
Regarding the two channels not directed towards the
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Table 1. Patients whose EEG samples were misclassified by Reviewer 1 or Reviewer 2, together with seizure
onset zone, if present, and the lead orientation for the segment in which the misclassification was made.
No seizure onset zone (None) corresponds to an EEG segment without seizure.

Occipital corresponds to channel T8-P8, parietal to C4-T8, and frontal to F8-T8.

Pt no. Seizure onset zone Lead orientation Lead orientation
Reviewer 1 Reviewer 2
5 Frontal Posterior Temporal Posterior Temporal,
Central, Frontal
6 Frontal - Posterior Temporal
7 Occipital - Frontal
8 Fronto-temporal Posterior Temporal, Posterior Temporal,
Central, Frontal Central
13 Parietal Frontal Posterior Temporal,
Frontal
15 Parietal Frontal -
16 Parietal Posterior Temporal, Posterior Temporal,
Frontal Frontal
17 Occipital Central Central, Frontal
28 None Posterior Temporal -
32 None Posterior Temporal -
34 None Posterior Temporal -
42 None - Central
45 None Posterior Temporal -

Table 2. Correctly classified EEG segments by Reviewer 1 and Reviewer 2 when a seizure was present. The score
is presented using all three channels, using the channel directed towards the seizure onset zone, and using the
channels not directed towards the seizure onset zone. Scores are presented according to different seizure

onset zones.

Location of correctly classified seizure segments

Occipital Temporal

Parietal

Frontal

Generalized

All channels (%)

Reviewer 1 5/6 (83%) 15/15 (100%)

1115 (73%)

11/15 (73%)

12/12 (100%)

Reviewer 2 3/6 (50%) 15/15 (100%)

11/15 (73%)

9/15 (60%)

12/12 (100%)

Channel oriented towards seizure onset zone (%)

Reviewer 1 2/2 (100%) 5/5 (100%)

5/5 (100%)

4/5 (80%)

4/4 (100%)

Reviewer 2 2/2 (100%) 5/5 (100%)

5/5 (100%)

4/5 (80%)

4/4 (100%)

Channel not oriented towards seizure onset zone (%)

Reviewer 1 3/4 (75%) 10/10 (100%)

6/10 (60%)

7110 (70%)

8/8 (100%)

Reviewer 2 1/4 (25%) 10/10 (100%)

6/10 (60%)

5/10 (50%)

8/8 (100%)
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seizure onset zone, Reviewer 2 correctly classified the
segment containing a seizure in 71% of the cases. This
indicates an increase of 24% in the yield of recognized
seizures for Reviewer 2 when the lead was directed
towards the seizure onset zone.

The inter-observer variability measured by Cohen’s
kappa score was 0.81, which is in line with reported
inter-observer variation of EEG reviewing (Stroink
et al., 2006).

Discussion

Our results suggest that most epileptic seizures from
different areas in the brain can be identified and thus
detected on EEG using only a single bipolar derivation.
This conclusion is supported by a sensitivity of 86%
and 79% and specificity of 95% and 99% for the two
reviewers in this study.

Lead orientation is also important for recognizing
epilepticseizures and care should be taken to place the
two electrodes with respect to the expected seizure
onset zone. This is shown firstly by the increase in
yield in seizure recognition for both reviewers when
the lead is oriented towards the seizure onset zone.
Secondly, additional evidence for this is found con-
cerning the lead orientation in misclassified segments.
For anumber of segments with seizures, in which both
leads were not pointing towards the seizure onset
zone, the EEG was misinterpreted. Conversely, for seg-
ments in which the lead oriented towards the seizure
onset zone, the EEG was correctly interpreted. Thirdly,
seizures with atemporal seizure onsetzone or seizures
with primary or secondary generalization were clas-
sified correctly for all channels. As the electrodes T8
and T7 (for right and left lateralization, respectively)
were common to each bipolar derivation and genera-
lized seizures appeared in each brain area, it follows
that these seizures were detected in all channels.
However, seizures in different areas, such as frontal
lobe seizures, may be harder to classify even on full
scalp EEG, and this would be particularly challenging
using this placement of electrodes. This underlines the
importance of the orientation of the EEG leads with
regards to the seizure onset zone and the need for
careful placement of the electrodes with respect to the
expected seizure onset zone.

It is, however, important to note that it is not
always possible to correctly predict the location and
lateralization of the seizure onset zone, despite the
documentation of localizing and lateralizing features
in the literature (Foldvary-Schaefer and Unnwongse,
2011). This is especially the case when the clinical
description of the seizure is vague. A corresponding
sensitivity of 79% or 86% would be low for clinical pur-
poses and it should be noted that this method may

be currently best used for those for whom seizure
location is known or strongly suspected and may
be complementary to current methods. For example,
Rubin et al. found that a reduced EEG electrode array,
compared to a 10-20 array, exhibited a sensitivity of 70%
and a specificity of 96%, which was deemed insufficient
for seizure detection (Rubin et al., 2014). This is empha-
sized by the results of our study which show that for
false lateralization of an occipital focus, sensitivity may
drop to 25% when electrode placement is not oriented
correctly. In the case of frontal and parietal seizures,
anamnesis-based placement of electrodes can be chal-
lenging. Incorrectly oriented electrode placement may
lead to a drop in sensitivity to 60% for true parietal
seizures and from 50% to 70% for true frontal seizures.
Thus, the aim of this approach was to provide comple-
mentary information for clinical evaluation rather than
using it to replace standard procedures.

