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Abstract

Introduction: EEG is a widely used method of epilepsy examination. In order to quantitati-
vely inspect ictal EEG findings, a number of mathematical models have been developed over
the years, one of them being the Fast Fourier Transform (FFT). It transforms the signal from
time domain into frequency domain, giving information about their power spectral densities
(PSD). Lindane is a well-established neurotoxic agent often used in experimental studies as a
model of generalized epilepsy. This study aims to quantitatively examine the characteristics of
ictal EEG activity in rats on model of generalized epilepsy induced by lindane.

Materials and Methods: Wistar albino rats were used for the study. Electrodes were surgically
implanted over the frontal, parietal and occipital cortices of each animal for EEG recording
purposes prior to lindane administration in convulsive dose. An 8-channel EEG apparatus
was used, combined with a software developed in the Laboratory (NeuroSciLaBG). Ictal EEG
epochs were extracted from the original signal and FFT analysis performed to obtain infor-
mation considering PSD in predefined frequency bands. Amplitude histogram feature of the
software was used to differentiate ictal spikes based on their voltage.

Results: FFT analysis has yielded important information regarding spectral powers in frequen-
cy domain. Ictal EEG showed considerable stratification, theta frequency band (4-7 Hz) being

Keywords: markedly dominant. Amplitude histogram showed the majority of spikes to be in the voltage
seizures, ranges up to 250 uV, while higher voltage spikes were rarely observed.

EEG, Conclusion: FFT is capable of giving important information about ictal period characteri-
FFT, stics. Ictal periods induced by lindane are characterized by dominancy of theta rhythm and
lindane, spiking activity mostly in amplitude bins up to 250 uV. FFT and amplitude histograms can be
rats of critical importance in the future pharmacological and toxicity studies.
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Kljucne reci:

Sazetak

Uvod: EEG se Siroko primenjuje prilikom ispitivanja epilepsija. U cilju kvantitativhog
ispitivanja iktalnih EEG nalaza, veliki broj matematickih modela je razvijen tokom godi-
na, medu kojima je i Brza Furijeova Transformacija (engl. Fast Fourier Transform — FFT).
Ona transformise signal iz vremenskog domena u frekventni domen, daju¢i informacije
o gustini spektralne snage (engl. Power Spectral Densities - PSD). Lindan je dobro poznat
neurotoksi¢ni agens koji se ¢esto koristi u studijama kao model generalizovane epilepsije.
Cilj ove studije je da se kvantitativno ispitaju karakteristike iktalne EEG aktivnosti kod
pacova na modelu generalizovane epilepsije indukovane lindanom.

Materijal i metode: Albino pacovi soja Wistar su kori$¢eni u studiji. Elektrode su hirur-
ski implantirane nad frontalnim, parijetalnim i okcipitalnim korteksima svake zivotinje u
cilju registrovanja EEG-a pre administracije lindana u konvulzivnoj dozi. EEG aparat sa 8
kanala je koris$¢en, kombinovan sa softverom razvijenim u laboratoriji (NeuroSciLaBG).
Iktalne EEG epohe su izdvojene iz originalnog signala i FFT analiza primenjena da bi se
dobile informacije o PSD u definisanim frekventim opsezima. Amplitudni histogram je
koriS¢ena da razdvoji iktalne $iljke na osnovu napona.

Rezultati: FFT analiza je dala vazne informacije kada je re¢ o spektralnim snagama u
domenu frekventnosti. Iktalni EEG je pokazao primetno raslojavanje, sa dominantno$c¢u
teta frekventnog opsega. Amplitudni histogram je pokazao da je vecina $iljaka u napon-

epilepsija, skim opsezima do 250 pV, dok su siljci viSeg napona retko opservirani.
EEG, Zakljucak: FFT je sposobna da pruzi bitne informacije o karakteristikama iktalnih peri-
FFT, oda. Iktalne periode izazvane lindanom karakteriSe dominacija teta rimta i $iljate aktiv-
lindan, nostu u amlitudnim opsezima do 250 pV. FFT i amplitudni histogrami bi mogli biti od
pacovi kriti¢nog znacaja u buduc¢im farmakoloskim i toksikoloskim studijama.
Introduction developed over the years. The oldest decomposition met-

