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Abstract
Over the last decade, the search for a method able to reliably predict seizures hours in advance has
been largely replaced by a more realistic goal of very early detection of seizure onset which would
allow therapeutic or warning devices to be triggered prior to the onset of disabling clinical
symptoms. We explore in this article the steps along the pathway from data acquisition to closed
loop applications that can and should be considered to design the most efficient early seizure
detection. Microelectrodes, high-frequency oscillations, high sampling rate, high-density arrays,
and modern analysis techniques are all elements of the recording and detection process that in
combination with modeling studies can provide new insights into the dynamics of seizure onsets.
Each of these step needs to be considered if one wants to implement improved detection devices
that will favorably impact the quality of life of patients.
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Introduction
The initial hope to be able to predict seizures hours in advance has more recently shifted
toward a more realistic goal of short term prediction or early detection. In the latest
workshop on seizure prediction in 2009 in Kansas City, a patient representative stated
clearly that it would be most useful for patients to get a reliable warning just before the onset
of disabling clinical symptoms. Warnings hours before a seizure will just produce a long
period of anxiety, diminishing quality of life. Therefore there is renewed interest in methods
able to detect seizures prior to the onset of disabling clinical symptoms. This early detection
paradigm is distinct from seizure prediction in that it does not require or assume the
presence of a preictal period. Instead, early detection targets the potential window of time
existing between the start of measurable changes in brain activity that are part of the ictal
evolution and the onset of disabling symptoms for the patient as illustrated in Figure 1.

Early seizure detection poses a number of challenges. In most patients, intracranial
electrodes allow for earlier seizure detection than do scalp recordings, particularly for partial
seizures. If an entire seizure can be utilized, particularly with intracranial recordings, then it
is relatively straightforward to detect seizures with reasonable sensitivity and specificity
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since one is dealing with events often lasting over a minute [1]. Detection in these instances
is used for seizure identification and retrospective analysis of seizures, often in the context
of presurgical evaluations. If, however, one wishes to detect a seizure within seconds of
onset for the purpose of warning or closed-loop therapy (e.g. neurostimulation), then the
challenges are much greater. Even though early seizure dynamics (e.g. frequency,
complexity) are similar for multiple seizures from a given focus in a given patient [2], the
requirements for early detection may compromise specificity if high sensitivity is desired.
Often these are not false positive detections since epileptiform activity is detected, but
events that do not evolve into clinical seizures may be included.

The length of this window of opportunity (Figure 1) in which to intervene and potentially
alter seizure evolution is, however, dependent on the ability of the detection method to
perceive the changes in EEG features as early as possible and also on the region of the
seizure onset (e.g. orbital frontal, mesial temporal) which can influence clinical features and
rate of seizure propagation. Despite decades of progress made in the design of an automatic
seizure detection method, there is still to this day no algorithm or device approved by the
Federal and Drug Administration (FDA) for seizure detection in epilepsy monitoring unit in
the United States. We look for areas for potential improvement along the path of the
recording process. The following discussion will address potential ways to optimize early
seizure detection in the context of improved and developing recording techniques.

High density microelectrodes arrays; what they will show? Do micro-
electrodes capture more or less?

Although seizure detection based on other physiological data have been proposed [3], the
most appropriate source of information to rapidly assess the onset of a seizure remains, for
the moment, electroencephalograms, either recorded from scalp electrodes or from
electrodes implanted intracranially using subdural strips and grids or depth electrode arrays.
Over the last few years, there has been increased interest in developing high-density arrays
of electrodes or microelectrodes incorporating microwires, placed separately or in
conjunction with regular macroelectrode grids or depths. In addition to providing denser
sampling of cortical activity, these arrays are better suited to recording high frequency
activity. These new recordings electrodes have been using mostly for research purposes
without established clinical applications, but reports raise the possibility that such high
density arrays with smaller electrodes can record information important for identifying the
ictal onset zone and planning surgical resections. Their development was linked to the push
for exploring the content of the EEG in a higher frequency domain than what is permitted by
commonly used macroelectrodes. Worell et al. reported that the recording of highly
localized high-frequency oscillations (HFO) [4] was most effectively done by microwires.
Using microelectrodes, Schevon reports the recordings of highly focal microdischarges [5]
are likely to be from a single cortical macrocolumn. Stead recorded microseizures and
microdischarges, more frequently in the seizure onset zone but also occurring less frequently
in control patients [6]. These recordings do not assess single unit activity but multineuronal
activity. Still these studies report the ability of these new electrodes to assess highly
localized activity, and in the case of the microseizures reported by Stead, activity that may
correlate with region of onset of partial seizures. If that would be the case, those
microseizures would be ideal candidates for targeted therapies. A recent report [7] suggests
that removal of brain regions generating interictal fast ripples correlates with seizure
freedom. The fact that this activity can be highly localized raises the issue that planning such
recordings requires a good idea of the ictal onset zone prior to implantation or the utilization
of large electrode arrays. While in a long term closed-loop therapy paradigm, one would
hope that the focus of the partial seizures is correctly identified prior to implantation so
electrodes can be placed appropriately, this may not be the case in the standard settings (e.g.
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epilepsy monitoring unit) where seizure localization is still often part of the evaluation. In
any case, if high frequency activity (e.g. 250–500 Hz) accompanies the period of earliest
ictal onset, then incorporation of these specialized arrays has the potential to improve early
seizure detection.

