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a  b  s  t  r  a  c  t

Recent studies suggest that the appearance of signals with high frequency oscillations

components in specific regions of the brain is related to the incidence of epilepsy. These

oscillations are in general small in amplitude and short in duration, making them diffi-

cult  to identify. The analysis of these oscillations are particularly important in epilepsy

and  their study could lead to the development of better medical treatments. Therefore, the

development of algorithms for detection of these high frequency oscillations is of great

importance.

In  this work, a new algorithm for automatic detection of high frequency oscillations is

presented. This algorithm uses approximate entropy and artificial neural networks to extract

features in order to detect and classify high frequency components in electrophysiological

signals. In contrast to the existing algorithms, the one proposed here is fast and accurate, and

can be implemented on-line, thus reducing the time employed to analyze the experimental

electrophysiological signals.

© 2013 Elsevier Ireland Ltd. All rights reserved.

1.  Introduction

The electrical activity in the brain is a highly complex phe-
nomenon. Signals may present frequency components in a
broad spectrum, ranging from 1 to 500 Hz [1,2] or even higher
[3]. Frequencies in the lower ranges (1–30 Hz) can be detected
at the scalp as EEG fluctuations [4]. Usually these low fre-
quency oscillations are categorized on different sub-bands:
slow oscillation (<1 Hz), Delta (2–4 Hz), Theta (4–12 Hz), Alpha
(9–13 Hz) and Beta (10–30 Hz), and their association to partic-
ular brain states are to date well documented [5,6]. Recent
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studies have focused on a higher band of frequencies in the
range of 100–500 Hz. Such oscillations are local field potentials
and are more  easily recorded with intracerebral microelec-
trodes. This activity occurs at the beginning and during the
epileptogenesis [7,8], and it has been suggested that some high
frequency oscillations (HFO) in hippocampus are biomarkers
of epileptogenic zones [9] and could be useful in predicting
seizures. However, HFO detection is complicated and time-
consuming due to their short duration and small amplitude.
Most studies of HFO are carried out by visual inspection but
this is a cumbersome task specially for long time recordings
with several microelectrodes. Some algorithms for automatic
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detection of this activity have been developed [10,11], although
they are implemented off-line. These algorithms are based on
energy and statistical measures that need to be calculated
over the entire signal duration. To overcome some of these
drawbacks, in this paper we propose an algorithm for the
detection of HFO, which is able to be implemented on-line.
This approach has several advantages: it is fast, accurate and
it is designed for real-time detection of HFO.

2.  High  frequency  oscillations  related  to
epilepsy

In hippocampus, HFO in the range of 100–200 Hz, commonly
known as Ripples, are believed to play an important role in
memory  consolidation, acting as compression waves  during
non-REM sleep [12,13]. Oscillations at higher ranges of fre-
quencies (250–500 Hz) are named fast ripples and they are
related to pathological conditions of the brain [14]. Ripples and
fast ripples have been the object of several studies over the
past years both in experimental models [15,16] and in human
studies [17,18]. Particular interest in the HFO has increased
in neuroscience research, mainly because most neurons do
not fire at high frequencies, due to their refractory period
(i.e. the elapsed time after a neuron fires an action poten-
tial until the neuron is able to fire again) and other intrinsic
properties. Thus, further research need to be done in order
to understand how such oscillations are generated. Interest-
ingly, there is an increasing evidence that in specific regions of
the brain where the fast ripples are detected, they are related
to the development of epilepsy as well to the onset of epilep-
tic seizures [19,20]. Specifically, the HFO called ripples can be
observed in hippocampal areas of epileptic animals where
they never occur under normal conditions [21]. Typical HFO
superimposed on a slower wave  recorded in the hippocam-
pus of an epileptic rat occur during the interictal period (i.e.
the period between two seizures) and at the onset of seizures.
Thus it has been suggested that accurately real time detection
of HFO could help to predict an incoming seizure condition
[22]. The mechanisms underlying these oscillations are still
under discussion. Several hypothesis have been proposed but
still none fully confirmed. One hypothesis is that interneurons
from hippocampus produce these HFO because they are capa-
ble of firing at high rates; nevertheless several studies have
shown that the interneurons fire sparsely during HFO [23].
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Fig. 1 – Typical occurrence of HFO in electrophysiological
signals.
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Fig. 2 – Frequency spectrum of the HFO B (detail).

Besides, in vitro studies have shown that HFO can exist even
with blockade of chemical synapses [24]. This evidence sup-
ports the hypothesis that non-synaptical mechanisms could
be responsible for generating HFO, perhaps ephaptic interac-
tions or electrical coupling between axons of principal cells
[25]. This type of electrical coupling has been shown to exists
among mossy fiber axons in hippocampus [26]. Fig. 1 shows
the occurrence of a typical HFO signal and Fig. 2 shows the
frequency spectrum of the signal depicted inside the dashed
box in Fig. 1.

3.  Experimental  methods

In this work, five Wistar rats (250 ± 30 g weight, males) were
injected with pilocarpine (9.8 �mol, 1 �L/min during 2 min) via
intracerebral-ventricular in order to induce a status epilepticus
and eventually spontaneous recurrent seizures. Pilocarpine
is a muscarinic agonist used to reproduce several character-
istics of human temporal lobe epilepsy. This experimental
model was chosen because the presence of HFO similar to
those present in humans with epilepsy has been observed
[23]. After 90 min  of status epilepticus the rats were treated
with diazepam to reduce mortality. The rats were video-
monitored during two weeks every month until the presence
of spontaneous recurrent seizures. Later, eight intracerebral
microelectrodes were implanted bilaterally in the dentate
gyrus (DG) and CA1 regions of hippocampal formation of the
five rats (DG: AP −3.5 mm,  ML ±2.0 mm from bregma, DV
−4.0 mm from the surface of neocortex; CA1: AP −5.0 mm,  ML
±5.0 mm from bregma, DV −5.5 mm from the surface of neo-
cortex). Each microelectrode was connected to a polygraph
with eight amplifiers (Grass Technologies, Inc., RI, USA) to
amplify the signal. Then, the amplified signal was filtered
(lowpass 10 kHz filter and high pass 0.1 Hz filter) and digitized
with a 12-bit precision data acquisition system MP150 (BIOPAC
systems, CA, USA) with a sampling rate of 5 kHz. A pair of
microelectrodes were implanted in the right angular bundle
to stimulate perforant path afferents to the hippocampus (AP
−7.0 mm,  ML 3.5 mm from bregma, DV 2.5 mm from the sur-
face of neocortex). The stimulation signal was a electrical
pulse with a duration of 0.1 ms  and 0.1–1.0 mA  in amplitude;
the pulse was applied every 10 s.
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