About 0.5-1% of general population suffer from
epilepsy, chronic neurological condition (1). While recu-
rrent seizures are considered to be the hallmark of epi-
lepsy, seizures are also commonly caused by a wide array
of nervous system pathology, such as: cerebrovascular di-
seases, tumors, neurodegenerative conditions, infections
and trauma (2,3). Stigmatizing as it may be, it has a serious
impact on somatic and psychological well-being of both
the sufferers and the caregivers (4). It bestows a great deal
of financial burden upon the families of the patients, up to
the point of social isolation (5).

Electroencephalography (EEG) is a convenient and
most widely used tool for diagnosis, classification, locali-
zation of epileptogenic zone, as well as obtaining data of
prognostic value (6,7). During seizures, the brain produ-
ces activity patterns recognizable on EEG, which marked-
ly differ from those of a normal brain (8,9). Despite its
popularity, EEG recording has a number of pitfalls: the
recorded electrical activity represents the summation of
excitatory and inhibitory postsynaptic potential waves
rather than individual neuronal currents, thus requiring
large areas of cortex to be simultaneously active to produ-
ce detectable amount of current (10), it does not preclude
the diagnosis of epilepsy, nor does it exclude the possibili-
ty of one’s suffering from it (11). Unless viewed in light of
clinical findings, EEG findings are of questionable value in
prognosis and guiding the therapy.

Having in mind the aforementioned limitations
of simple visual EEG recording inspection, numerous
of mathematical methods for EEG evaluation have been

hod is the Fourier analysis. Fast Fourier Transform (FFT)
converts an EEG signal from time domain into a frequen-
cy domain. It is a rather popular analysis in computatio-
nal neuroscience because of the information about EEG
tracings it provides, namely the frequency specters and
the power spectral densities of EEG signals, making it of
paramount importance in modern era of signal processing
brought about by technical revolution.

y-hexachlorocyclohexane, also known by the name
lindane, is a well established human carcinogen (12). By its
chemical structure, lindane is an organochloride, compo-
unds commonly used as insecticides, notorious for their
capability of causing severe toxicity in humans alike (13).
Since the 1950s, it has been used in clinical practice for the
treatment of scabies and pediculosis, and these still remain
the only medical indications for lindane (14,15). The first
described case of lindane toxicity and death emerged in
1953 (16). Lindane is neurotoxic agent, and the proposed
mechanism by which it exerts its deleterious effects on hu-
man brain is by interaction with GABA A receptors (17,18)
as well as via NO-mediated signaling (19). Experimental
model of general epilepsies caused by lindane is a well
established one (20). In lindane model of epilepsy, lindane
is administered intraperitoneally in dose of 8 mg/kg. For
purposes of describing behavioral changes, a descriptive
scale has been developed, which goes as follows: 1. Head
nodding, lower jaw twitching; 2. Myoclonic body jerks,
bilateral forelimb clonus; 3. Generalized tonic-clonic con-
vulsions; 4. Status epilepticus (21). This scale has proven
to be a convenient one and easy to use.
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The aim of this study was to quantitatively examine
the characteristics of ictal EEG activity in rats on model of
epilepsy induced by lindane.

Materials and Methods

Animals

Adult Wistar albino male rats were used in the expe-
riment (body weight 220-250 g). The animals were pur-
chased from local certified supplier (Military-Medical
Academy Breeding Laboratories, Belgrade, Serbia).
Animals were kept in plexiglass cages (55 x 35 x 30 cm).
They were allowed food and tap water ad libitum throug-
hout the experiment. Rats were caged under controlled la-
boratory conditions (ambiental temperature 22-24 °C, air
humidity 50 + 5%, 12/12 light-dark cycle, with light star-
ting at 8 am till 8 pm). Animals had one week prior to the
experiment to adapt to laboratory conditions. Each animal
was used only once in course of experiment.

All the experimental procedures were in full com-
pliance with Ethical Guidelines for Work with Animals of
Belgrade University Faculty of Medicine.