What about extending coverage?
The extent of coverage by recording arrays is in part dependent upon the knowledge of the
localization of the ictal onset zone, that region that generates the epileptic seizure. The ictal
onset zone may be much more localized than the epileptogenic zone (the region targeted for
resection for optimal surgical outcome) or the irritative zone (corresponding to interictal
discharges), but even experts acknowledge that these zones are often overlapping and often
not clearly defined [8]. For the purposes of early seizure detection, one would want to be as
close as possible to the ictal onset zone. In some patients this is a discrete region; in other
patients (e.g. non-lesional neocortical partial epilepsy) the ictal onset zone may be broad or
regional. While it is not uncommon to incorporate 100–200 intracranial contacts into
macroelectrode recording arrays, there are some limits on the size and extent of the arrays
posed by the extent of the craniotomy and inherent risks of larger arrays.

The use of high-density EEG using larger arrays of electrodes for scalp recordings is
oriented towards dipole source localization. These larger arrays have been shown to provide
improvements in effective spatial resolution up to 512 electrodes if the noise level remains
low [9]. In intracranial recording the incorporation of microelectrodes arrays placed within
the space of traditional grid arrays offers a increased density of points of measure which can
provide a superior understanding of the local network dynamic involved in the early stages
of the seizure [6]. Still the limitations on the number of channels that can be recorded
simultaneously limits the number of microelectrodes that can be considered. The use of
macroelectrodes remains a valid compromise between size of the electrodes and area of the
brain covered, especially in the context of the presurgical evaluation where the location of
the seizure focus is not yet clearly identified.

Sampling rate of acquisition
Over the years the sampling frequency of data has increased as the electronics and
computational power allow. Ever since the advent of digital EEG recordings, and
particularly over the last 10 years since the first report of pathological HFO (pHFO),
research and clinical equipment have been regularly upgraded with ones able to perform
higher sampling rates in an attempt to better characterize the higher end of the spectrum of
the EEG and determine its role in epileptogenesis and its potential for the delineation of the
ictal onset and epileptogenic zones [10–12]. Rates of acquisition range from 200Hz for
routine clinical scalp recordings to 10–32kHz for the latest experimental intracranial
recordings. However at such high rates, the amount of data generated and processing this
data remain important issues. Stead reports in a study of 14 patients, that 2256h of EEG
recordings at 32kHz required the storage and analysis of 12.5TB of data [6]. The need for
microelectrode recordings and the accompanying high sampling rates is still evolving and
will probably be individualized.

Digitization: bits and noise
Quantization of the EEG signals has been sometimes overlooked as part of the problem of
assessing onset of the ictal period. Even with current 16 bit converters, it is not uncommon
to see virtually flat signals during post-ictal periods, where the amplitude of the EEG is so
low, it cannot be distinguished from background noise levels. Sixteen bits A/D converters
often offer only a 12 bit effective range due to the signal to noise ratio of the amplifier. Even
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24 bit converters realistically often only offer 16 to 19 bits of effective range. The current
interest for HFO and the high frequency low voltage components of the EEG raise the issue
of maintaining a dynamic range of over 110dB (the ratio of the higher bit to the lower
effective bit) when recording with microelectrodes. As more and more 24bit A/D converters
appear on the market and propose theoretical sensitivity for the least significant bit of 3nV,
the remaining issue will be to improve the signal-to-noise ratio to be able to take advantage
of this decrease in quantization error of the EEG signals. The increasing use of
microelectrodes and microwires aimed at measuring increasingly smaller electric potentials
highlights the need for improved electrical integrity of the measuring circuits.