It is possible that the high level of specificity is due to
data selection bias. In our clinical practice at the EEG
recording site, only EEG records of clinically relevant
events and an artefact-free segment of background
(servingas acontrol) are archived; the rest of the data is
discarded. Although seizures are recorded regardless
of artefacts, and therefore unaltered, background EEG
does not contain many artefacts. As a result of this,
the non-epileptic EEG segments may contain fewer
artefacts than an actual ambulatory EEG measurement
and can therefore be easier to interpret, leading to
high specificity for interictal epochs. However, mul-
tiple interictal and ictal EEG segments with artefacts
were included in the present study and were correctly
classified as such. Therefore, specificity is likely to be
affected by data selection, but not to a great extent.
On the other hand, the sensitivity is less likely to be
affected by data selection bias, as seizures are archived
irrespective of whether or not they contain artefacts.
In this study, the feasibility of seizure identification
was investigated using 21 segments that contained a
seizure and 25 segments without seizures. This ratio
of ictal to normal EEG segments is clearly much higher
than in real-life situations, as most EEG segments do
not contain a seizure. Thus, this difference in ratio of
ictal to normal EEG segments may have affected sen-
sitivity and specificity, and usage of a dataset with a
realistic ictal to normal EEG segment ratio is therefore
recommended in further studies. Furthermore, in this
study we reviewed short EEG segments, whereas the
proposed application would be used to provide data
sets corresponding to continuous ambulatory periods
of long duration, which may lead to different out-
comes. Ambulatory measurements with one-channel
EEG recordings are necessary to evaluate the feasibility
of this method for longer ambulatory data sets.

We emphasize that while this study takes the seizure
onset zone into account, this does not mean that the

312

Epileptic Disord, Vol. 19, No. 3, September 2017



seizure is necessarily restricted to this area. Moreover,
localization of onset was not the aim of the one-
channel diagnostic device; the primary aim is seizure
detection, in general, in order to support a possible
diagnosis of epilepsy in patients with very low seizure
occurrence. Seizures that remain focal and do not
spread to the area of detection by the electrodes will
notbe identified; conversely, any seizure that begins or
spreads to the electrode uptake area can be detected.
In our study, it appears that a relatively large number
of seizures demonstrated sufficient spread and a rela-
tively good overall detection range was obtained.
Another benefit for long-term single-channel scalp
EEG is surveillance for diagnosed and treated indi-
viduals with frequent seizures. The technique could
be used, for example, to monitor the effect of treat-
ment on reducing seizures. With this as a goal, seizure
localization would likely be known, which would
allow for correctly oriented electrode placement. For
those with generalized seizures, however, the local-
ization of electrodes is not important. To establish the
most important channel during seizures and optimise
orientation, it may also be possible to use a previously
recorded ictal EEG (Duun-Henriksen et al., 2012). In
combination with automatic seizure recognition, this
procedure may enable health care professionals to
intervene in the event of a seizure without constant
manual surveillance.

Future studies should investigate correct positioning
and orientation of electrodes based on clinical descrip-
tions of seizure-like symptoms. A larger cohort with
suspected seizures should be included in any further
studies to encompass a broad spectrum of seizures.
Future studies to establish the diagnostic benefit of
single-channel EEG will, however, for the moment,
depend on standard EEG as a reference.

This study evaluated the possibility of identifying
epileptic seizure occurrences using a single bipolar
scalp EEG derivation, paving the way for long-term
EEG monitoring using a single subcutaneous set of
electrodes. We found that it is possible to recognize
epileptic seizures from different areas in the brain
using one EEG channel. Seizures were most often
recognized in the EEG channel oriented towards the
seizure onset zone, showing that both orientation and
position of the leads are important. When used for
identification of seizure occurrence in a clinical set-
ting, the mostlikely seizure onsetzone should be taken
into account when placing the electrodes.

Single-channel EEG for seizure detection
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TEST YOURSELF

(1) What are the possible clinical indications for long-term monitoring with a single EEG channel?
(2) Is it feasible to use single-channel EEG to detect the majority of epileptic seizures?

(3) Can the detection of seizures with single-channel EEG be improved by positioning the electrodes based
on clinical information regarding the most likely seizure onset zone?

Note: Reading the manuscript provides an answer to all questions. Correct answers may be accessed on the
website, www.epilepticdisorders.com, under the section “The EpiCentre”.
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