Surgery and EEG records

In order to implant EEG electrodes, rats were ane-
sthetized with pentobarbital sodium (50 mg/kg, i.p.). Rats
were placed in stereotaxic apparatus and three gold-plated
electrodes were implanted over the frontal, parietal and
occipital cortex and fixed using dental cement. Recovery
period lasted for one week. Animals were connected to
EEG device via flexible cables. Output signals were directly
recorded on computer hard disc with corresponding sof-
tware (NeuroSciLaBG, Belgrade, Serbia) and installed chip
card for EEG monitoring.

Experimental design

The experimental group comprised 6 animals. The
animals were placed in separate transparent plexigla-
ss cages (55 x 35 x 15 cm) and EEG tracings were obtai-
ned over a 30 minutes observational period following the
administration of lindane (8 mg/kg intraperiotoneally,
Sigma-Aldrich Chemical Co, U.S.A.) dissolved in dimet-
hylsulfoxide (DMSO, Sigma-Aldrich Chemical Co, U.S.A.)
and injected in a volume of 0.5 ml/kg body weight.

An 8-channel EEG apparatus (RIZ, Zagreb, Croatia)
was used. The signals were digitized using a SCB-68 data
acquisition card (National Instruments Co, Austin, TX,
USA). A sampling frequency of 512 Hz/channel and 16-bit
A/D conversion were used for the EEG signals. The cutoff

frequencies for the EEG recordings were set at 0.3 and
100 Hz for the high-pass and low-pass filters, respectively.
Ambient noise was eliminated using a 50 Hz notch filter.
Data acquisition and signal processing were performed
with the LabVIEW platform software developed in our
Laboratory of Neurophysiology (NeuroSciLaBG).

The recordings were examined and ictal activity
epochs extracted, ictal activity being defined as having
the duration of > 1 sec and amplitude at least twice the
background EEG activity. Each of the extracted epochs
were thereafter analyzed using the Fast Fourier Transform
(FFT) to obtain information regarding their total spectral
power, as well as spectral power in delta, theta, alpha and
beta frequency domains in relation to total power. The do-
mains were defined as follows: 0.5-4 Hz delta, 4-7 Hz theta,
7-15 Hz alpha and 15-30 Hz beta. Duration of each ictal
period was also measured and analyzed.

EEG spikes were differentiated based upon the-
ir respective voltages and distributed into one of the 22,
50 uV-bean-size interval groups (ranging between -550 and
+550 uV) by the Amplitude Histogram Feature Function of
NeuroSciLaBG program.

Data analysis

In order to determine the statistical significance of
our results, one-way ANOVA test followed by Fischer’s LSD
post hoc test was performed for multiple comparisons. The
duration of epochs, peak frequencies and power spectral
densities obtained via FFT analysis were expressed as mean
value, standard error and min-max range. Fractions of to-
tal power spectral densities corresponding to individual
frequency bands were expressed on a percentage scale as
Mean + SE in a 95% confidence interval. As criteria for sta-
tistical significance *p < 0.05 and **p < 0.01 were applied.

Results

Basic features of ictal EEG epochs has been presen-
ted in Table 1. The mean duration of the ictal period was
7.34 £ 1.56 s, and peak frequency 5.12 + 0.18 Hz. Total po-
wer spectral density of these epochs was 6042.41 + 674.42
uV2/Hz.

The results of the FFT analysis have shown that, at ti-
mes of ictal EEG activities, the dominant activity was in the
range of theta rhythm (p < 0.01, Figure 1). Furthermore,
comparing each of the four standard frequency bands
(delta, theta, alpha, beta), statistical significance was obta-
ined between each of them compared to any other rhyt-
hm pattern, reflecting the significant stratification of EEG
activity during the ictal periods (see also statistical report

Table 1. Features of EEG ictal periods induced by lindane in rats. For each of the extracted ictal EEG epochs, duration
was noted and Fast Fourier Transform (FFT) analysis performed.