What to measure? Is there an ever elusive quantity which will work better?
The choice of which quantity should be used to assess the early changes of the EEG during
ictal onset has been the focus of most studies dealing with early seizure detection. In the last
decade, as the center of attention shifted towards the prediction of seizures, most of the same
measures were used to attempt to detect a “pre-ictal state,” a state that has, however,
remained elusive. The initial enthusiasm for seizure prediction was muted when none of the
initial reports could be reproduced and the claim of superiority of non-linear measures was
being reconsidered (see summary in [13]). At the same time, a combination of linear and
non-linear features was suggested to be a potentially better approach for seizure detection
[14]. While the hope of finding a new quantifying measure which will provide reliable
earlier changes predictive of an impending seizure remains, two other paths of investigation
have also been explored. One is the multichannel approach which we will address below, the
other one is the decision component of the process. Deciding whether or not the change in
the measured value indicates the onset of a seizure is often treated as a binary classification
problem and can involve advanced classification making procedures such as support vector
machines [15, 16], nearest neighbors [17, 18], Gaussian process modeling [19] or neural
networks [20]. The classification procedure itself will be the step where the definition of
what is a seizure or what we want the detector to classify as such will be inserted in the
detection process.

Definition of a seizure
The definition of a seizure and what constitutes a seizure remain difficult to unequivocally
establish, and this lack of a definition often impairs the meta-analysis of seizure detection
algorithms because not all studies define a seizure in the same way. From a recent meeting
between clinicians, scientists, regulators, and industry, the notion that a working standard is
needed to make progress was raised. The most common issue deals with interictal activity
which often looks fairly identical to the onset of a clinical seizure but will often not evolve
much further. These “form fruste” are often not marked as seizures because they do not
progress sufficiently and often terminate within seconds of onset. Despite their short
duration, the dynamics of these events often possess identical characteristics to the partial
seizures of the patient. Closed-loop systems that require early seizure detection (e.g. within
2 seconds) may have therapy triggered by this interictal epileptiform activity.

One suggested path is to at least detect the seizures that are commonly agreed upon by the
expert clinicians with a threshold at the level of certainty based on the number of experts
who agree (e.g. can the algorithm detect the seizures that 85% of clinicians agree upon?). Of
course obtaining such a gold standard of seizure markings by experts is a difficult task in
itself. The best tool that could be used to produce the most consistent meta-analysis of
seizure detectors would be the use of a common database of seizures. While such an
initiative has been undertaken, the vast diversity of ictal patterns that partial onset seizures
comprise requires that such a database would be extremely vast. It also raises the question of
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whether or not a database can ever include all ictal patterns. Despite the stereotypical nature
of partial seizures in one patient, the spectrum of partial seizures from different patients
onset remains quite diverse.

Analysis of single channel versus multichannel?
Recordings of EEG and ECoG include multiple channels. Signal features derived from
single channels analyzes can be used in multistage, multivariate, multichannel detection
procedures to enhance reliability [21, 22]. Analysis of single channel activity, however, does
not provide information about interactions between different brain structures. To analyze the
network interactions before and during seizures multichannel methods are required. Study of
the predictive performance of a number of univariate and bivariate measures [23]
demonstrate advantages of bivariate measures which could capture synchronization between
channels. Some studies find that channels remote from the seizure onset zone carry relevant
information about epileptiform activity [23, 24]. Expanding these analyzes to multiple
channels may provide more inside into interactions within the network generating and
propagating the seizure activity. Methods based on multivariate autoregressive methods
(MVAR) provide information about connectivity patterns. To date these methods have been
used primarily for localization of the seizure onset region [25,26]. However, the MVAR
model can be also used to measure dynamic changes in synchronization between multiple
channels [27]. Further development of these and other methods of investigating connectivity
and synchronization patterns from multichannel recordings may facilitate the reliable early
detection of seizures.