Duration (s) 7.34
Peak Frequency (Hz) 5.12
Total Power Spectral Density ((V?/Hz) 6042.41

1.56 1.14-72.80
0.18 0.06-7.52
674.42 890.53 - 30832.50
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Figure 1. Relative power spectral densities (PSD, %) of individual frequency bands of ictal periods induced by lindane.

as a percent of total. (Table to Figure 1).

matrix table to Figure 1).

Significances of differences in PSD were determined
by one-way ANOVA followed by Fischer’s LSD test and re-
sults are presented in statistical matrix table to figure panel.

Analysis of the 50 uV-bean intervals between 100
and 500 pV has been shown in the form of amplitude
histogram in Figure 2. It appeared that a vast majority of
the spikes were in lower amplitude ranges (notably 100-
150 and 150-200 intervals), whereas 350-400 pV interval
and above were infrequently observed. Statistical analysis
and comparison between individual intervals is also shown
in statistical report matrix table to Figure 2.

Statistical significance of difference in the number
of separate 50 pV-bin intervals was obtained using one-
way ANOVA followed by Fischer’s LSD test and the results
are shown in statistical matrix table to figure panel.

Discussion

Quantitative electroencephalography is a rapidly
evolving field, FFT being just one of many analysis used
to study signals. It transforms EEG signal from time to
frequency domain and gives information regarding spe-
ctral powers of individual frequency bands. Considering
the fact that higher spectral densities are correlated with
higher energy, spectral density values could give important
information about the severity and the extent of abnormal
brain functioning, the pathophysiological basis of seizures.
The main downside of FFT is its complete lack of temporal

distinction; while providing much detail about signal
frequencies, the inability to infer the exact moment when a
particular sequence has happened underlines the necessity
to develop other algorithms for quantitative EEG analysis.

One important point that merits brief discussion is
the fact that performing FFT analysis, which assumes the
stationarity of signal being analyzed, is in collision with the
brain EEG waves, which do not comply to the stationarity
principle. Nevertheless, this point is mostly overcome by
the design of this study in two ways: first, FFT can be regar-
ded as a bidirectional analysis, which means that the origi-
nal signal form can be readily restored, as there is no data
loss in the process itself, and second, the mean ictal epoch
duration of 7.34 + 1.56 s, which were used in this research
(see Table 1), brings the signal close enough to enable FFT
to be applied, as also holds true for signals of progressively
shorter duration (22,23).

According to the results of this study, during the
ictal periods there is a marked slowing of the EEG patterns,
reflected by the predominance of theta and delta waves
compared to alpha and beta. Power spectral densities of
individual frequency bands calculated using the FFT conc-
luded that the dominant frequency band was theta, while
beta had the least power (as shown in Figure 1).

Previous studies of epileptic spasms have managed
to describe three different patterns of ictal EEG: 1) high
frequency oscillations preceding spasms, 2) slow activity
waves and 3) desynchronization of electrical activity (24).
This is in keeping with the results of our study, which

72 Medicinski podmladak / Medical Youth



Useinovi¢ N. et al. Basic characteristics of epileptiform discharges triggered by lindane in rats. MedPodml 2018, 69(3):69-75

25
20 l
)
Q
=e
5 15
v
| -
Q
S
QL
K
£ 10
=3
Z
5
0
100-150 150-200 200-250 250-300 300-350 350-400 400-450 450-500
amplitude bands (uV)
VS. 100-150 150-200 200-250 | 250-300 300-350 350-400 400-450 450-500
100-150 p =002 [*p=0.04 |*p<0.01 |*p<0.01|*p<0.01|*p<0.01 |*p<0.01
150-200 | p=0.21 p=033 [p=0.09 *p=0.03 | **p=0.01|*p<0.01 |**p<0.01
200-250 |*p=0.04 |p=0.33 p=04 p=012 |[*p=0.03 [*p=0.03 |*p=0.03
250-300 | **p<0.01 |[p=0.09 |p=04 p=041 |p=0.1 p=0.09 |p=0.07
300-350 | **p<0.01 |*p=0.03 |[p=0.13 |p=0.41 p=019 |[p=015 |p=0.09
350-400 |**p <0.01 |**p=0.01 |*p=0.04 |p=0.1 p=0.19 p=085 |p=043
400-450 | **p<0.01 |[**p<0.01 |*p=0.03 |p=0.09 p=0.15 |p=0.85 p=051
450-500 | **p<0.01 |**p<0.01 |*p=0.03 |p=0.07 p=009 |[p=043 |[p=051

Figure 2. Number of spikes in ictal period induced by lindane in 50 pV-size amplitude bins. Spikes from the extracted EEG
epochs were differentiated into 50 pV-bin intervals using the Amplitude Histogram Feature Function of NeuroSciLaBG
program. Only those of voltage 100 uV and higher were analyzed.

discovered a large proportion of slow activity waves during
ictal periods. Of what importance it might be when it co-
mes to clinical practice, remains a challenging question.
When it comes to the delta waves, those have long
been interpreted as a reflection of brain plasticity and
memory consolidation during the NREM phase of sleep
(25,26). Brain plasticity is a process often present in the
background of an organic brain damage. Delta wave acti-
vity is correlated to both the size of organic lesion, as well
as the chance for recovery (27,28). The spectral power of

delta waves elucidated by the FFT in this study could be a
predictor of extent and severity of epileptogenic activity,
although definite conclusions are difficult to make at this
point.

Theta waves are normally present in human brain
in two locations: one is a hippocampal oscillatory rhythm,
and the second one can be recorded from cortex, named
cortical theta rhythm. Theta waves function is not fully un-
derstood, although it is often said to play important role
in arousal (29) and memory formation (30). As the latter
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study claims, decrease in theta power is the single most
consistent finding at times of memory formation. Since
theta waves were consistently the dominant fraction for
most, if not all the ictal periods we analyzed for this study, it
could be argued that the rise in power of theta waves is the
EEG representation of impairment of consciousness and
a degree of amnesia regarding the time of seizure itself, as
is generally noticed while dealing with the patients suffe-
ring from seizures. Relatively low power of high-frequency
bands might also contribute to memory issues (31).

Studies regarding EEG total power spectral densi-
ties, as well as spectral densities of individual frequency
bands is a concept not strictly confined to epilepsy, but
also widely applicable to studies of Alzheimer’s disease
and generalized anxiety disorder (32,33). The study about
Alzheimer’s disease has noted reduction in high-frequency
and increase in low-frequency bands, much like the results
this study yielded.

The reason for observed power spectral changes
is not clear. A possible explanation might be that lower
high-frequency power is a result of transient loss of
connections between different parts of cortex, while high
low-frequency power has its origins in loss of subcortical
cholinergic input, much like what has already been hypo-
thesized in patients with Alzheimer’s disease (34, 35).The
importance of characterization of ictal periods in frequen-
cy domain lies in the possibility of using such parameters
in advance-level biosignal analysis and development of
software capable of automatic detection and prediction of
seizures by setting a starting point for such innovative cre-
ations and establishing baseline values.

In this study we also differentiated EEG spikes based
on their respective voltage. Most of the positive-end volta-
ge spikes were in the range from 100 to 200 pV, those from
200 to 350 pV were moderately present, whereas those
from 350 to 500 pV were noted only occasionally. Whether
the distribution of spikes according to their voltage such
as this one can be used to estimate the severity of seizure,
or could it be considered an important parameter in terms
of diagnosis and treatment of seizures, is a question yet to
be answered. It has a great potential of finding its place in
both the antiepileptic therapy studies, should it reveal the
decrease in high-voltage spikes in treated group compared
to controls, as well as toxicology studies, if the potentiation
of high-voltage spikes is the observed phenomenon.

Conclusion

Fast Fourier Transform is a pioneering mathema-
tical analysis in the era of computational neuroscience,
developed in response to the ever-growing need of more
sophisticated methods of EEG analysis. It can provide im-
portant data required in order to investigate seizures and
diagnose epilepsy. Prompt and accurate diagnosis of epi-
lepsy will aid significant portion of mankind in their com-
bat with this vile malady. In this study we have defined the
features of ictal periods induced by lindane in rats.
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