Modeling
Increases in computational power allow for more complex and detailed models of brain
structures which may provide new insights into the dynamics of transitions to the ictal state.
Models including relatively detailed simulations of neuronal networks provide some insight
into relations between changes in ion concentrations and dynamics of epileptiform activity
[28]. This may suggest a new approach to early detection possibly including measurements
of variables other than electric or magnetic activity of neurons, measurements that could
facilitate earlier seizure detection. Some modeling studies suggest that some types of
epilepsy (i.e. primary generalized absence seizures) may be described using bistable models
[29]. In these situations there is an abrupt transition from the interictal to ictal state. Another
sophisticated modeling study (personal communication, Anderson et al.) reveals that partial
seizures arising from abnormal focal neural networks can be evoked by normal random
fluctuations of background activity, fluctuations that would not result in seizures in normal
neural networks. While this model illustrates a situation where seizure prediction would be
difficult, early seizure detection would still be possible. Future development of early
detection methods needs to include a diversity of seizure types. Modeling studies of
simulated electrical stimulation provide some information as what features are important to
optimize the effectiveness of stimulation in termination of seizures [30]. The timing of the
stimulation in relation to the phase of ongoing activity was important. This suggests that
future detection algorithms may need to provide not only time of detection but some
additional parameters of the signal for optimal application of closed-loop therapeutic
devices. Modeling studies of newborn EEG provide encouraging results of model based
seizure detection [31, 32].

Embedding
The prospect of embedded detectors raises the issue of low-power computing and poses
limit to the amount of processing that can be done by those devices in the assessment of ictal
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onset [33, 34]. Engineering of these implantable devices is forcing a compromise of
detection power versus consumption. Although increasing processing power of embedded
CPUs opens the door to new possibilities as time progresses, current embedded devices are
often limited to the very basic detection procedures, while others propose limited channel
selection to reduce the computational burden [35]. With the potential application of closed-
loop therapies there is a need for improved early seizure detection. A closed-loop device
designed to detect seizures after only two seconds has been demonstrated to significantly
reduce disabling seizures in controlled trials in 191 patients with drug-resistant partial
seizures and is currently under review by the FDA [36]. This small responsive
neurostimulator is implanted in a recess in the skull and is connected to two intracranial
electrodes (strips or depth arrays) placed near the presumed ictal onset zone. The device is
programmed to detect early seizure activity within two seconds of onset (i.e. during the
window of opportunity) and to deliver stimulation designed to disrupt the seizure and
prevent evolution to a disabling seizure. Seizure detection can be tuned to the parameters of
the seizures in the specific patient. During the blinded evaluation period seizures were
reduced by 37.9% compared to 17.3 for the sham group (p = 0.012). Because of the device
limitations, the detection algorithms in the responsive neurostimulator are based on simple
parameters of line length, area under the curve, and half wave. Tuning of the detection
algorithm results in highly sensitive detection but with detection of many epileptiform
events that are not destined to evolve into seizures (see Figure 2 above and related
discussion). Nevertheless we are at the point where implementation of such closed-loop
therapy based on early seizure detection is a reality. The potential for using similar devices
for delivery of other types of therapy (e.g. drugs, focal cooling) also exists [37–39].

Timing of detection
The specific issue facing early seizure detection is of course the time frame in which the
seizure can be detected. As discussed above seizure detection in the context of clinical
review during an epilepsy monitoring evaluation is done a posteriori and does not require
the detection to be done prior to the end of the seizure. Nevertheless, it would be beneficial
to have capable warning systems in EMU settings to alert personnel and allow assessment of
the patient during the seizure. The feasibility of patient warning systems has already been
demonstrated [40]. The assessment of the delay between electrographical onset of ictal event
and the clinical impairment of the patient was shown to be of up to 30 seconds even with the
more stringent definitions. While this does not apply to all seizures, since the onset of
clinical symptoms and impairment is related to the cerebral region of onset, this gives an
estimate of the length of the window of opportunity mentioned in the introduction.

Conclusion
Potential improvements in seizure detection devices and methods are several. Each step of
the detection paradigm can be a target of future experiments to bring to fruition a seizure
warning mechanism that can significantly improve the quality of life of patient or to
optimize closed-loop therapy devices. From the choice of electrodes to the decision making
algorithm, it is important to take a comprehensive look at the various elements which are
part of this complicated and evolving process.
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Highlights

• Therapeutic or warning devices rely on the very early detection of seizure onset.

• We explore the pathways from data acquisition to applications that can be
considered.

• Improved detection devices would favorably impact the quality of life of
patients.
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Figure 1.
The window of opportunity is the time of the earliest detectable changes in the EEG and the
onset of disabling clinical symptoms. Closed-loop therapy must be delivered within that
timeframe to provide optimum benefit to the patient.
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Figure 2.
Spectrum of ICEEG activities recorded in the same patient. From awake without
epileptiform activity to a partial seizure, the ICEEG can present numerous patterns,
including form fruste which are the most likely to trigger false positive response from early
detection algorithms.
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